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During the last six years the Marine Physical Laboratory has been engaged in
a study of the internal wavefield in the upper ocean. Inasmuch as internal
waves propagate horizontally, vertically, and in time, a four-dimensional
(space-time) measurement was desired . To meet these requirements, a
three-element temperature sensor system in an array 40 meters on a side, was
created by mounting 3 booms on the RIP FLIP. Repeated temperature profiles
were made from each of these booms. The system consists of temperature and

V J AN 73 1473 EDITION OF I NOV 65 1$ OBSOLETE
-

~~~~~~~~~
FORM

S/N 0102-0 14  660 1

~~~ 2~ 
;/ ~.~ .I~:~

.
:; ;/ 

SECURITY CLASSIFICATION OF THIS PAGE (~~Iun D1a

_ _ _ _ _ _ _ _ _ _



-- ----

~

--

~

- -

~ 

- - ~~~~~~~~~~~~~

. . . .. U N I T Y  CLAS SIF ICATION OF THIS PAGE(W h an Dat. Ent.r.d)
\
\

~depth profile sensors, winches to raise and lower the sensors, a computer to
manage the data, and a central control unit. A vibrotron pressure sensor
and two variable frequency thermometers are suspended from each of the
booms. The first thermometer and the pressure sensor are placed at the
bottom end of a 500 meter cable; a second thermometer is attached 188 meters
up the cable. The cables are raised and lowered simultaneously by
individual winches. Lowering the winch cable 220 meters provides sampling
over a depth of 400 meters in the water column. The drop rate of the
sensors is 4.5 meters/second. Vertical temperature resolution is 1 meter.
Profiles are taken every two minutes by the three elements. The sensors are
scanned by the computer while the elements descend. While the elements are
being raised the computer is utilized for data display and initial analysis. 
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TEMPERATURE MEASUREMENT ARRAY FOR INTERNAL WAVE OBSERVATI ONS

L. M. Oechiello R. Pinkel
University of California, San Diego University of California, San Diego
Marine Physical Laboratory of the Marine Physical Laboratory of the
Scripps Institution of Oceanography Scripps Institution of Oceanography
San Diego, California 92132 San Diego. California 92132

Abstract The design of the FLIP measurement system
was strongly influenced by several factors. It

During the last six years the Marine was desired to make a four—dimensional measure-
Physical Laboratory has been engaged in a study ment. Earlier observations had ascribed the
of the internal wavefield in the upper ocean, motion in the internal wave spatial and fre-
inasmuch as internal waves propagate horizon— quency bands to internal waves, but had failed
tally, vertically, and in time, a to establish that internal wave dynamics indeed
four-dimensional (space—time) measurement was governed the observed motions . Given the
desired. To meet these requirements , a magn itude of the larger scale eddies and shears
three-element temperature sensor system in an in the sea, it is quite possible that some other
array 40 meters on a side, was created by dynamic ba lance regulated the observed
mounting 3 booms on the R/P FLIP. Repeated oscillations. The straightforward way to
temperature profiles were made from each of establish that the motions are internal waves is
these booms. The system consists of temperature to verify that they obey the linear internal
and depth prof ile sensors, winches to raise and wave dispersion relation. The dispersion
lower the sensors, a computer to manage the relation expresses the relationship between the
data, and a central control unit. A vibrotron horizontal , vertical , and temporal Scales of the
pressure sensor and two variable frequency motions. Verifications of this theoretical
thermometers are suspended from each of the relationship can only be accomplished using a
booms . The first thermometer and the pressure three-dimensional array of sensors , sampled
sensor are placed at the bottom end of a 500 repeatedly in time.
meter cable; a second thermometer is attached
188 meters up the cable. The cables are raised 2. Design Considerations
and lowered simultaneously by individual
winches. Lowering the winch cable 220 meters Although it was desired to construct as
provides sampling over a depth of 400 meters in large a spatial array as possible , we did not
the water column. The drop rate of the sensors wish to have the array anchored to the sea
is 4.5 meters/second. Vertical temperature floor. We preferred an array which could drift
resolution is 1 meter. Profiles are taken with the mean currents in the upper ocean, while
every two minutes by the three elements. The still maintaining the fixed relative positons of
sensors are scanned by the computer while the the sensors. This is due to the fact that the
elements descend. While the elements are being mean currents and lower frequency eddies in the
raised the computer is utilized for data display sea advect the media through which the internal
and initial analysis. waves propagate . Any sensor which is not free

to drift with the mean currents will produce
Doppler shifted measurement of the internal wave
field. Extensive Doppler shifting of the

1. Introduction measurements would thwart the effort to compare
the observed wavenumber-frequency relationshi p

Internal waves are one of the more with that predicted by theory. This
mysterious of oceanic phenomena. Their role in consideration precluded the approach of
the vertical transport of energy and momentum , tn -mooring FLIP , and running arrays of Sensors
thr driving or dissipating of ocean currents, down each of the mooring lines.*
and in mixing processes has yet to be fully A final design requirement was to avoid
understood. Recently, great progress has been sensors which produced “fine structure con-
made in internal wave observational techniques. taminated” measurements. Fine structure con-
This paper will describe a measurement array tamination refers to an error in deducing the
deployed from the Research Platform FLIP, which —

has contributed to the overall effort to 5FLIP is routinely tn —moored in water up to 4
understand internal wave dynamics . km depth.
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motion of water using fixed position sensors , unison , at a rate of 4.Sm/sec. Winch operation ,
The problem results from irregularities in the as well as data Scanning, were coordinated by a
spatial gradient of the measured properties timing unit mounted in FLIP’ s lab. A
being advected past the sensor. This produces streamlined probe containing a vibrotron
an irregular senSor output which is not pro- pressure sensor and a thermometer was Suspended
portional to the :idvection velocity alone. This from the terminal end of each winch cable. A
effect can be illustrated simply in the situ— second thermometer was placed 188 meters up the
ation where fixed position temperature fluc- cable, in normal operation , the upper
tuat ion measurements are used to infer the thermometers were located at the base of the
vertical motion in the sea. The equation mixed layer (40-60 m typically) and cycled down
relating the observed temperature fluctuations , to the depth where the lower probes started
1 , with the vertical position of the w.~ er, their descent (at 230 m typically) . In this
‘1 is : manne r , ti le top 400 m of the water column was

~~ 6T p ro f i l ed  (F ig .  3). Pro f i l e s  were repeated every
— ~~~~- 

~~— two mi n utes . Approximately 2100 profiles per
day were c o l l e c t e d ,  Ilata were scanned and

If  the re is a s ingle  frequency of recorded wh i l e  the probes descended by a 11P2100
ve rt i c a l  motion present computer system on board FLIP . While the probes

were being raised , the depths at which a
sin w 0t preselected set of temperatures was encountered

during the drop were ca l cu la t ed  by the computer
hut the ver t ica l  temperature gradient is si gn i -  (F i g. 4). Note tha t  these isotherm depth
fica n t ly  non— l inear :  f luctua t ions  are a measur e of the ve rt i ca l

dis p l acem ent o f the in te rnal w ave f i el d  w hi ch i s
— Z .1 2 nOt contaminated by f ine  st ruc tu re .  In

= A0 + A 1 (
~
. - z0) + A 2 0 COntrast , the time f l u c t u a t i o n  of temperature at

a preselected set of depths is a contaminated
then the fixed depth temperature sensor will measurement. The difference in these two
output at many frequencies utilizations of the same data can he seen best

in the displacement spectra (Fig. 5). The
remainder of this paper will discuss the various

A w cos a t +½A 1 ~~ 
SIfl 2 ~0t elements of the measuring system in greater

6t 0 0 0 detail.
The winches used to lower and raise the

This effect has been studied in great detail for probes were designed to operate at a 4.5 rn/sec
the case of a stairstep temperature profile by profiling speed with a 35 kg (~‘0 11) load (Fig.
Phillips (1971) and for vertical wavenumber 6). The winch frame and drum were fabricated
band-limited spectrua by Garrett and Munk from aluminum , as topside weig ht is a prime
(l9~’l). The problem can be avoided by using r e s t r i c t i o n  in de t ermin ing  the amount of equip-
sensors which “follow” the vertical motion of nent that can be carried on FLIP.  Each w inch
the water. Althoug h the temperature was driven by a Reliance Electric 5 hp, 440
fluctuations at a given depth depend on the fine volt , three-phase electric motor/brake unit ,
detai  Is of the temperature gradient near that connected through a 25 to 1 Boston reduction
dep th , the depth f luc tua tions  of speci f ic  gearbox to the .95 m dia meter drum. The
temperatures  depend p r i m a r i l y  on the motion of ro ta t ion  rate of the  drum was 2 rpm . To assure
the water . Vertical profiling sensors, which level winding, the drum was grooved to accept
c .IrF fo l low the smooth  evol u tion of an arbitrar- the cable being used. Dur in g  no rmal opera t i o n ,
ily irregular vertical gradient field , are the there was only a single layer of wire on the
st r aightforward means of reducing f ine structure drum.
contamination problems The vertical pos i t ion  of the probes was

sensed mechanicall y by means of sliding block
3. A rray Sys tem l)escn iption threaded on a lead screw geared to the  winch

shaft. Microawi tches at the extreme ends of tile

Given these design considerations , it was lead screw travel were activated by the sliding
decided to nxni nt  l a rge  l i g h t  weig ht booms on b lock . This i n f o r m a t i o n  Was used by a motor
FLu ’, and make repeated profiles of temperature  contro l Icr  to s tar t , sto p and reverse each
‘.er s~Is depth from sensors suspended from the winch , a nd also by the cen t ra l  t i m i n g  un i t  in
ends of these booms . S p e c i f i c a l ly ,  th ree booms FI . IP ’ s lab , which coordinated the operation of
were constructed , forming a three-clement array the winche s .  P r o f i l i n g  depth range was
The spac ings  between elements were 44 meters. ,  ~~ dete rmined by a d j u s t i n g  the pos i t ion  of the
mete r s , and 38 meter s , for the starboard—port , macro switches with respec t to each other along
port-aft , and aft-starboard separations the lead screw.
respectively. This was the larges t array that It was desired to .ivoid the violent
could he safely handled from FLIP (Fig. 1 , ) accelerations associated with the rapid transi-
Rei.~t e ly  con t r o l l e d  e l e c t r i c  winches were l ion from downward to upward travel at 4.5
lo t t e d  it  the inboard end of each boom. These rn/ sec . As the electric motor wa’. capable of
w i n c h e s  cyc le d  the .Irray elements down and up in t i n t i n g  the w in ch at on l y  one speed , the gradual
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Fi g .  1. Resear ch P l a tf o r m  l L T J  . . .t  ‘Inpe- t~iz~ p r of i l i n q a2 ~~~i~J .

...—~~ SIB!)  accel -ril t io ij s and de~~~lerat ion s were in t roduced
— —.~~~~~ ~~~~~~~~ through tt~ e ef the m o t o r  brake  and gravi ty.

Specif~c: il l > ,  thr, i l i a c  delay rel ays were in—
— ,

~ I cOr1i(It~I tCd into t h e  controller i f each winc)~ 
‘fly

M~~oK ( ‘

~ 
t~~rsr r e l a y  provided a delay between the t ime

~~-‘~~~~~~~ L0CA~ I0i 
~
‘ the brake wa s released as the winch started down

___________ from t i le beg i n n i n g  of the ’ drop to the t ime the
- r iii t o r  wJS et i g i g e i l .  T h i s  a l lowed  the w inch to

‘ fr ee .  f a l l ”  g r a d u a l l y  I t  4 .5 rn/sec before the
S 

5~~~ ! I wz i i ;  applied. The ’- i c  u n i  r e l a y  provided a
• I e l , c be tween  th0 tins’ t h e  b rake  was applied to

‘N. / 
p t h t  descending probe’ s and the time the

r~, t o r was res er se ’ oid s t a r t e d  to raise them.
/ \t t I e  t o p  it t  t h e  dro p I I I C  t i t i  rd delay occurred.

I 
lb motor was t I l l - n e d  o f f  s l ig h t l y  befo re the

/ 7 , ~~~~t w i s  ap p l i e d , a l l o w i ng the  winch  to coast
AP~~OI~~ ATB ,

~\ / 1 a stop.
The lo rd ! l i t !  , r t  ~f w I rich operat I n with

‘~ ~

‘ d a t , i  s ‘j r t r l  I was the f i in c t  ion of the t iming
itni ’ b i t~ ’ t  in } ‘ j j~~~~ lab. This Uni t produced
1 51’ DI pul st ’  , )f l I ’  c i  ‘ny two minut c’s during

p i e a 1 it t ’  i a  oil  , wit I I I  re. I ~ i i s t ’ I the  probes on
V s q.  2. lbp v i , w ~~f tem~~’ra to r  p r of  .li n~ llt c I r I i i h l i w , I ‘~~ i Ic. ‘Pt i s  “ s tar t  pulse ” was

arraq. ‘ i i  ,d i th I t SI ii Is from the upper l imi t
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filer.

360 • ‘ The thermometers used were of a ty pe
developed by Mr. Earl Squier at the Marine

THERMOMETER “ 
Physical Laboratory. Each thermometer was a

& VIBROTRON ~~ phase shift  oscil lator , with th ree thermistors
used in the shi f t ing  network (Fi g. 7 ) .  I t

420 ‘ 420 m generated a frequency which was proportional to
the temperature. The temperature data was
transmitted up the same pair  of wires throug h

Fig, 3, FL I P temp er 4ture  p r of i l i ng  arra y which the sensors were powered. By the proper
confi guration. choice of the capacitors and thermis tors  used

in the sh i f t i ng  network , the ther mometer could
be tailored to a variety of
temperature-frequency ranges . The lower

swi tch of each of th e winches, such that none thermometers , used in the probe, were adjusted
of the probes would  s tar t  down unless all  had for IRIG channel E; the upper thermometers were
returned from the previous profile. This spread over channels 10 thru 13. Separate sets
assured that the winches would operate in of thermometers were required for central
unison. Drop repet i t ion t ime was adjustable Pacific and Californi a coastal operations , as
from 40 sec to 180 sec in 20 sec increments, the difference in temperature of the upper
Whi le  the probes were descending,  a secon d set ocean was enough to force any  single
of pulses was sent to the computer , i n i t i a t i n g  thermometer out of its hand. The’ thermometer
the scanning of the sensors . Typical ly ,  th ese e lectronics  we re assembl e d between pr inted
pulses were generated every .2 sec , a l th ough Circui t  di scs .675” in di ameter .  Af te r  t e s t i n g
the scan t ime was ad jus tab le  from .05 seconds and ca l ib ra t ion  the e l e ct r o n i c s  were place d in
to .4 seconds in .05 second increments,  a 7/8 i nch d iameter  p . v . c .  p ipe , s i x  i n ch es

To monitor w inch operation in the labor- long, and potted wi th  epoxy (F ig .  8) .  The
atory, .i potent iometer  was connected to the three thermis tor  beads p r o j e c t e d  from one end
lead screw on each w in c h . Win ch drum rotat ion , of the potted t i the . A T w I t  ~ Ifl connec tor was
a s in d ica ted  by th i s pot en t iometer , wa s dis- cast  in  the othe r end .
played i n  the lab . Also displayed was the Out- The completed t h e r m o m et e r s  ha d a r i se
put of  a counter, which indicated the n umber of ti me of .2S Sec . ib i s  c o rr e s p on d e d  to r i s e
revolutions of each w inch .  This  counter only d i s t a nce of 1.1 meters  of w a t e r  at the 4 ,5
functioned during descent of the probes , and meter per second f a l l  i’cbo cit~~. They were
was reset a t th e beg in n ing  of each drop . s e n s i t i v e  to . 00 l ’C  t emperature  change , w i t h
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t o’ Fig. 7. Schematic of variable frequency ther—
zrcmeter (After Squier 1967).

.05°C long term d r i f t . The e lec t ronics  were
initially calibrated prior to potting, using
precision resistors ip place of thermis tors .
Fi nal  c a l i b r a t i o n s  were performed in a ‘em-
perature controlled ba th .

The thermometers underwent an ~ ,itialid5 ____________________________________
0° 00 101 02 calibration shift , as much as .3°C wIt , it they

we re f i r s t  subjected  to hig h pressure (—.1000
Frequency cycles/hour psi). After this initial calibration shift no

further pressure dependence was observable.
The pressure sensor used was a 1000 psi

Fig. 5. Comparison of contami nated and uncon— Vibrotron operat ing in IR I G channel A. The
taminated spectra, An isotherm dis— vibrotron was powered by an ampl i f ie r  also
placement spectrum (ligh t line) is developed by Mr. Earl  Squie r of MPL. Like the
plotted wi th a f ixed depth temperature thermometers , i t  sent its s ignal  up the same
fluctuation spectrum (heavy line) taken w i res f rom wh ich  it received its power. In
at the same time and same mean depth. th i s  manner , the three sensors on each cabl e
The dashed line gives the approximate shared the same two conductors.
level of fine structure contamination The outputs from a l l  sensors were passed
noise, through decoupling circuits in FLIP’s Lab.

There the signals were filtered and clipped.

f tWI  

These conditioned signals were scanned by a
period counter at a rate determined by the
timing unit. The digital data was then trans-.
fered to the computer for preliminary analysis4”,.
and recording on magnetic tape.

4. Operational Problems and Solutions

- During the development of this project a
numbe r of di f f icul t ies  were encountered. It
was desired that the azimuthal ori entation of

• the array remain fixed for long periods of
time. Only with time series measurements made
while FLIP’s heading was fixed could the

‘ •- directional properties of the waves be deduced.
The orientation control system on FLIP con-
sisted of hydraulically powered propellors
mounted off axis on FLIP’s hull and controlled
automatically by the ship ’s gyro-compass. The- 
propulsion supplied was adequate for norma l
FLIP operations , but the additional windage
caused by the booms used in this  experiment
would overpower the system in winds greater

Fig. 6, A profiling winch used in this than 10 knots. A compromise strategy was
exper iment ,  adopted, whereby FLIP was allowed to orient in

OCEANS ‘76 20E-5 MTS-IEEE
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IN CHES

Fi g.  8. Variable Frequency Therrr,moter

her equilibri um position, with the wind twenty that the manufacturer recommended. After one
degrees to the right of the keel. The orient- to two weeks of constant operation the outer
ation system was then used to damp our oscill- armor tended to stretch and form baskets (Fig.
ations about this mean. During normal oper- 9). After the wires~had stretched to a certain
ation, FLIP’s heading could be maintained to point they would break. Some removal of these
within +5° for several days at a time . Major outer strands was tolerated, however, the cab le
wind shifts or squalls would necessitate re. was usually replaced when more than two or
positioning of the array, three strands had been broken. Discussions

Because the winches operated unattended
and were of open construction , they presented a
great safety hazard. Problems with any
component in the lead screw-micro switch
assethly would lead to violent mechanical
failure. Emergency shut-off switches were
installed on each winch and in FLIP’ s lab. To
prevent personnel from becoming entangled in
the winches. safety covers are currently being
fabricated, The danger associated with the auto-
static operation of this machinery became cvi.
dent only after the equi pment itas constructed.
The importance of considering safety in the in-
itial design phase of a system such as ours
canno t be over emphasized. o 2 4 6 8 10

The cables used on the winches were U.S.
steel type 3HI8RB and Rochester type 3-H~O, a L__ .. , S - . —

0.187 inch diameter double armored 3 conductor INCHES
cable. Only 2 conductors were used , wi th the
third being kept as a spare . The cable was run
over a 10 inch diameter sheave at the end of
the boom, This was the ininitmim diameter bend Ft~~~. 9. Typi ca l Cable Fa i lure .

OCEANS ‘76 20E-6 MIS-IEEE

- —  - — - — —‘ — ‘ -~~~~-- - ~~—~~~- —~~~ - •



I

w i t h  the cable manufa cturer  confirmed that th is  Acknowledgements
was ind eed a se v ere test of the cable an d t h i s
t ype of fa i lure  was not unexpected. The The authors wish to thank Mr. Bi l l  Davy
manufacturer suggested using a larger diameter  and his  crew for their untiring efforts in the
sheave and modifying the sheave groove in cons t r uction of th e boo ms and w in chea . Our
orde r to cut down on the cable wear. New large thanks al so go to Mr. Farl Squier for his
sheaves have been built and are awaiting a long initial system design and his continuing advice
sea trip for life testing of the cable, and help over the past few years. This

One of the more unusua l problems arose research was supported by the Advance Research
when operating off Hawai i .  Large game fish Projects Agency of the Department of Defense
tended to “s t r ike ” at the upper thermometers , and was monitored by ONR under Contract No.
They would sometimes miss and bite the wire  N000l4-75-C- 1023.
between the thermometer and the cable termin-
ation. A long piece of spiraled plastic tubing
and lots of black tape were used to cover the
exposed wi re. After covering t ’e  wire  no
furthe r problems from f ish bites were encount-
ered.

5. Conclusions
V In spite of these d i f f i cu l t i e s , the Refe rences

system has proven to be a comparatively
reliable method for obtaining long term Garrett, C.J.R., and W.H. Munk , Internal wave
detailed information on the upper ocean spectra in the presence of fine structure , J.
temperature field. Approximately six months of Phys. Oceanogr., 1, 196-202, 1971.
data have been collected to date, from cruises
in the central Pacific and off the California Phillips , 0.M., on Spectra measured in an undul-
coast . During many of these operations wind at ing layered medium , J. Phys. Oceanogr., 1,
velocity, ba romet ric pressure, surface wave 1-6, 1971.
amplitude , ocean current and sound velocity
profi les were also monitored. This data is Squier , E .D. ,  A variable frequency thermometer ,
currently being analyzed , with the objective of Tech Memo 183, Mar. Phys . Lab., Univ.  of Ca l i f .
determining possible generating mechanisms of San Diego, 1967.
the internal wave field.
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