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ABSTRACT

The temporal variation of salinity, temperature; water
turbulence components, surface wave height, acoustic ampli-
tude and acoustic velccity were studied statistically by
computing the auto-correlations and power spectral densities.
Correlation times were high for temperature fiuctuations
with a decay time (=Y being of the order of forty seconds
or greater for temperature anid of the oxder of two seconds
for the other parameters. All parameters were shown to
exhibit maxinum energy at the periods of the predominant

surface wave energy.
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I. INTRODICTION

Thic work describes part of a joint experiment by
members of the Physics and Oceancgraphy Departments of the
Naval Postgraduate Schooi. The Oceanographers basically
descrited the environmental pacareters and £luctvatioas in
them while the Physicists simultanesusly recorded the affect

cf the environment on sound projected into it.

X, OBJECTIVES

The major cbiectives of this work weze tc describe the
oceanie¢ parameters and fluctuations in them as completely as
posaible while simultanesucly recording fluctuations of a

sound signal projected inte the water.

1. ZXRnowledge of the Enviroament

¥Whercas we seek to understand the complex inter-
relationships of the air and ccean, of particular importance
is the affect of the cceanic environmant on those devices
and energy sources put into it By man for his varieus
purposes. The particular casz to be investigated here is
the affect of the ocean on scund and the interrelationships

of sound and certain environrmental parameters near the

=
o=
=
==
s
b=
S
-
e
=

surface.

ot e

it

.

2. Cceanographic Environmental Factcrs Affecting

Sound
Traditionaily, s2linity, temperature, and

pressure are the parameters considered as affecting the

e
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velccity of sound in sea water. 2 more ccmprehensive
knowledge of the environment into which we =rocilect sound
could show that other factors have a significan% role in
deternining the veiccity of sound.

Xear the ocean surface the salinity is changed rapidly
as evaporation, condensation, and precipitaticn occur. The
affect of the wind on the surface coupled with changes in

density cause mixing of the water to octur at varying rates

depending on the differences in dansity in the water columm
& and the velocity of the wind as well as its duration and

2 e fetch. This mixing is, however, never 5o thorough as to

i,

cause the water to be homeogeneous in the pear surface layer.

Ay R aed

At

The temperature of the surface layer can be changed dy

.l)
B

"
Al

insolation. The amoant of heat added to the water by insola-

TYIRL
N

tion is dependent upon the time of day, cloud cover and the

1“1"'/? " -‘?1 pr oo,

] b . . elevation of the sun. The tepperature of the water at the

air-water interface is constantly changeé by heat transferred

ZiNR

between the air and water masses. The direct heat transfer

is a function of the difference in temperature that exists

J ’,."3 . ‘;‘;‘p befictat

between the air and ths water. Aaa air mass warmer than the
water will transfer neat to the water at the interface and
exeri a stabilizing influence on the water colummn. An
overlying cold air mass has the cpocsite affect and tendgs to
cause mixing of the water by convective overturn. Wave
action also aids the mixing process but again the water is
not usually mixed to the extent that it dbacomes homogeneous

hut is found to re in a constant state £ flux due to these

L PP T
.

processes.

12

PP L Y 1




TR R A TR T RSO TR Vet ARy SRR ST S AR RN PR T

R T e TR T _

St r g, .

1.} A

It has long dpeen known that in the ocean medium sound

AT

.
&
dis l“‘l'ﬂ

puises propagating over relatively short paths are phase aad

2,

i

amplitude modulated due to scattering from inhomugereities
such as the temperature microstrugture in the gocean, These
thermal inhomogeneities produce random variations in the
refractive index of the medium. Thue there is a2 need for
detezmination of the spatial and temporal variatior in the
velocity of sound with temperature and ia fact witk ail-
parameters that a2ffectsz its propagation.

b. Iaterrelationship of Spectra

A study of interrelations between spectra of

ocean surface heights, water particie velocities, tempera-
ture and salinity fiuctuations. acoustic amplitude fluctua-~
tionz, and acoustic phase modulation could give some insight
into tne affects of inhomogeneiiies in the environment on
sound. Time-serits measurements are needed tc develop the
statistical relationships between wave spectrz, underwater

turbalence, tenperature microstructure, bubble populations,

and scattering of acoustic energy from the sea surface,
This need was stated in 1980 wher LaFond noted the necessity
.- of simultaneously measuring during accustic tests a nuxber

i of oceancgravhic parameters which were believed to influence

i g

underwater sound transmission.

2. Scope of the Research as it Applies to Near Surisce

. S Problens

a. DPata Needed
Pata nmust be acquired to fully describe the

envircament into vhick scund is being projected. These will

13
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allowfcomparison of results in a systematic fashion which
could ass;st in determining specific associations heretofore
unnoticed or undocumented.
. Purpose cf Experiment

The purpcse of the experiment was to completely
descrive the ssall-scale physiczl propsrcties in the upper
ocean and tc determine their temporal and spatial inter-
Telationships. The experinent was designed to investigate
thérgomplete‘qear-surface physical environment and its
interaékicn with sound waves.

In 1369 Campanella performed aﬁ experiment whose
objective was t2 experimentally observe the relationship
between the time avtocorrelation function cf the amplitude
of sonic pulses propagated in a random medium and the time
autocorrelation function of the temperatur.: misrostructure,

and hence of the random refracihive index of the random

3 ~? mediun. His experiment {performed in electrically heated

E' ’? tap water in a small laboratory tankj showsd that the time

; fg autocorrelation of the sonic-pulse amplitudes was eguivalent
: £; to that measured for the temperature micrastructure.

UK et

In realizing thz object of detenwining the
relation and affect of the cceanvgraphic parareters on the
accustic parameters thers exists a secondaxy cbjective to
investigate the feasibility of using acoustic devices as
sensors of f£lactuating oceanographic parameters.

Many spatial and time scales affect scund

. prcpagation. Howaver, these studies are oriented towards
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achieving ar understanding of small scale interactions in
the upper cocein. Small means spatial scales of the order of
meters to the smallest size able to be reseived by the
instrumentaticn either by size or by the time constant of
it. The largest scales will dbe imposed by the length of thne

record.

3. Parameters to be Studied

A deterpination of the specific parameters to pe
studied was based on instrumentation available and the
limitations of the recording eguipment. There are several
obvious omissions such as bubble populations and distribution
and particulate matter but the measurement of these para-
meters will have tc remzin unrecorded until more appropriate
instruments are available for open ocean studies.

&. What Must Be Measured

The basic parameters which must be measured to
define the environment are the following:

{1} Wwave height (h)

{2} Turbulence Components (u,v,w)

{3) Temperature Microstructure (T)

{4) Sound Velocity {c)

(5) sSalinity (s}

{6) BAcoustic Amplitude Moduiation {a)

{7) Accustic Phase Modulaticn (@)

b. WwWhere Meazurenments Were Taken

The actual experiment was conducted at the Naval
Undersea Research and Development Center (NURDZ) Ocearographic

15
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platform, one mile off Mission Beach, Saa Diego, Caiifornia.
The tower has carts mounted on rails on three sides which
can traverse over the vertical column from the surface to
the ocear: floor. Instruments were mounted on the most
seaward cart and measurements were iwrade at various depths
in the water.
c. When Measurements Were Hage

The measurements were taken on the *wenty-first

and twenty-second of October 1971 with as many paraneters

being recorded according tc equipment limitations.

B. RBVIEW OF THE PROBLEM

A complete review of the prcklem would necessitate
coverage of the study of the ocean and sound in the ocean
from earliest recorded time to the present day. ‘he intent
here is not tc be historical but to show the basic centent
of past efforts and relate where knowledge of the subject
stands today.

1. General keview

The study of sound in the ccean was initiated by
Leonaréo Da VYinci in 149G. BEe described a method of ship
location veing a hollow tube with one end placed beneath the
suxface of the ocean and with ths human ear placed at the
other end to allow another ship to be heard at great distance.

a. Historical Background

In the year 1827 Colladon and Sturm actually

measured the velccity of sound in Lake Geneva. Many other

i
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scientists worked on the study of scund in the ocean and the
factors affecting it through the years. It became apparent
that the major factor controlling the velocity of gound in
water was the temperature of the medium., This fact led

LaFord to state in 1962 that the principal cceanographic

P

study to be undertaken in relation to sound velocity was the
general temperature structural variation of the ocean with
time and space. His pursuit of knowledge along this line
led to a great amount of data on internal waves in the ocean.
LaFond's basic reason for studying internal waves
was their affect on underwater acoustic transrission. Sound
passing through these waves isvrefracted, depending on the

angie of incidence with the thermocline containing the

e e Vet WS e

internal waves (and other irregularities} and the vertical

tenperature gradient.

IS
*

It has heen determined that in the upper few

=
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hundred meters of the open ocecn the density structure is
almost entirely dependent on temperature variations.

Measurements over the past few years have indicated that one

¥ e
L it i et e 2

can no lenger regard temperature as a continuous variable

with depth. Instead, extremely narrow layers (lenses} of

.o o TR
S g S T IR T SRR
gl TRNkTY sy

water separated by strong temperature gradients appear tc be

interleaved.

.. s oot s 8

b. Most Recent Measurements and Findings

T v

An ianvestigation of the most recent measurements
and findings on the velocity ¢f sound in the gcean and its

. relation to oceanic parameters reveals that a great deal of

17
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time and effort has been spent recording sound velocity in
various known water types and by curve fitting procedures
developing equations to determine ¢ knowing T, S, and P.
If one assumes that the speed of sound changes smoothly with
temperature and that the sound-speed derivative decreases
monotonicaily as temperature increases, then aside from
questicns of absolute accuracy, the Greenspan and Tschiegg
distilled-water equation is ccnsidered internally thz most
seif censistent (Lovett, 1969j. The stancdard deviation is
2.6 centimeters per seconé over the widest temperature range
{specifically zerc to one hundred degrees centigrade).

The exact water type being dealit with in the open
ocean is rarely known however, and the more that is undexr-
stood about the affects of oceanic variablies the better will
be the results of attempts to predict exactly what sound
will do when projected intc the ccean. The fact that the
ocean is far from the nearly homogeneous well mixed £luid
that it was thought to be has been amply demonstrated by
measurements over the past few years bv Stommel and Federov

1967), woods (1968) and Denner {1957).

Since there exist many formulas for ccomputing the
velccity of sound in use today a lcok at several will be most
helpful in a later discussion of the work carried out at the
NURDC Oceancgraphic tower. Wilson's formula (Wilson, 1260)
which was arrived at using only laboratory data from actual

ocean S$.T.P combinations is:

18
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¢ = 1449.30 + 1.5848 x10™% P+ 1.572 x10-5 B2 -3.46x 1012 p?
+ 4.587 x 100 T -5.356 x 1072 T2 + 2.694 x 104 T3
+1.19 x 109 (s - 35) + 9.6 x 102 (s - 25)3
+ 1.354 x 1075 72p - 7.19 x 1077 gp?
~1.2x 1072 (s - 35) T

This is accurate to six significant digits with dimensions of

¢ in meters per second, T in degrees centigrade, S in parts

per thousand, and P in kilograms per square centimeter.
Using Kattegat water with a salinity of 27.405

parts per thousand over the temperature range 4.237 degrees

centigrade to 25.164 degrees centigrade the least squares fit

gave ¢ 4in meters per second as:

€ =1438.815+ 4.69235 Tg -5.4843 x1072 12454 2,77 x207% 13

or

C =1438.813+4.69477 Tgg -5.4926 x 1072 T30+ 2.78x107° T3,

with an estimated accuracy of ¥ 0.95 meters per second.

The International Practical Temperature Scale of
196& was adopted by the Comité international des Poids et
Mesures at the October 1968 meeting. The new scale replaced
IPTS~-48 which had been published by the Naticnal Bureau of
Standards {(Metrologia, 1969) as the official measure. NBS
calibrations for platinum resistance thermorpeters. liquid-in-
glass thermormeters, and thermocouples have genarally been

hased on the new scale since 1869.

19

. samesarvene s

—

re v atrame




Del Grossc's determination (Del Grcsso, 1970)

utilizing salinities from 31 to 39 parts per thousand and
temperatures from zerc to thircy degrees centigrade is:

c = 1449.0634 + 4.57462 Tgg - 5.27147 x 1072 72, +

TRV T

¥ 2.46419 x 1074 T348+-(S - 35} (1.34455 -1.32888 x 102 T8

b
(o i

¥

+ 1.0444 x 104 T2.5).

& All of the above determinations for c¢ emphasize
the dependence of the welocity of sound cn the temperature.
- The work done by Liebermann in 1951 showed that

i temperature innomogeneities possessed surprisingly small

linear dimensions in spite of diffusion processes which tend

framatite

to obliterate them.

Shonting found that the more closely cone examines

the temperature field in the upper layers of the ocean the :

more cemplex it appears. Small scale temperature fluctuations

guamsespnrd Sat ey 0 !

of the order of 0.05 tc one degree centigrade occur spatially

o

P

distributed in the surface layers. These thermal anomaiies

4

apparently cccur as highly turbulert or eddy-like feat-res a
few centimeters or meters in diameter or even as thin strata-
fied layers a few meters thick extending norizontally many
kilometers. He used the term thermal microstructure to define

the obsearvations he had made.

2. Specific Review

Seeking infcrmation akout specific open ocean studies

i of the affects of temperature on the velocity of sound we

e s 44 o -

must return to the work done ky LaFond.
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a. San Diego Experiment Background

LaFond realiized that the temperature structure
influenced the transwission of sound in the sea and this led
to his studies of the vertical fluctuations of isctherms
with respect to both time and distance. He knew that a
knowledge of the magnitude of these fluctuations would help
to understand if not solve the problems of sound transmission
variations in the ocean environment. After associating the
vertical fluctuations of the ts.perature structure with
internal waves, he found that the most significant thermal
fluctuations, from the standpoint of equipment response and
variapbility in sound transmission, are the fluctuations
caused by short-period internal waves. These may be grouped
in the two minute %o twe hour wave period range and consist
of rapid temperature changes with time that are caused
largely by the vertical rotion of the thermocline.

LaFond found that the correlation of temperature with
reference to time decreased at all depths and that in
genexal terms, the correlation is poor in the isothermal
layer and significant for levels in the thermocline and
below. He related the low correlation in the near surface
tc fluctuating atmospheric conditions and stated that this
results in patchiness of the surface temperatures even

though the fluctuations of the atmospheric conditions may be

small.
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b. What Has Been Measured
For many analytical piurposes most of the ocean
for most of the year can be taken to consist of three strata.
The first stratum is the surface layer consisting of well

mixed, nearly isothermal water. The second is the lower more

P

dense water in which the temperature and demsity vary slowly.
Separating these two parts is the seasonal thermocline region

in which the vertical temperature gradient is relatively

B8 P VRN o Y ;x..'. P A P

{2
L

larga. The horizontal salinity gradient is slight and iso-

thermal surfaces nearly coincide with isopycnal surfaces

e, Pl s
O bl ALY

here and an obvious method of observation of internal waves

is to measure the vertical temperature or salinity structure
in the vicinity of the thermccline. LaFond chose to measure
the temperature structure.

Pederson reports simultaneous measurerxents of
sound velccity, temperature and pressure along with depth
using the self-propelled underwater reseaxrch vehicle. A
definite change in sound velocity was sensed by the sound
velocimeter and correlated to a change in tempearature of
0.05 degrees centigrade. Apparently no attempt was made to

perform statistical analysis of the signals recorded using

=
A
b5

SPURV,
¢. What Is Known About This Site
LaFond {1962) defined internal waves as undula-
ting swells occurring between subsurface water layers of
varying density, even though the density change be slight.

it is significant to note that vertical osciilations in the

2m'-~;“..‘, b et mb ‘.,“".;‘ TR
3 ST ugsgeiae (I R3833 Lhpantpay
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thermal and density structure of the sea are apparently
present in all oceans and at all deptihs. In hie measure~
ments of the vertical oscillations of the thermal structure
LaPond found that the speed of internal waves wac from Q.11
to 0.6 Xnots with an average value of 0.3 knots. Fifty per
cent of the internal waves were found tc be higher than 5.6
feet and fifty per cent of all waves longer than two minutes
were found to have periods greater than 7.3 minutes. These
rneasvrements were made from the same site from which the
data for this experiment was taken and givés some indication

of the degree of activiiy at this location. However these

X

i

measurements were made in the summer when a sharp thermo-

cline existed.

.
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II. BXPERIMENT

The background material previously discussed provides

the basis for a discussion of the actral experiment.

A. SITE

RN
[Hj et

The site chosen was the Naval Undersea Research and

3.

Development Center Oceanographic Tower ir San Diego,

o
3
s
€
2
=
-

40y V22050

California (Figure 1lj.

l. History

The tower was instailed in the summer of 1959 in
water 18 meters in mean depth 1.6 kilometers (approximately
one mile) off Mission Beach in San Diego, California.

2. Description

The tower is constructzd of four tubular steel legs
attached tc the ocean floor with steel pins sixty-three feet
long ériven into the sandy bottom. A pipe framewcrk supports
2 cement deck and an instrument hcuse twenty-three feet above
the waterline, There are two catwalks below deck level which
are used for handling gear. Several types of instrument
handling gear are available incluuing ra.l mounted carriages
fixed to three sides of the tower. Pigure two illustrateg
the tower as originaily configured for NURDC studies.

3. Reason For Selecting

The tower was selected for its stability, accessi-

bility, low self-noise level, exposure to the open ocean and
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its ecoromy. One of the major advantages of the tower is
that it allowad laboratory-lik= controls in a naturai
environment., The limitatinns of the tower are of course
inherent in the fact that it is an immobile piatform and

therefore restricts measurements tc relatively shallcw water.

B. SZNSORS

The sensors used in the experiment were choszn on the
basis of availability and relizbility. They were mounted so
that the =ean current flowed into the sensor array and then

past the mounting structure.

i. Sound Velocity Sensor

Sound velocity was measurad with a Ramsay MR-l Deep
Sea Probe utilizing only the sound velocimeter portion of
the probe.

a. Descripticn

Velocimeters, precision instruments for directly

measuring the speed of sound in water, evolved from the
first successful sing-~arocund prototype developed in 1957 by
Greenspan aad Tschiegg of the National Burxreau of Standards.
The Ramsay velsci—eter is of the sing-around type consisting
of a transducer and transmitter which trancmits a puise of
four MHz intoc a twenty-five centimeter sound path. The
pulse is reflected twice to reduce errors due to water
motion. After reflection the pulse is picked up on a receiv-
ing transducer that is the input fer a high-gain puise-~

shaping amplifier. The amplifier restriggars the blocking
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oscillator, and a repetition frequerncy results which is
higher than the free-running rate. Thus the water path acts
as the delay line where the variation in sound velocity
through the water changes the delay and hence the “sing-
around” frequency. The frequency also depends on the path
length and the circuit deilays. The configuration of the
path length makes it impossible to measure the length to any
desired degree of accuracy. Also, bscause of selective

= attenuatian, the received pulse rises slowly in comparison

with the sent pulse and an unknown time delay is introducad

during which the received pulse is below the noise level.

Because of this the instrument must be

L T T

calibrated in a liquid foxr vhich the velocity of scund is

o

known accurately, and the liquid must bes similar to that in

RV

which the instrument will be used. Thus if the instrument
is o be used in sea water, it may be calibrataed in
distilled water in which the sound velocity is known as 2
function of temperature.

The pulse repetition frequency (PRF) is between

5,600 and 6,400 #z depending on the velocity of sound.

Suund velocity in meters per second can be found by dividing

(G RAOIE

the PRF by four. The PRF controlz the output of the sound

RS T 90
. N

velocity oscillator. The output of thz sound velccity

.
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areag e

oscillator will be one half the PEF and twice the velocity
of sound in meters per second in the Ramsay probe usea in

this work.
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Tne electronic package of the probe is contained

XA,

within a stainless-steel pressure-proof housing that can

DA

withstané the pressures found at maximum ocean depths.

ok

LN TR 14

The characteristics of the unit are: Range~1,400

i

to 1,£00 meters per second; Output Freguancy - 2,800 to

.“

3,200 Hz; calibration acruracy - 0.01 meters per second;

response time - 180 microseconds.

Y

The signal from the probe was transmitted via

Ry vc\y":‘l

, 't.“‘!’ A

the sea cable to the deck unit. The Ramsay Deep-Sea Probe
Control Unit, Model 1B, amplifies the data sigmal, demulti-
plexes the f-m telemetry tone signals and converts these
tone signals to varizble D.C. voltages. Freguency=to-DC
converters provide zero to ten vclts D.C. over the frequency
spans of the channel bandwidths (2,800 Hz to 3,200 Hz for

the wvelocimeter). A block diagram of the velccimeter system

is shown in Figure 3.

3
3
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The signal was then filtered with a Khronhite

Uitra-low Freguency Band Pass filter model 330-A set on high

N SIS PR A

input amplitude with a low cut-off freguency of G.02 Hz and

a high cut-off freguency of 2,000 Hz. The signal was then

EaC

amplified with a Hewlitt-Packard amplifier model HP 2470

before it was recorded.

b. Employment
The velocimeter prche was mounted in the vertical
center of the instrument array behind the transducer used
for amplitude and phase modulation studies. This placement

allowed measturcments of sound veliccity in close proximity tc

the other instruments without interfering in their operatiocn.
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i 2, Temperature
; 5 Témperature was measured using a specialiy cconstruc-
gA f; ted ¥heatstone bridge circuit utilizing a temperature sensi-
g 7ﬂfﬁ tive thermistor as one leg of the circuit. A totzal of thres
ia"' f? ] such circuits were used.
- - ';g a. Description
; ‘?ﬁ Thermistor beads are small glass-encapsalated
?. %5 high«thermal-resistant materials with connecting leads. %The
;. é; resistance of the beads is greatly influenced by temperature
; s {hence thermal resistor). The temperature changes the bead
; fg‘ resistance which changes the output voclitage of the dbrigge.
: | The thermistors were used as one lec of a
: gi Wheatstone bridge circuit. These circuits were sc construc-
z Eﬁ. . ted that a null could be cet for anv resistance value of the
f_ 'ép thermistor and therefore for any desired temperature. Th2

itz

circuit used and its relation to the amplifier and recorder
is illustrated in Figure 4.

The temperature sensor used was a type K456 iso-
curve thermistor manufactured dy Fenwall Electronics, Inc.,
Farmington, Massachusetts. It is a double-bead type which
incorporates a special aging process, giving stable and
repeatarle accuracies not usually obtained with ordinary
thermistors. These thermistors were taken from expendable
bathythermographs. Statistically, if there is a drift im
the characterictics of one bead, the other dbead may not
change or may shift in the opgposite direction. This tends

to minimize any overall calibratioa change.

23
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The se=nsor is epoxy-potted within a stainless
steel tibe three millimeters in diameter. The beads are
coated with an extremely thin layer of glass whick provides
cocd electrical insulation, stops micrescopic leakage of gas
caused by slight chemical sitrain release in the semi-
conductor caused by hvdrostatic pressure, aand most impor-
tantly permits a thermal response time in sea water of less
than 100 milliseconds.

These thermistors are capable of operating over
the range from -5 to 3G degrees centigrade making them suit-~
able for ocean temperature measurements. The thermistor's
relatively large resistance change per degree of temperature
provides a high resoiution factor. It has a resistance of
about 15,000 ohms at 25.0 degrees centigrade and exhibits a
nominal resistance change of about 570 ohms for a one-Gegree
centigrade change at 25 degrees centigrade as compared to
less than two ohms for a typical 200-ohm platinum resistance
sensor.

The high resistance of a thermistor coupled with
its high sensitivity makes it appropriate for use at the end
of a conducting cable. Changes in the resistance of the
cable due to ambient temperature variations can be neglected
for short cable lengths up to about 1,000 meters, since the
resistance of the cable is small compared to the resistance
of the thevwmistor. By maintaining a constant current the
voltage across the thermistor is a direct function of the

temperature therefore requiring no reference or cold

-
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jionctions and high amplifier gain is not required which
reducas errors due o high gain instability.
b. Construction

Construction ot the associated bridges was
accomplished with the assistance of Dana Miberry, a techni-
cian from the Oceanography Department.

{1} Chnoosing Components. Thermisbors were

chosen because cf their high sensitivity, fast time-response,
mininal effects from lead resistance and low cost. Their
low cost allowed several temperature sensors t0 be used.
simultaneously.

{2} Assembly. A;sémbly of the thermistor
devices was accompliished using a separate bridge box for
each of three therxmistors with three additional thermistors
prepared in advance in case of breakage of the delicate
beads.

{(3) Calibration. Calipration was done in a

stirred bewar flask of water using a gquartz thermcmeter
atandard. The temperature was varied from ten degrees
centigrade to eighieen degrees centigrade in approximately
one-half degree increments. The circuits were nulled using

a single decade box and the nulling resistance was plotted
versus temperature. Ac the temperature increased the
resistance o the circuit decreased. The slop2 of the line
for this range was 910 ohms per degree centigrade. Pigures
five and six give typical calibration curves cbtained for the

thermistor circuits.
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The calibration procedure was zspeated with
the circuit nulled at ten degrees centiarade and the wveltage
ouput xrecorde&. The plot showed that =g the temperature
increased the voltage increased and the bridge proved to be
very linear showing an increase of 0.0553 volts per dearee
centigrade. 3y use of the single decade box the circuits
tould pe nulled at any desired temperature ailowing fluctua-
tions about this "baseline” temperature to be monitored.

¢. Ewmployment
The arrangerent of instruments was chosen to
provide for optimum coverage of the volume of water contain-

ing all instrumente withcut causing mutual interference.

Wer
LRt

The sensors were mounted as shown in Figures seven, eight

and nine.
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3. Remaining Sensors

The sensors described above are those wnich were the

0&0 P,

W

R TART

"

responsibility of the author. The following is a brief

{

description of the other sensors used in the experiment.

&. Baylor Wave Gauge and Pressure Wave Sensor

[ YRID LY,

e AR ACHTAR

The surface waves (h) weare measured using a
surface penetrating resistance wave gauge manufactured by
the Baylor Company and also with a pressure wave sensor made
by Interstate Electronics.

b. Turbulence Meter

The turbulence reasurements {u, v and w) were

made using an electromagnetic flow weter mznufactured by

Engineering Physics Company. This instrument is capable of
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measuring two orthogonal components simultarieousiy. The
resolution of this instrument is limited by the wave nurber
scale because of the volume over which the flow velccity is
integrated. This limits this particular model to measure-
ments of turbulence with wave lengths greater than about
twenty centimeters. Using Taylor's hypothesis this limits
the frequency resoluticn to about one Hertz.
¢c. Salincmeter
A Bissett-Berman inductance salinometer was used
to obtain the temporal variation of Salinity (S).
d. Sound Device
The amplitude {A) and phase modulation {®) of a
continuous sound wave of 20--80 Kiz was measured using &
source and hydrophcone separated by approximately two meters

{reference Theses of LCDR Smith and LCDR Routmann).

C. DATA COLLECTION

l. Recorder Used

All data were recorded or a fourteen channel Sangamo
rodel 3500 magnetic tape recordar using FM electronics.
Data recording was at 1-7/8 inches per second. The length
of each run was approximately twenty minutes.

2. Dates of Collection

The data recording was deone on 21-2Z October, 1971.
Table I is a tabulation of data ceollected with a check

indicating data and a zero indicating non-collection.
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3. Auxiliary Data Assembled
As additional data the standard oceancgzaphic
observations as delineated in H.O. publication 607 were made.
An attempt was made to observe sea iife near the iusirument
X array but during the hours of darkness and whken the array

was deeper than a few meters such attempts were generally

inconclusive.
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III. ANALYSIS OF DATA

I AR

¥

The analag data recorded on magnetic tape consisted of

A 1s

L nd el

runs of approximately twenty minutes duration. The data

S () et

reduction required transfer of this informatiocn to strip

0

e

charts which were then used for digitization and statistical

i
oA
e
)

analysis. The strip charts thenmselves were useful in visual

PPN Y

correlation work with the records.

BLALN

= . 3 A. DIGITIZATION

i

The digitization procedures were accomplished in three

W ATy

e

steps as outlined here.

1. sStrip Chart Production

YT
5 I
I UUVAROAS

N i ey

The tape recorded data was ccllected at a tape speed

of 1-7/8 inches per second. The tapes were replayed at 7-1/2

L S LAYt

M7

inches per second (or 4x speed up} and the information

BAT RS T

i

recorded using a Brush Mark 200 eight channel strip-chart
recorder. The increased playback speed reduced the twenty
minute records to five minutes in length. A speed of five
millimeters per second was used on the Brush recorder procduc-
ing a record 1.5 meter in length. These recoxzds were used
for visual correlation studies and were also the basis for
roduction of a digitized record for statistical analysis.

2. Digitized Maqnetic Tape Production

The strip chart records were taken to the Fleet

Numerical Weather Central facility at Point Pinos, Califcrniz

34
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where a digitized magnetic tape was produced utilizing the
Calma Company model 480 digitizer. The digitizer recorded
each ore~hundredth of an inch variation of the trace from

the starting point of each run vwhich was marked by a verti-

;2 cal line imposed on the chart at the start of each recording.

= 3. Data Card Production

RV The nine track magnetic tape obtained from the Calma
' digitizer was converted to data cards using the CDC 5000
Computer at Fleet Numerical Weather Central. These cards
were then used as the input data for the statistical analysis

- 3 done on the Naval Postgraduate School's IBM 360-67 Computer.

A

B, COMPUTER PROGRAMS
The programs utilized to analyze the digitized data were

from the W. R. Church Computer Center library and the files

R P

of Fleet Nurerical Weather Center's computer center.

TS SN Y it

1. MISR Program

Tne subroutine MISR from the W. R. Church Computer

AT ETI AT

Center likrary was used to compute the mean, standard devia-

LA ,u" :

tion, skewness and Kurtosis for each of the data sets. This

Lprrtvs

was done to serve as a comparison with the values obtained

from the second program used in the analysis.

T AL Dt 2o N AT P R e e Y O ey 'j. he 1 T A7o

2. FNWC Spectral Analvsis Program

This proaram was the basis for the analysis of gdata

for this experiment. The time increment in this program was

0.2032 seconds per sample which was arrived at by considering

- the speeds of the recorders and the incremental distance
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inherent in the digitization process. This set the Nyquist
frequency at 2.46 HZ for all the data apalyzed. The two
products of interest from this program were the normalized
autocorrelation and power spectrum graphs from the CALCOMP
plotter.
a. Normalized Autocorrelation Graphs

The Normalized Autocorrelations for each data
set were plotted with an abcissa scaled in seconds to a
maximum time lag of forty seconds. These plots allowed a
quick evaluation of the persistence exhibited by each para-
meter. Generally the temperature data showed 2 hign degree
of coherence while all other parameters showed a much lower
coherence. The graphs are shown as Figures 10 to 28.

b. Power Spectral Density Graphs

The power spectra were plotted for each data s=2
to show the contributions of oscillations with varicus
frequencies to the variance of each time series recorded in
the experiment. From the graphs shown as Figures 29 to 47
it is noted that though the maximum energy is contributed by
pericds longer than one~bhalf Hertz the total energy contri-

buted by periods less than this is by no means negligibile.
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IV. CONCLUSIONS

A. STRI?-CHART COMPARISONS

A visual investigation of the records obtained from the
Brush recorder showed an apparently high degree of correla-
tion between the salinity, wave profile, turbulence profiles,
sound velocity and amplitude profiles. The periodicity of
ali of these parameters was about that of the surface waves
which were recorded at the same times. The signals from the
thermistors did not appear to correlate, A nssible re2ason
for this observed behavior of the thermistor signals is that
the time constant of the thermistor keads used as sensors was
nmuch smaller than that ¢f the other instruments.

i. Run Three

A detailed investigation of the reccrds for this run

revealed that the salinity trace and wave height were almost
identical reccrds. These records showed no long term fluc~
tuaticns with the signals showing short peried fiuctuations
about an average value. This base value for salinity was
about 33.5 parts per thousand from the Bissett-Berman
salinometer and 33.31i2 parts per thousand from anaivsis of
a water sample taken at the time of the run. Thic extremely
strong correlation between salinity and wave profile at
shallow depths held throughout the experiment. Ther2 exists

a strong possibility that the instrument is somewliat velocity

dependent. The vertical orientation of the zxis cf the
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cores of the inductance coils {used@ as the sensors} could

have caused the water contained in the core to move only with

Lo o Iy ey

the vertical component of the turbulent velocity caused by
wave action. This velocity may have been recorded rather

than actual salinity fluctuwations. This suspicion is substan-~
tiated by the similarities betwesn the vertical couponent of

velocity measured with the turbulence mefer and the salinity

and wave records as well as by the fact that the correlaticn
decreased as the depth at which the recordings were taken
increaseaq.

The temperature records showed a long term positive
increase througnout this rw: and the fluctuaticns appeared to
be abcut the same level throuzhout the -un. The phase
amplitude sigral fluctuated when the temperature increaséd.
This relation neld for =211 the runs analyzed. There is some
indication that the phase amplitude fluctuations decreased
if the temperature remaired constant in D.C. level, aven

though short term fluctuaticns continued.

The vertical component ¢f turbulence and the phase
amplitude appeared strongly corrglated in frequency, phase
and amplitude at times but this correlation did rot hold
throughout the Tun.

The lcng term changes in the temperature reccrds

indicates that there was a net movement cf water past the
sensors. The scund amplitulds fluctuations whichk increased

when there was a temperature change suprort this idea.

3&
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2. Run Pour

The salinity and wave xecords for this runr show very
little correlation. Since this particular run was made near
the bottor and wave action here was winimal, this observa-
tion suppoxts the cenclusion that the salinometer is velocity
dependent.

The spparent Gependence of phase amplitude fluctua-
tions on temperature changes is again evident in this data.
As the té;perature snowed long term changes the fluctuations

in the phase amplitude increased. There also appeared to be

g i
Ugp !

.

correlation between the temperature and salinity signals for

B e o B e
v " 15,

1y

this run. Tne signal from the sound velocimeter also

o
S
As Wi thy

th)

AT AV

exhibited fivctuations at the samwe times as those in the

temperature mecord.

EOIRS PRI

3. Run Five .
The ccrreiation between the salinitv and surface
- wave signais is high for this run. These data were made at

a shallow dep<h as was run three, therefore supporting the

1des: that the salincweter is velocity depencent.

*
3
2oy wn

The reiation kutween the filectuations in phase

}}».'»: : ampiitude and an incrlase in temperature are very evident

once agaia in this recezd.

N
3
Rt

The conclusione, or igdeas, based on the visual
opservaticne of chart retords is of course somewhat subjec-—
tive and wust be considered tentative at best. RHowever they
point cut features that are important enough o warrant

detailed examination in future experiments.
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B. AUTO-CORRELATION GRAPH COMPARISONS

The most ovvious fact cbtained £rom a study of the
auto-correlation grapns is éhe lonyg correlation time exhibited
by the tempsrature signals. Tz2ble IV lists the times for the
signals to decay to a value of e~l, he temperature signals
show long correlation times of the order of forty seconds or
greater vhile all other parameters have decay times of the
order of two seconds. Tne single exception is the graph for
thermistor two during run £ive. The lead for thnis thermistor
rparted quri g the run and was replaced by the spsre lead for
the last hailf c¢f the run. This latter pérticn of the record
was analyzed since it was the longer of the two records
available. This proved to be a poor chnoice for there was
intermittent contact to th2 circuit and therefure the record
is guite erratic. The consistency cf the remairing records
leads to the couclucion that the water was well mixed with
raspect to temperature for ail runs.

Senerzlly an autocorxelogram shows fluctuations with the
same kinds of periods as the original time series. The
fluctuations have deen put in phase so that they reach a
maximum at zerc lag. Using the critericn that the spactrum
of the times series probably has a general maxinum near the
fixst “peakx’cbservad on the curve the following times are
noted for tnie various parameters and runs as the general
maximuns. {For a ccomplete iisting of all peaks noted sze

Table II).
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1. Run Three
This run shows close agreement among the sound
amplitude and thermistor one and thermistor two signals
actually analyzed. The approximate time of the first peak
of eleven seconds is valid for A and T; whereas T, is
slightly lower zt about ten seconds. ’

2. PRun Four

There does not appear to he &s close an agreement

1 D

oy 58

: 1—%% here as in run three. The first peak observed for A is at
E %i twenty-six seconds which is the same as the second pexicd
é %? for T, with the first at nine seconds. The salinity peak
} _2, occurs at apout 13.5 seconds while scund velccity exthibits a
% peak at 11.75 seconds.
; 2 3. Run Five
i This is the most complete run available for analysis .
i ?3 ard shows the most coherence among signals. The first peak
E. f; ranges fror 7.61 seconds for the wave height to 7.08 seconds
=3

7

W

for the w component of turhulence. This close agreement

L

A

of times is carried out thkrough all five peaks plotted on the

STRICTIR crw 3 anTe AT te

graphs.

i i3
S

4. PRun Six

¥ L

. )
Saisr gl iy

¥

Although this run ccntains a different set of

parameters than run three it too exhibits the scatter shown

in run four.

The conclusicn drawn from this view of the analyzed data
is that all paramcters messur2d have the same general naxi-

mum periodicity in the nzar surface environment.

4]
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C. PO®ER SPECTRUM COMPARISONS e . L
The use of the power spesctra to show where most of the

energy of the variance of the various parametexs is produced

agrees closely with the information derived from the auto-

correlation grapns. Thne information is found in Table II1I.
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TABLE II
AUTO-CORRELATICN PEAKS
{a11 times in seconds)
RUN_THREE "
A 13.25 18.325 25.84 34.60
T, ¥
T, 10% 20* 31
s 12.49 18.95

<
[

RUN _FOUR

” 280wt g 0r 1616 DTSy P [T
,'M.,,‘.‘!!:‘; XA E AP
oy s 1 v eyt 4

A None 26.24 31.27
T, 9 26 36
S fone 13.54 23.96 34.80

I A A AN A AR

¥ ¢ 11.75  22.40  33.85
7
SN RUN FIVE
: ‘% T; None evident
] -:;i a 7.50  12.50  19.60  27.10  33.35
| “25 T, 7.12 12,08  19.59  23.13  30.31  28.75
:. %; s 7" 13.34  21.46  27.08  34.39
; 5 u 7.26  12.92  21.67  None 33.13
z g w 7.08  13.34  21.35  27.08  33.35

.61 13.23 :1.65 26.98 33,34
13* 20.83 27.29 32.50

3 13.34 25.41 37.0¢8
c 1i.35 19.15 35,30
85 16.08 22.49

*yndicates peak not definite.
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TABLE IXIX
POWER SPECTRUM PEAKS i
;
RUN THREE ‘
T3 peaks at 0.042 HZ = 23.8 Sec. Pericd ‘
: S peaks at 0.042 BZ
é A peaks at G.020 HZ = 50 Sec. Period
“ RUN_FOUR
_?j T, peaks at 0,062 BZ = 1&.1 Sec Period
g; ¢ peaks at 0.073 HZ = 13.7 Sec Period
S peaks at 0.083 HZ = 12.0 Sec Period
RUN_FIVE
2 Ty peaks at 0.145 BZ = 6.9 Sec Period
! T3 exhikits no peak
S peaks at 0.125 HZ = 8 Sec Pericd )

hp peaks at 0.125 HZ
v peaks at 0.125 HZ
w peaks at 0.125 HZ

peakes at 0.125 HZ

A wpeaks at G.125 HZ

RUN _STX

T; peaks at 0.062 12

S peaks at 0,947 HZ = 21.3 Sec Period

¢ peaks at 0.088 Ha = il.4 Sec Period

. -
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TABLE IV

CORRELIATION DECAY TIMES

Time to e~l correlaticn {sec)

2.5
>40
>40

1.6

13.2
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