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ABSTRACT

free- fa l l  oceanographic ins t rument  has been used to measure

ver t ica l  mic ros t ructure  scale gradients  of horizontal  velocity,  tempera-

tu re  and elec t r ical conduc t iv it y. The velocity gradients , or sh ears , were

measured at scales between 3 and 40 cm by an airfoil  shear  probe whose

specifications and calibration procedure are discussed.

Data collected in the equatorial Atlantic in July 1974 indicated a

consis tent  pattern of turbulence near the velocity core of the Atlantic  Equa-

tor ia l  Undercur ren t .  (The velocity core is the reg ion of maximum speed.

The most intense turbulence was found above the velocity core of the un der~~~~~~

curren t . Turbulence in the velocity core was weak and in te rmi t ten t ly

spaced. Below the core , near  the base of the therrn ocline , mode r a t el y in-

tense  turbulence was found. The rate of viscous dissipation of t u rbu l en t

energy  has been estimated from the shear measurements, and ty pical

values were  3x 10 3 cm2 sec 3 above the velocity core.

Spectra  of the shears have been computed. At small wave lengths

the measured  spect ra l  coeff ic ients  fal l  below the un ive r s a l  Koirnogoroff

spec t rum.  This d i sc repancy  between the two spectra  is a t t r ibu ted  to

spa t ia l  averag ing of ve loci ty  f luc tua t ions  by the shear  probe . The e s t i m a te s

of v iscous  d i ss ipa t ion  include a cor rec t ion  for  this spat ia l  ave rag ing .

An ene rgy  balance has been determined for  the t u r b u l e n t  v e lo c i ty

fluc tua t ions .  Above and below the core the basic ba lance  is local produe-

t ion  of t u r b u l e n t  en e r g y  equa l s  local  d i s s ip a t i o n , and th is ba l ance  g iv e s  a

~c’r t i ca l  edd y v i scos i ty  of o rde r  10 cm 2 sec - 1 above t he core .  The e q u a t i o n
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of the energy balance of the average motion has been ver t ical l y in tegra ted

at the equator where meridional terms are assumed small. In the South

Equatorial  Cur ren t  the rate of energy gain f rom the average zonal wind

st r e s s  is balanced by th e rate of energy loss to the zonal pressure gradient

plus the rate of dissipation. In the undercur ren t , above the core , the rate

of energy gain f rom the zonal p ressure  gradient  equals the rate of dissipa-

tion within the uncertainty of the measurements, and the advection term is

small but not neg lig ible.
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1 . INTRODUCTION

The energetics of equatorial undercurrents have received limited

attention.  For a flow in geostrophic balance , there  is no t r a n s f e r  of

ene rgy  between the p ressure  and kinetic ene rgy  f ields , since the Cor io l i s

force  can do no work and flow is perpendicular to the p r e s su re  g rad ien t .

The rate of energy t r ans f e r  in most reg ions of the oceans depends upon the

ageos t ro phic flow across  lines of constant p re s su re , which is re la t ive l y

low and diff icult  to measure .  However , at the equator the Coriolis fo rce

disa ppears , allowing the exchange of energy be tween th e pr essur e and

kinetic ene rgy  f ie lds  to be more  easily measu red .

Even the simples t  ener gy balance for  the unde rcu r r en t  must  include

the work done by the zonal p re s su re  gradient , the ene rgy  advected by the

mean flow , and the energy  diss ipated by turbulence  (W y r tk i and Benne t t ,

1963).  The rate of re lease  of energy  f rom the zonal p re s su re  g rad ien t  can

he ob tained f rom measurements  of veloci ty  and dynamic hei g ht. However ,

the v e l o c i t y  cores  of the equator ia l  u n d e r c u r r e n t s  have been obse rved  to

m e a n d e r .  To a c c u r a t e l y de te rmine  the velocit y f ie ld , ei ther  m e a s u r e m e n t s

at seve ral  locat ions  must  be taken , or many sections across  the equator

m u s t  he sampled. U n t i l  1974 , such observa t ions  were  not ava i l ab le .  The

e n e r g y  a d v e c t e d  by the ave rage  f low r e m a i ns  d i f f i c u l t  to c a l c u l a t e  b e c a u se

of l i m i t e d  obse rva t ions. The u n d e r c u r r e n t s  u n d e r g o  seasona l  c h a n ge s , a s

w e l l  as m e a n d e r s  of s h o r t e r  period.  Most m e a s u r e m e n t s  of the  l a rg e

sca le  f e a t u r e s  of the u n d e r c u r r e n t s  have u s u a l l y been at a s i n g le p o s i t i o n

a n d  e x t e n d  over  a r e l a t i v e l y shor t  t ime inte rva l , so it has  been d i f f i c u l t  t o

d i s t i n g u i s h  t e m p o r a l  v a r i a t i o n s  f r o m  s p a t i a l  v a r i a t i o n s . 
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The rate of d iss ipat ion of kinetic energy can be estimated f rom

veloc i ty  measurements  at scales of about 1 to 50 cm. This range of scales

is the viscous dissipation range at which kinetic energy is converted to

heat by the molecular viscosity of the fluid. Instrumentation to sense velo-

city gradients at the scales and magnitudes found in the undercur ren t s  has

been deve loped only recently. Only one previous attempt has been made to

measure  these gradients  in the undercurrent  (Bel yaev et a l , 1975b) . From

measuremen t s  of temperature  fluctuations and the use of theories of isotro-

p ic turbulen ce , the rate of dissipation may be inf er red , as was done by

Wil l iams and Gibson (1974) at 0°and 16 N in the Pacific , at 150° W , at a

s ingle  depth at each latitude. An estimate of ver t ica l  heat  t ranspor t  for

cer ta in  flows can be made from measurements of the mean and microscale

tempera tu re  gradients  (Osborn and Cox , 1972).  Such measurements  in the

Pacific at the equator have g iven a qualitative comparison of the micro-

scale velocity gradients and the intensity of turbulence (Gregg, 1976).

Alt h oug h th eories su g ges t  that the r at e of d iss ipation (ë~) should be a limit-

ing fac tor  in the flow of the unde rcu r r en t , the values of g sugges ted  by

these  s tudies  t h f f e r  f rom the value derived f rom a stud y by W yrtki  and

Bennet t  (1963 )  based upon measurements  of l a rge  scale f ea tu re s  in the

Paci f ic  Equa tor ia l  U n d e r c u r r e n t .

In the summer  of 1974 , par t ic ipants  in the Global Atmospher ic

R e se a r c h  P rog ram undertook a stud y of the a tmosph er e an d ocean in th e

t r o p ica l  A t l a n t i c , ca l led  the CARP Atlantic Tropica l  E x p e r i m e n t  (GATE) .

D i i r i n c  t h i s  project , a study of the  mic roscale  ve loc i ty  g r a d i e n t s  in and

n e ar  the  u n d e r c u r r e n t  was u n d e r t a k e n  w i t h  i n s t r u m en t a t i o n  developed  by

— -~~~~~~~~ -- -- -•—— --- . . - . . . ---—~~~~——,- — - --,
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T. R. Osborn and myself. The study was conducted from the R/V

ATLANTIS II of the Woods Hole Oceanographic Institute during June and

July 1974. An extensive mapping of the large scale velocities and dynamic

hei g hts at the equator was undertaken by Dr.  Eli Katz and Mr. John Bruce

on board the R / V  ATLANTIS II, and by numerous investigators on board

other ships . These large scale measurements make it possible to est imate

some of the t r ans fe r s  of the average kinetic energy.  A comparison between

these t r ans f e r s  and the viscous dissipation of turbulent energy is possible

for  a long term average of the flow at the equator.

Th ere ar e clear ly two topics here:  the energet ics  of the under-

cu r rents , and of mic r oscale oce anic tu rbulence , whi ch are  se par at ed not

onl y by sca le size , but a lso by the background information required to

unders tand them. In the next section , I will d iscuss  these topics separate-

ly, and show how microscale measurements  lead to a better unders tanding

of the overall  energy balance in the unde rcu r r en t .

Th e desi gn and operation of the ins t ruments  will be d iscussed in

section 3, as well as the procedure  in the f ie ld.  The m i c r o s t r u c t u r e  of

the unde rcu r r en t  reg ion , the na ture  and spectra of the turbulence there ,

and the energet ics  of the u n d e r c u r r e n t  will be descr ibed in section 4.
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2. BACKGROUND

2. 1 Large Scale Features  of the U n d e r c u r r e n t

There have been numerous models constructed to explain and pre-

dict the na ture  of the equatorial  unde rcu r r en t s , beg inning soon a f te r  the

d iscovery  of the Pacific Equatorial Undercur ren t , as desc r ibe d by

C romwe ll, Montgomery and Stroup ( 1954).  A summary of such models

was under taken  by Philander (1973) . To unders tand why equatorial

cur r en t s exis t , a simple explanation is given by Neumann and Pierson

(1966 , p. 453-454) .  Figure  la shows a wind and c u rr e n t  pat tern  typical ly

found  near  the equator.  The doldrums between the SE and NE t rade  winds

are  loca ted near 5°north . In the Southern Hemisphere , t r anspor t  in the

Ekman layer  is to the left  of the wind; in the Nor the rn  Hemisphere  this

t r anspor t  is to the rig ht of the wind , causing a convergence of the sur face

waters  at 5°N and divergence  at lO °N and at the equator.  The resul t ing

sur face slope caused by such convergences  and divergences  is i l lustrated

in f i gure  lb. For the sur face  cu r ren t s  to be in geos t rophic balance with

the meridional pressure gradients caused by these surface slopes, they

must  flow westward at all  lati tudes except between 5°and lO °N . The east-

ward  c u r r e n t  he re  is the Equator ia l  Counte rcur ren t  in the Atlant ic  Ocean.

The westward current present to the south of 5°N is the South Equatorial

Current and that north of lO°N is the North Equatorial Current. This

c u r r e n t  pat tern  is most l ike that  found in the A t l a n t i c  f r o m  A u g u s t  to

Nov ember .  Dur ing  the r e m a i n d e r  of the year , when the winds  a re  weake r ,

the  c o u n t e r c u r r e n t  is f r e q u e n t l y absent .  In the P a c i f i c ,  t h i s  coun t e r c u r r e n t

is l a b e l l e d  t h e  Nor th  Equa t o r i a l  C o u n t e r c u r r e n t  to d i s t i n g u i s h  it f r o m  the
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r ig u re  la Possible wind distribution in equatorial regions. Long ar-
rows r e p r e s e n t  wind  d i r e c t i o n . Shor t  a r rows show possibl e
Ekr~an drif t. (from Neumann and Pierson , l’~66 p.  452’

F F gurc’ 1 h Ideal ized toprgra:~liv of the sea surface across the e q n a t  or
c ause d by wind p a t t e r n  of fi gure In . Surface eater diveryen—
ces or conv erc zenc e s  ar e  deno r ~! by F) F V. or ((~~V . and ci I
t inn of f I oe I s denoted by L or l~. (fro m ~~‘e’~1 in n and P Fec—
son , ~ ~

(~6 p. s 52)
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South f q u a to r a  I Counte re ci r r e n t  somet  j i nes  f o u n d  n e a r  1 0° sou th .

W h e n  t h e  \~ in d s  and su r f a c e  c u r r e n ts  a re  present as shown in figu-

r es  I a  and  l b  t h e  un de  r c ur  rent is set  up  in the  following way: the  w e s t —

~ ar d  s u r f a c e  c u r r e n t  at  the  equator c aU s e S  an u p w a r d  s u r f a c e  slope to-

w a r d  the  ~vest , and a downward tilt of t he  th e r m o c l i n e  towar d  the we s t .

A s so c i a t e d  with these slopes is an e a s t w a r d  p r e s s u r e  f o r ce  in and above

the th e r mo c l i n e.  The wind  s t r e s s  balances  or even  e x c e e d s  this  p r e s s u r e

f o r c e  in the s u r f a c e  mixed l a y e r , but the d i r e c t  wind  e f f e c ts  cannot  pene-

t r a t e  the th e rm o cl i n e .  Hence , t h e r e  is a w e s t w ar d  p r e s s u r e  f o rc e  in the

th erm o c  l ine  w h i c h  is not b a l a n c e d  by the wind s t r e s s . N e a r  the eq ua tor

t h i s  c a u se s  an e a s t w a r d  f low of wa t e r  in th e  t h e r m o c  l ine .

“However , wi th  i n c r e as i n g  d i s t ance  f r o m  the equa to r  the e f f e c t s

of the Coriolis  f o r c e  become more  and more  si g n i f i c a n t  and

tend to provide  a g e o s t r o phic  ba lance  of the zonal  p r es s u r e  gra-

dient . This seems to occur  v e r y  close to the equa to r , probabl y

as close as ~
° or l° Ia t i tude.  Q u a n t i t a t i v e  ev idence  of approxima-

te geos t rophic  ba lance  wi thin  the  u n d e r c ur r e n t  to l a t i t udes  as

low as ~° has been pre sented by Montgome ry and S t r o u p  ( 1 96 ~ )

and by M et c a l f  et a l  (19ô~~). Th us , w i t h  a d o w nw a r d  slope of

t h e  sea s u r fa c e  f r o m  w e s t  to east  a l i t tl e  no r th  of the  eq u at o r ,

th e  wa t e r  f l ows  w ith a Sou thward  componen t , and a l i t t l e

sou th  of the  equa to r  wi th  a N o r t h w a rd  c o m p o n e n t .  . . . . ri l ls

leads  to a water transport from both t he  N o r t h e r n  and S o u t h e r n

FIe n ~i sphe re  t o w a r d  th e  e q u a t o r  whe re  t h e  g en e  r a l  mu t t o n  i s

e a s t w a r d  and p rov ide s  ample  w at e r  suppl y f o r  t he  Eq u a t o r i a l

U n c l e  r c u r  r e nt . ‘‘ ( N e u m a n n  and Pie rson I 9~~( , p. 4 ~ 4 .

C r o s s — s e c t i o n s  of t e m p e r at u r e , s a l i n i t y  a nd  v t l o c i t v  s a m p led ( l u r i n c

t h e  A l l  AN T I S  IT se c t  ions  a l o n g  ~4°~ V , ~ 8° W ~° \V a re  s I i o ~ ii i i i  t~~c c c

to 4. The c l i v e r c z e n c e  of s u r f a c e  c ur r e n t s at t h e  e q u a t o r ,  i u i F s i ned ‘a i t l i  in-

f l o w  f r o m  the s ides  i n  t h e  t h e rm o c l i ne , l e a d s  t o  c i ) \ \ e l l i f l c  n e a r  t i l e  ,~~~c c s t s s r

a NI  e d I t  Se s the r id c~ tie and  t run c lii ng of i i  cc t r i n s  u” H in i i v - s .’

4.  i b i s  s t r u c t u r e  is a ch ,tr a (t e r is t i ( I i ll s- F c i c t o r I ; t l u c i d r s  i r i n t s .
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w a t e r  in the core of the Atlantic Equatorial  U n d e r c u r r e n t  der ives  f rom the

North  Braz i l ian  Coastal Current  which has hig h salinity . This saline core

is ev iden t  in these  c ross - sec t ions  and has been found in this u n d e r c u r r e n t

as far as 6°E, where the undercurrent was observed to turn away from the

e q u a t o r  ( R i n k e l , et al , 1966). The velocity measurements  were  obtained

f r o m  an o v e r - t h e - s i d e  c u r r e n t  meter , and are  re la t ive  to the m e a s u r e m e n t

at 300 m. depth .  These fi g u r e s  are  taken f r o m  Bruce  and Katz ( 1 9 7 6 )  and

a r e  based  on data they col lected during  the ATLANTIS II c ru i se .

~ Ene rgy  Balance fo r  the A v e r a g e  Flow

It is a common techni que for  i ncompress ib l e  tu rbu len t  f lows , f i r s t

i n t r o d u c e d  by Osborne Reynolds , to portion the veloci ty  and p r e s s u r e  fi e ld s

i n t o  a v e r a g e  and f luc tua t ing  components

v e l o c i t y  J i ~~~~~ +u~

pres  sure  P = P + P ’ 2. 1

w h e r e  P is the average pressure and U~ is the average velocity.

When these  values are  included in the energy  equations , and averaged , one

can t r a c e  the energy exchang e between a p ressure  field , kinet ic e n e rg y  and

heat. In theory, one uses an ensemble average , which is an average over

al l  r e a l i za t i ons  of the flow. In p rac t ice  a time or space ave rage  is m e as u r e d

w i t h in  the flow and the Ergodic  h ypothes is  (Hinze , 1959, p. 5) is invoked so

tha t  the m e a s u r e m e n t s  can be assumed to be comparable to the theory .  For

t i m e  ave rages  one must  ask:  a re  the a v e r a g e s  over a t ime s u f f i c i e nt l y long

to i n c l u d e  all  or most of the f l u c t u a t i o n s ?  Some periods at which the

A t l a n t i c  Eq u a t o r i a l  U n d e r c u r r e n t  is expected to conta in  en e r g y  a re :  

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



~ ‘
~~~~~~~~~~~~~~ iT” ~~_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—- .--- — • —~~--~- — --- ._ _ ___ 5

~~~~~~~

11

1 ~‘ea r  Annual variations in the winds likel y produce changes  in the
u n d e r c u r r e n t  (Ph i l ande r , 1973) ,  ( K a t z  et al , 1 9 7 6 )

16 days  Meande r ing  of the u n d e r c u r r e n t  was o b s e rv e d  in t he  s u m m e r
F of 1974 du r ing  GATE (Duing  et al , 1975)

— .~ (lays

3 c lays  Pulsing of the u n d e r c u r r e n t  was observed  dur ing  GATE
(D~i ing ,  1975 )

V a r i a t i o n s  due to t ides , wi th  the  s e m i - d i u r n a l  t ide st r o n g e s t
h o u r s  w e r e  o b s e r v e d  dur ing  GATE (R y bnikov , 1975)

s eve ra l  m m -  I n t e r n a l  waves
tes  to s e v e r a l
h o u r s

f r a c t i o n s  of T u r b u l e n c e
seconds to
several min-
u tes

Pr ior  to the GATE oceanographic obse rva t ions  in 1974 , the re  w e r e

i n s u f f i c i e n t  obse rva t ions  to pe rmi t  d i s t i nc t ion  be tween  v a r i a t i o ns  of s e v e r a l

days  and a n n u a l  v a r i a t i o n s . The 16 day ~ 2 day meander  appea red  in the

t h r e e  GATE obse rva t ion  per iods  of 21 days each , but  t h e r e  w e r e  a lso  var i-

a t i o n s  ir om one o b s e r v a t i o n  per iod to another  which may or may not be

par t  of an annual  va r i a t i on .  The obse rva t ions  d u r i n g  the GATE pro jec t

f o r m  the longes t  set avai lable  and in many cases pe rmi t  ave rag ing o v e r  t h e

16 day w a v e .  No a v e r a g e s  over longer  var ia t ions  are  ava i lab le .  The e f f e c t

of shor t  sampl ing  t imes  upon the  o b s e r v a t i o n s  of the  mean g r a d i e n t s  m ay

la r~~e in some cases .

To ob ta in  the  e n e r g y  equa t ion  of the av e r a g e  f low , t h e  a v e r ag e  and

f l u c t u a t i n g  v a l u e s  of v e l o c i t y  and p r e s s u r e  a r e  s u bs t i t u t e d  in to  t h e  N a v i er -

S tokes  e q u a t i o n  f o r  a f l u i d  of c o n s t a n t  d e n s i t y  and v i s c o s i t y .  The coord in . i -

t ’  sy s t t ’n ~ I s  c h o s e n  wi th  x 1 e a s t w a r d  4d one t h e  e q u a t o r , x n o r t h w a r d  w i t h  1 
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o r i g i n  at t h e  equa to r , and x 3 p o s i t i v e  u p w a r d  and z e r o  at a l eve l  s u r f a c e

chosen to be close to t h e  a c t u al  ocean  s u r f a c e .  Each t e r m  in the  N a v ie r -

Stokes  equa t ion  is mult iplied by U 1 and an ensemble  a v e r a g e  ~f each t e r m

is t a k e n .  W h e n  al l  the  t e r m s  a rc  s u m m e d , the  ra te  of change  of k i n e t i c

c 1 l er c y  per  u n i t  m a s s  and per u n i t  t ime  is , in t e n s o r  f o r m  (H i n z e , 1959 , p.

= -~~~ tJ~ (~~~i~ QZ )  +p U;~
2U~ -U~~~ T~ .~q LJ 3 2 . 2

w h e re  t h e  overba r denotes  an e n s e m b l e  a v e r a g e ,

~~ % 
_ _ _  

= ±[u2 +U ~u~] 2.3
a 2

is  t h e  k i n e t i c  e n e r gy  per  un i t  mass , and use  has  been made of the  continu-

i t y  equa t ion  fo r  i n c o m p r e s s i b l e  f lows

~Li~ = 0 2 . 4

The  t e r m  -g L ’
3 has  been  added to Hinze ’ s equat ions because , whi le  he is

ab le  to use  a reduced p r e s s u r e  ( to ta l  minus  h y d r o s t a t i c ) ,  such an approach

. a m i ot  be used  in t h i s  case  because  of the p r e s e n c e  of a f r e e  s loping  sur-

f a ce .

It is a s sumed  that  the hy dros ta t i c  ba l ance  is va l id , and h e n c e

- -q lJ 3

rn r e d u c e  t h e  n u m b e r  of t e r m s , t h e  — g U 3 t e r m  may be omi t t ed  by a d o p t i ng

t h e  c o n v e n t i o n  t h a t  the U .~~P te rn-i is to be sun’imed o v e r  j I and .i~ but not ~~.

T h e r e  is no C u r i o u s t e r m  in e q u a t i o n  .~~ . ? . A l t h o ug h  t h e  Co r i o l i s

f o r e ’ c a n  a l ter  t h e  d i r e c t  ion of f l o w , it c a n n o t  c l i ang  e t h e  s j ) e ed  of f l o w  
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and cannot al ter  the magnitude of the kinetic energy.

If a small densi ty va r i a tion  is p re sen t , the dens i ty  f ie ld  can be

port ioned into an average  and a f luc tua t ing  component e = + in the

N a v i e r - S t o k e s  equat ions.  II ~ , the Boussinesq approximat ion may be

invoked to simplif y the equat ions.  As outlined by van Mieg hem ( 1 9 7 3 ) ,  if

< 10 -2 , the Bo ’i5ssinesq approximation holds: var ia t ions  in the dens i ty

of the f lu id  a r e  only important where they a f f e c t  the buoyancy.  For the

u n d e r c u r r e n t, e’ < Zx l O ” 3 . Hence , in equation 2. 2 , the density ~ may be

replaced by the average  densi ty~~~, but it must  be outside the de r iva t ive  f o r

the equation to be co r rec t .

The te rm i.~LJi~
2 lJ~ in equation 2. 2 is the sum of the rate of dissipa-

tion per uni t  mass of the kinetic ene rgy ,  and the rate  of work done per u n i t

mass  by the viscous  s t r e s s e s .  For oceanic f lows , this t e rm  is very  smal l

compared to o thers  and may be neg lected.

The last t e rm in equation 2. 2 may be rewr i t t en

LiT~~ U , Lt~ -~~~U ;U~uj + U ;LtJ C~tLb 2 6

Equat ion 2 . 2 is now

-u;~~ -~u~ ~~~~~ ~~~~~ 
2 . 7

-

~~~

-

~~~~~~~~~ ~~x t

I II lila Ilib IV
For  the mean ings  of the indiv idual  t erms  in equa t ion  2. 7 we h a v e :

I The local ra te  of change of a v e r a g e  k ine t i c  e n e r g y  per un i t  mass ,
f o r  example a seasona l  change.

II The r a t e  of w o r k  (lone per un i t  m a s s  by the  p r e s s u r e  f i e l d .  M e a -
sur e m ent s  of the anomaly of dy n a m i c  he i g ht and the  a v e r a g e  y b -
c i ty  a long  the  e q u a t o r  p e r m i t  the e v a l u a t i o n  of th is  t e r m .  

- — -  — - --  
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lila D ive rgence  of t r anspor t  of kinetic ene rgy  per uni t  mass  by the
Ilib average flow and the turbulent  d i f f u s i o n  of a v e r a g e  e n e r g y .

IV The rate  of exchange of energy between the kinet ic  e n e r g y  of the
f luc tua t ing  motion and the kinetic e n e r g y  of the ave rage  motion.
It is the product  of the Reynolds s t r e s s  per unit mass
and the average  shear ,

A dis t inc t ion has been made by Bowden ( 1 9 6 2 )  between f l u c t u a t i o n s

due to t u rbu l ence  and those due to two d imens ional  eddies . T u r b u l e n c e  is

a t e rm  for  random f luc tua t ions  of all t h ree  components of v e l o c i t y ,  requi r -

ing a t r a n s f e r  of ene rgy  f r o m  large  sca les  of motion to smal le r  sca les  and

f ina l ly, at the smal les t  scales , the t r a n s f e r  of e n e r g y  to hea t .  Tu rbu l ence

is a l w a y s  a sink fo r  k inet ic  e n e r g y  of the mean f low , and causes  m i x i n g .

La rge  scale  two dimensional  eddies (or m e a n d e r s )  a r e  often found in the

ocean or a tmosphere, may e i ther  extract  e n e r g y  from or contribute energy

to the mean flow and need not cause  ve r t i c a l  mixing . The contr ibut ion of

both of these  i n t e r ac t i ons  to the kinet ic  ene rgy  of the a v e r a g e  flow is repre-

sented  by te rm IV .

Est imates  of some of the t e rms  in equat ion 2. 7 a r e  ava i l ab l e  f r o m

o b s e r v a t i o n s  dur ing  GATE , and wil l  be d i s c u s s e d  in sec t ion  4. Te rm I may

be es t i m a t e d , as well as the zonal  components  of t e rms  II and lila . Reg ions

can be chosen  over  which  the con t r ibu t ions  of other  d i v e r g e n c e  t e r m s  a re

s m a l l .  H o w e v e r , t h e re  a r e  no m e a s u r e m e n t s  in e q u a t o r i a l  reg ions of

t e r m  IV in equa t ion  2. 7. It is poss ib le , however , to eva lua t e  some t e r m s

i n  the  k i n e t i c  e n e r g y  equa t ion  f o r  the f l u c t u a t i n g  f low . The t e r m

a p p e a r s  in t h i s  e q u a t i o n  a s  a s o u r c e  of k i n e t i c  e n e r g y  of t u r b u l e n t  f lu c tu a -

i o n s , and as a sou rce  or s i n k  of k i n e t i c  cot ’  r e y  of t he  two - din i en s  iona l

( ‘dcl i s ’s . If o t h e r  t e r m s  in the  e q u a t i o n  a re  rneas  ~i red or s m a l l , t h e  t c rm

—-5. -- -——~~~~~ _ — ~ —-—- — -— .-  — —~~~~~~—~~~ -.- .~~~ ——- ‘ .-- ,- ~~~~~~~~~- - ~~~~- — - ‘~~~~~~~~ —
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may be deduced.

2 . 3 E n e r g y  Balance fo r  the Fluctuating Flow

The equation for the kinetic energy of a constant density , f l u c t u a t i n g

flow can be derived in a way similar  to that of the equation for  the average

flow. The Navier-Stokes equation is multiplied by U~ , av eraged and summed.

The equation in tensor form is ( H inze , 1959, p. 65) :

d%2 - c 1 2i ; (P ’ +~~~~) _ u~u,~~tJ; 1.~~~ à t ’u .(c ~L~ .- 
~~~~~~~~~ 

_
~~f~ a; +~~~~J ~~~~

ii ‘~ ~~~~~~ 
) 

~~~~~~~ 2. 8

I II III IV V

w h e r e

9,
2. = = ‘ F~~ ~~ i. ~~~ 1

ZL-  -~ 2 .9

is the kinetic energy per unit mass of the fluctuating motion.

Equation 2. 8 states that the rate of change ( I )  of k inet ic  energy  of

t he f luc tua t ing  motion per unit mass  of the f luid fol lowing the mean motion

(i. e. , ‘ii” ~ Ui~~~ ) is equal to (II) the convect ive  d i f fus ion  by the fluctua-

t i n e  motion of the total energy  of the f luctuat ing motion , plus (III) the e n e r g y

t r a n s f e r r e d  to or f r o m  the mean motion through the s t r e s se s  of the f luc tua t -

ing mot ion , plus (IV) the work done per un i t  mass  and t ime by the v i scous

s t r e s s e s  of the f l u c t u a t i n g  motion , plus (V)  the d iss ipat ion per uni t  mass  of

the f l u c t u a t i n g  motion (Hinze , 1959) .  As shown by Tennekes  and Lumley

( 1 9 72 , p. 7 0) ,  t e r m  IV is of orde r ( R ey no lds n u m b e r ) ’~ t imes te r m  V and

may he n eg le c t e d .

The las t  t e rm is f r e q u e n t l y wri t ten

-
~

(
~~ ~~~~~~~~~~ 

— 2 . 1 0
~~xJ

• ax , / ~~x , 2 ‘ax ~ ~~~~
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which shows that the viscous dissipation term -~~~ in equation 2. 8 is always

negative definite , and always decreases the value of c~~ conve rting the kine-

t ic  e n e r g y  into heat .

The presence of small densi t y va riations a l te rs  the fo rm of equat ion

2. 8. As was noted fo r  the equation of the kinetic energy of the average f low ,

the i~oussinesq approximation is valid for the undercurrent. When the den-

sity field is portioned into mean and fluctuating components , and the

lloussinesq approximation applied , the density ~ may be replaced by the

a v e r a g e  d e n s i t y  ~ in equation 2. 8, (however, it must be outside the deriva-

tive ) and an extra t e rm -
~~
‘ /~ 

is added to the ri ght s ide  of the equa t ion

(van Mieg hem , 1973).

In the p resence  of dens i ty  var ia t ions, -~~~~/~ is the buoyancy f o r c e

per uni t  mass ac ting on a fluid element , and - i ~3/~ is the average work done

per unit mass by the buoyancy force. In a stably s t ra t i f ied  f lu id , th is t e r m

is nega t ive , ind ica t ing  that  k ine t ic  ene rgy  is lost to the po tent ia l  e n e r g y

field. When the stratification is unstable , kinetic energy may he gained

f r o m  the potential energy  field , and this t e rm is positive (Monin and Yag lom ,

1971 , p. 397 ).

The equation for the kinetic energy per unit  mass  of th e f lu ctuat in g

v e l o c i t y  is now

= .-i~~u ;p ’ ~~~~~~~~~~~~~~~ - u u ~~~LJ; -

~~~~ 
-eu ~~ /_

~~~~ ~~~ s~
’
~~ 2 . 1 1

I II III IV V VI

The fluctuating components considered here include the meanders ,

t i d e s , i n t e r n a l  waves , and turbu lence.  The expected effect of the m e a n d e r s

has  b e e n  d i s c u s s e d ;  the  t ides  and i n t er n a l  w a v e s  can I r a n sm i t  c ot  r ey  f r o m

_ _
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one region to another, and can carry energy into and out of a region. How-

eve r , unless  th ey interact with turbulence or generate  instabilities they a re

not very dissipative, and do little mixing (for a wave an excellent approxima-

tion is LT~ = 0 for  i � j ) ;  hence their contributions to terms V and VI are

sma ll. To produce large values of ~~~~, tu rbulence is required.  The evalua-

tion of t e rms  II and III is diff icult , and has not been attempted for  oceanic

turbulence .  There are no measurements  of term IV , as mentioned in the

• previou s section , and no measurements for term VI .

With such a dearth of measurements , one is forced t o some assump-

tions. In the Introduction it was noted that the viscous dissipation of turbu-

len t energy  was an important sink for  the kinetic energy  of the average flow .

This energ y is passed f rom the average flow to the turbulence  throug h t e rm

IV , which appears in equation 2. 7 and equation 2 . 11. There are no equator-

ial measurements  of term IV , but I will show in section 4 that it is s imi lar

to ~ in reg ions of relatively intense turbulence at the equato r , and ~ can be

es t imated  f rom the veloci ty m ic ro s t ruc tu r e  m e a s u r e m e n t s .

To de t ermine th e dissi pati on , the degree of isotropy must be known

because it is not possible to measure  all the terms in the express ion  for  ~

(equation 2. 10). In flows of la rge  Reynolds numbers , t h ere  ma y be seve ral

orders of magnitude d i f fe rence  in the size of scales at which tu rbu len t

energ y is gene rated f rom the mean flow and the scales at which it is conver-

ted to heat by the viscous fo r ce s .  In such cases Ko lmogorof f  f i r s t  proposed

in 1941 that  there  is a tendency for  f lows at smal l  scales  where  viscou s

d i ss ipa t ion  occu r s  to become isot ropic , a con dition t e r m e d  local  i so t ropy .

In this  case (Monin and Yag lom , 1975 , p. 353-354) :

-_ -~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~-— -  _ _ _ _ _ _
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= )~~~)(~ )
a

- ,L~~v( ’~-L4., )
$. 2 . 12a

- 2 ‘~~~~3

Thus measurements  of a sing le gradient  at small scales will give the full

value of the dissipation. Writ ing out ~ in full  f rom equation 2. 10 we have

=

— ( àLLI \
2 

.
~
. (~~h ~2. 

+( ~~U; ’~
“ ,~~d, ) \

~~ ‘X z ’ t~~~~~/

÷ (aU +~~~Ua
’
~
2’ 

+ (1~~
12. +~~ U~~~~ .4- (c~LJ3 •d

’
~Us ‘

~~~

~~~~~~~~~~ ~~~% 1  s X 3 ~~~
‘X

~~~~’ ~~~ 2. l2b

In the isotropic case

2. 2. \ Z( at) ~ —. [ c ) L4i ‘
~ = ( d U3

and t e r ms  like

(
~_9~~

and cross  tern-is  like

= -(‘
~~~~~~~ X , /

The instrumentation we used at the equator (and described in section 3)

meas ures  19.~ and ~~~ directl y (althoug h some cor r ec t ions mu st be made

of sma l l  scale r e so lu t ion  limits of the probe). Thus in the isotropic case ,

the sum of the quant i t ies  measured is li~ . isotropy is needed on ly when we

convert what we measure to an estimate of the total dissipation.  Note that

e ven  if the t u r b u l e n c e  is anisot ropic  we are measur ing  d i r ec t ly t e rms  which

m a k e  a large con t r ibu t ion  to ~ , s ince  equation 2. 10 is a general relation

not  d ep e n d en t  on isotropy . 
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2. 4 Spectral  Representat ion of Turbulence

Some checks of local isotropy may be made using the spectral  rep-

resentat ion of tu rbulence. G. I. Tay lor f i r s t  introduced the energy densi ty

funct ion  to descr ibe  the concept of energy in turbulence associated with a

scale size. I will use the notation E(k) to denote the three dimensional

e n e r g y  densi ty funct ion;  E(k)dk denotes the energy of all f luctuations having

a wavenumber  magnitude between k and k+dk. The one dimensional spectr-

al function ip
11 

(k 1 ) denotes the energy density of the 
~~i 

component of velo-

city associated with all f luctuations having a wavenumber component k 1 in

the d i rec t ion , and q~22 (k 1) is th e energ y density of the U ,  component of

velocit y associated with all fluctuations having a wavenumber component

in the 
~ 

d i rect ion.  The three velocities are related to the spec t ra l

func t ions  by

J E ( k ) d ~ -

~~ 

(
~ 

+ u ~u~ ) 2 . 1 3

2 .14

fq�~dk , 2 . 15

fq~3 dk, = 2 . 16

In a locall y i so t rop ic region of wavenumber  space one f inds  (Monin and

Yag lom , 1975 , p. 54):

k) ~~
2
~~

2 f~(h ,) — 
_____

— 2 a ~~ 2 . 1 7

- 
_____  cp33 (’k 5 ) 2.l~
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and also

= 0 2 .19

where ~~2 (k 1
) is the spectrum of L~i~~ associated with a wavenumber  k 1 suc h

that  _

2. 20

Equat ions  2. 17 to 2 . 19 are  necessa ry  (but not su f f i c i en t )  conditions for  the

presence of isotropy at the scale size corresponding to the wavenumber k1.

Theories of isotropic turbulence are generall y expressed in terms of E(k)

which  cannot be measured.  Measurements  of turbulence usually sense com-

Ponent s  l ead ing  to e s t ima te s  of Q11 (k 1), 
~~ Z2 (k 1 ) or ~~ 12 (k 1 ), wh ich a re

compared with theoretical relationships through equations 2. 17 to 2. 19.

The viscou s d iss i pation for  locally isotropic tu rbu lence  is

2 vJ k 2 E ( k ) d k

or , in terms of measured values of 
~~l 1 

(k
1
) and ~~22 (k 1 ) is ( Monin and

Y5 ie  t orn , 1 975 , p. 405) :

~ ~f k~ ~ 2 (k )d~ . 2. 22

The spec t ra l  r ep re sen t a t i on  can be used to check fo r  local i so t ropy

wi t h i n  the d i s s i p a t i o n  r e g i o n  and to d e t e r mi n e  the d i ss ipa t ion .  A second

a d v a n t a g e  is that  if the turbulence is locally i sotropi c, the form of the

~-~pee I r a l  dens i t y  f u n c t i o n s  can be pred ic ted , a nd c o n v e r se l y,  if t he shape

of one of t he  
~~ 1 (k 1

) ,  ~~~, ( k 1 ), ~~~~~~~ ~(k 1 ) c u r v e s  is m e a s u r e d , then as.~um i n g

i so t ropy . C • I f l  he d , t ~’r min e d  w i t h o ut  m e a s u re m e n t s  at d i s s i pa t ion  sca l e s .

t ’  d t  e r n i i n a t i o n s  r e l y u pon t h e  two  K o l i i i o g or o f f  h y p o t he s es  . 

-5 —- —5--- - — - 
-——— -
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For large Reynolds numbers , Koln-iogoroff proposed that the statis-

tical propert ies  of the flow at small scales are independent of the large

scale flow , except for  the average  rate ~ at which ene rgy  is passed f rom

the large scales to the smaller . These statistical propert ies  will  also de-

pend upon the k inemat ic  v i s cos i t y  ~ .‘ and the wavenumber  k . A cha rac t e r i s -

t ic  w a ven u m b e r  can be f o r m e d  f rom the v i scos i ty and the d iss ipa t ion

L ,- -
RS ~~~~~~~~~~ ~‘ 2 . 2 3

w h e r e  is the Kolmogoroff  wavenumber. Dimensional analysis gives ,

— ~~V )~ F( k/~ )

P22 (~,) = (~~~) L [F(~~)- k ( ~”~s)] = (~v 5 )~~r ( k/~~)
2 2.24

Both F( k /k 5 ) and F 2 ( k /k 5 ) are  funct ions  of the universal non-dimensional

wavenumber (k/k 5). (The subscript is t rad i t iona l ly omit ted f r o m  t h e wave -

n u m b e r  k 1 w i th in  the b r a c k e t s  but it is unders tood  that th i s  is k 1,  not the

mag nitude of the vector wavenumber.) The dissipation spectra arc

= 2 . 2 5

~~~~~~~~~~~ 2 . 2 ) >

w h e r e

~~~ 2 .2 7

a n ci

= 
~ z 

2.28

ar e  a l s o  u n i v e r s a l  n o n - d i m en s i o n a l  sp e c t r a .
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For yet larger Reynolds numbers , the second Kolmogoroff hypothe-

sis proposes that only ~ and k a re  the re levant  pa ramete rs  within a locally

iso t ro pic iner t ia l  sub range .  Scales within this subrange  are  too small  to

he d i r e c t l y i n f luenced  by the mean flow , and too l a rge  to be inf luenced by

v i s c o s i t y .  D i m e n s i o n a l  anal ys i s  g ives

k c~~ and us ing 2 . 18 2 . 29

= ~~ 
(k.) 

2. 30

w h e r e  K is a universal constant. A summary by Monin and Yaglom (1975)

of e xp e r i m e n t s  g ives  K ’ = 0. 5 as the most reasonable  va lue  s ug g e s t e d  by

experimental data. Oceanic work by Nasmyth  (pe r sona l  communica t ion)

~~i v t ’5 K ’ = 0. 52 . The log F ( k I k 5 ) curve der ived  by Nasmyth  (personal

communication) from a re-evaluation of his work reported earlier (Nasmyth ,

1970) is shown in f i g u r e  5. The log F2 ( 1’/k 5 ) c u r v e , ca l cu la t ed  f r o m  data

f o r  the  log F( k /k 5 ) cu rve  us ing  equation 2.24 is shown alongside . Values

of bo t ~ G( k / k 5 ) and G 2 (k/k 5) hav e  been calcula ted f rom the log F ( k/ k 5 )

c u r v e  u s i n g  equa t ions  2 . 2 7  and 2 . 2 8  and a re  also plotted in fi gu re  5.

To d e t e r m i n e  ~ a c c u r a t e ly f r o m  s p e” t r a  the t u r b u l e n c e  mus t  be local-

l y i so t ropic at l ea s t  t h r o u g h  the d i s s i pation por t ion of the  spectrum , and t h e

1- - In i o ro f f  h y p o t h e s e s  must  be fol lowed fo r  the por t ion  of the spectrum

s s ’ns -d .  It is kn o~ n t h a t  the  
~~~ 1

(k I s p e c t r u m  o f t en  f o l l o w s  a — 5 / 3  pow er

- pe nd -n e c  I pun 1< 1 at wavenunibe rs w h e r e  the  tu r h u h e n c e  is a n i  sot rop ic

(e . c.  • \‘~ - t i e r  and  h u r l i n g ,  1 9 i 7 )  and c a r e  m u s t  be t a k e n  i n  a n a l y z i n g  t h e

r . — u l t s  . I f t h e  f l u i d  is s t r a t i f i e d ,  b u oy a n c y  e f f e c t  ~ m ay  i n f i u e n s . e t h e  sp ect  r ; s  

- 5 -  - - -5--- --—--5--- — - - -—--- - — — -— - -—----- ~~
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7 . 5 Buoyancy  E f f ec t s  on Tu rbu l ence

The d i scuss ion  of the spec t ra l  r ep resen ta t ion  of tu rbu lence  un t i l

now has a ssumed  tha t  e f f e c t s  of buoyancy are small. When a fluid is stably

s t r a t i f i e d , the  t u r b u len c e  can be a l t e red  in s e v e r a l  ways .  To ex t r ac t  tur-

b u l e n t  e n e r g y  f r o m  the a v e r a g e  flow , the R e y n o l d s  s t r e s s  ~u
1

u 3 
m u s t  he

a p p r e c i a bl e .  l I oweve r , t u r b u l e n t  e n e r g y  per u-u t mass conta ined w i th in  the

v e r t i c a l  v e l o c i ty ,  (
~~~~~~~~~~ 2 is not produced d i rec t l y f rom the a v e r a g e  hor izon-

tal  f low , but mus t  be t r a ns f e r r e d  f r o m  other  t u r b u l e n c e  componen ts  by the

p r e s s u r e  f o r c e s .  The buoyancy  s ink  -7i~~~ g /~ ex t r ac t s  e n e r g y  d i r e c t ly f r o m

the v e r t i c a l  component 5 S tewart  (1959 )  s ug g es t s  that  the ex t r ac t ion  p ro c e s s e s

a r e  more  e f f i c i e n t  ti - ian the produc t ion  p r o c e s s es  for  the  v e r t i c a l  component

of t u r b ul e n c e , because  the  p roduct ion  is i n d i r e ct  and m us t  invo lve  v i scou s

t o s se s  in o ther  components  along the way.  To ma in t a in  tu r b u len c e , the

f l u x  R i - h a r d s o n  number  (the ra t io  of buoyancy  s ink to to ta l  shea r  p r o du c t i o n)

m u s t  be s ig n i f i c a n t l y l ess  than one (Pond , 1973) .  T u r n e r  ( 1 9 7 3 )  i n d i c a t e s

tha t  a f l u x  R i c h a r d s o n  n u m b e r  gr e a t e r  thar  0. 15 may be su f f i c i e n t  to e l imin-

ate t u r b u l e n c e .  Because  the buoyancy  sink r emoves  e n e r g y  onl y f r o m  the

U
3 

cornj ) one f l t , the  t u r b u l e n c e  may not be loca l ly i so t ropic over  t h e  san-it ’

r a n~~e of \ v a v e nu m b er s  as f o r  the  n on - s t r a t i f i e d  f l o w . Local i s o t r o py  max’

on l y he f o u n d  at h i  h e r  way e n u m b e r s

In t i -  coal  w a v e s  a r e  p o s s i b l e  w i t h  f r e q u e n ci e s  up  to t h e  B r u n t  — \ ‘~i i s  —

l~ f r e q t t e n c \

~ 
=(-

~~~ 2 . 31

T h e s e  w a v e s  m ay  on t  r i b u i t e  e n e r g y  to t h e  
~ I ’  P. ’z anti  

~~~ ~ -~p> - e t r a  a t
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low f r e q u e n c i e s . These  e f f e c t s  a r e  d i s c u s s e d  by S t e w a r t  (1969) .  I n t e r n a l

w a v e  S in a l amina r  f low can i n t e r a c t  to g e n e r a t e  patches of t u r b u l e n - t- .

Pa tches  of t u r b u l e n c e  can lose e n e r g y  to i n t e r n a l  waves  which  r a d i a t e

en e r c v  away.

T h e r e  is some evidence  that  f o r  t u r b u l e n c e  of s u f f i c i e n t l y hi g h

R t - v u i o l d s  number s , s table  s t r a t i f i ca t ion  i n f l u e n c e s  the e n e r gy  d e n s i t y

s p e c t r a  onl y at w a v e l e n g t h s  g r e a t e r  than some va lue  Pb.  T u r b u l e n t  f l u c t u a -

t i o n s  of w a v e l e n g t h s  l e s s  than may not f e e l  the l a r g e  sca le  s t r a t i f i c a t i o n .

and may be loca l l y i so t rop ic . In a s tably stratified atmospheric boundary

l a y e r , e x p e r i m e n t s  have found  evidence c o n s i s t e n t  w i t h  local  i s o t r o py  fo r

v a lu e s  of fL / U ~~ 10 ( A  0. 1 L) (Kaimal  et al , 19 72 )  w h e r e  L is th~ Monin-

Obt tkhov  l e n e t h  and A is the  w a v e l e n g t h . Away f r o m  the s u r f a c e  in the

a t m o s ph er e  or ocean , the length  L is no l o n g e r  the r e l e v a n t  l eng th  s c a l e ,

and v a r i o u s  o t h e r  scales  have been proposed .  Ozmidov  ( 1 9 6 5 )  has  proposed

t h e  c r i t e r i o n

= ~ “2

2 . ~2a

and Obukhov ( 19 5 9 )  has  s u g g e s t e d  the l e n g t h  sca le  f o r  reg ions  w h e r e  tenip-

r a t u t  cc f l u  c t u i a t  i o n s  doni  i n a t e  t h e  tie n s i t  y f in ct oat i o n s  s hould  be

w h u ’ r e  ~~ ~~~ C V 1 ’ ) ’  is t h e  r a t e  1)1 dissi pation of t empe rain 1- c f l u t e  I n u t  ions , s.~

is t he  r no le cu l a  r t h i f f t t s  iv i t  y f o r  hea t  and T0 is t b>  ave  u’a cc I ern pe I’ > t u t  t~~~ ’ i i i

d > - u ~ r e t ’s K e l v i n .  U n f o r t u u t i a t s ’ l v  t h e r e  h a v e  b een  no r l c t u i - o u s  t ests u t  iso—

t r o p v  u s i o c  t h e  r u -n a of e q u a t i o n s  2 . 17 to  2 . I Q . u l t h o u u c i i  ss ’~ u t - i l  t t i \ ~~~~—

t i~~ u t o r s h a v e  u h s - t - ~ ed a power  l a w  depe n d e n c e  l e r  
~~ 1 ( k

1
) or

- -  —-- —--5—__—- 5- - -_--_-5__-- - - ~~~~~~~~~~ - - - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(Shur , 1962 , V i n n i c h e n k o , 1969 , f o r  c lea r  a i r  t u r b u l e n c e  in the

a t m o s ph e r e ;  Sei tz , 1973 , fo r  t u r b u l e n c e  in an e s t u a r y ;  Bel yaev , et al ,

19 75u, fo r  t u r b u l e n c e  in the ocean) .  M e a s u r e m e n t s  by N a s m y t h  (1970 )  of

p a t ch e s  of t u r b ul e n c e  in the  win te r  t h e rm o c l i n e  in the  Nor th  Pac i f ic  Ocean

r i ’vealec l  t ha t  the 
~~l ~ 

(k
1

) spec t ra  did not con fo rm to a u n i ve r s a l  K o l m o g o r o f f

s p e c t r u m  even fo r  sca les  in the v i s cous  d i s s ipa t ion  reg ion .

If the t u r b u l e n c e  in the d i s s i pation r a n g e  is an i so t rop ic  due to s table

d e n s i t y  g r a d i e n t s , u
3 

may not be suppressed  completely, or the re  would be

no t u r b u l e n c e .  H o w e v e r,  if u
3 

tends  to ze ro , but the  i so t rop i c  r e l a t i o n s  hold

f o r  u and u., , t h e n  ~= I~ )
2
; that  is , the t rue  d i s s ipa t ion  would be 11 / 1 5

of ti-ic value e s t i m a t e d  f r o m  the m e a s u r e m e n t s  us ing  the i s o t r o pic r e l a t i o n .

The s i t u a t i o n  cannot  be this ex t reme, althoug h in the a n i s o t r o pic case

and ~.Y.! may become somewhat  l a r g e r  re la t iv e to t e r m s  like ~J~’

t i c .  It appears  that  an e s t ima te  of the rate  of d i s s i pa t ion  based upon our

m e a s u r e m e n t s  of ~u- and ~~~ and a s s u m i n g  i so t ropy  may o v e r e s t i m a t e  ~

by a l m o s t  50 >> ~ in the mos t  ext  r e r ne  case , but  l ikel y the  e r r o r  is sm a l l a -r .

- - - 5  -5 -5 — - --~~~~~~~~~~~ - -55—- --5_~~~~~~ - - -  —- -5-- - -- .—-  -~~~~~~
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?~ 6 Observations of Oceanic Turbulence

To m e a s u r e  any of the t e r m s  in the express ion  fo r  £ ( equa t ion  2 . 10)

ve loc i ty  g r a d i e n t s  at scale s i ze s  at which v i scous  d i s s i pat ion takes  place

mus t  be r e so lved .  The Kolmogoroff  wavenumber  k 5 = (
~ -~ ~~~~~~~~~~ and t h u

c o r r e s p o n d i n g  Kolmogoroff  wave leng th  2¼ 
~ 

=2-~~/k 5 c h a r a c t e r i z e  the  w a v e -

n u mb e r s  and wave lengths  at which the rate  of v i scous  d i s s i pat ion is hi g h.

For t u r b u l e n c e  which is locally i so t ropic  at d i s s ipa t ion  sca l e s , the peak of

the  d i ss ipa t ion  spec t rum G( k/k 5 ) is near  a wavenumber  k 0 .  1k 5. (Pond ,

1965.  ) Oceanic tu rbu lence  has a d iss i pation s p e c t r u m  extending  f r o m

small  sca les  of 1 to 6 cm (Gregg ,  1973),  up to about 1 m e t r e , and velo-

cit y f l uc tua t i ons  at these  wave leng ths  a r e  r e f e r r e d  to as ve loc i ty m i c r o -

s t r u c t u r e .  The in t ens i ty  of the microscale velocity g rad ien t s  can of ten  be

used as a q ‘a li t a t ive  ind ica tor  of the in tens i ty of t u r b u l e n c e  (i . e. , the  inten-

s i ty  of the large  scale e n e r g y  containing f l u c t u a t i o n s )  because  the  sma l l

sca l e  f l u c t u a t i o n s  can adapt quickly to changes  of the l a r g e  s c a l e s , and

i n c r e a s e  in ampl i tude  as the l a rge  scale f l u c t u a t i o n s  i n c r e a s e  in amp l i t u d e .

Obse rva t i ons  by G r a n t  et al . ( l 9 6 2 )  in a t idal  c h a n n e l  in B r i t i s h - i

Co lumbia  r evea l ed  v e r y  ac t ive  t u r b u l e n c e  by u s i n g  a hot f i lm  probe towed

bu - h i n d  a shi p. They m e a s u r e d  v a l u e s  of ~ f r o m  0 . 0 1  to 1 cm~~sec~~~ and

f o u n d  an e x t e n s i v e  minus  f i v e  t h i r d s  reg ion in the  s p e c t rum  of 
~~~ 

f t
1 

).

h -vno id s numbers in the channel are as high as 3xi 0~~. Later ob ser v at i o n s

b y ( r a n t  u - t  a!. ( 1 9 6 8)  in the  open ocean show t h a t  in t i- ic uppe r m i x e d  l a y > - u-

t u i - a s t i r a b l e  t u r b u l e n c e  is a l m o s t  a l w a y s  f o un d .  It - i and  be low t h e  t h e r m c - i —

chin - , t i . - fraction of the waler which h a s  m e a su r a b l e  t u i n l ) I t l e f l c - e i s  s m a l l ,

o f t e n  l e s s  t h a n  I ( ) . . A v e r a g e  v a l u e s  of £ in t h e  uppe r t n i x u - d  l a y e r  w e r e

- _  _ _ _ _ _  ~~~~~~~~~~~~ ~44
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a 3
0. 02 5 crn ’ sec , and about two o r d e r s  of magnitude  less  than 90 m e t r e s

dept h -i .

Nasmyth  ( 1 9 7 0 )  obtained m e a s u r e m e n t s  of t u r b u l e n c e  in the w i n t e r

the  r m o cl i nc  in the  Nor th  Pacific which reveal  pa t ch ines s  of the  t u r b u l e n c e .

I-i t ’ towed the hot f i l m  probe used  by G r a n t  et al , (1962 , 1968) t h r o ug h-i th e

Ocea n , but added a c y c l i n g  mode , whe reby  the probe could be a l t e r n a t e ly

r a i s ed  and lowered  to sample along a sawtooth prof i le .  Values  of ~ r a n g e d

f r o m  about  2x10 2 to 2x 10 4 cm 2 sec 3 within the pa tches  of t u r b u l e n c e ,

w h i c h  o c c u p ied about  l5~ of the obse rved  path d u r i n g  one set of o b s e r v a t i o n s ,

and 3 O’~ d u r i ng  a n o t h e r .

A f r e e  f a l l  i n s t r u m e n t  used  by Osborn ( 19 7 4 )  to sense  the Q 11 (k 3 )

and c~ 22 (1<
3

) componen t s  of veloci ty  m i c r o s t r u c t u r e  in Howe Sound , Br i t i sh

C o l u m b i a , r e v e a l e d  l a r g e  v a r i a t i o n s  in ~ over  shor t  d i s t a n c e s . An examina-

t i o n  of a t y p ic-al  5 m e t r e  th i ck  patch showed es t i m a t e d  d i s s i pation t h e r e  of

abou t  3x l 0 4 cni~~sec 3 .

M e a s u r e m e n t s  of oceanic  t u r b u l e n c e  by Bel yaev  et al ( 19 7 5  a , h)

h avt -  revealed large changes in turbulent intensity in ti-i c h o r i z o n t al  anti  ver -

i i >  ,~ l , w i th  the  m a g n i t u d e  of ~ v a r y ing by a f a c t o r  of 100.

O b s e r v a t i o n s  b y Woods and F o s b e r r y  ( 1 9 6 9 )  in t h e  s e a s o n a l  the rmo-

ci i n c  i n  t he  M c d i i  u - r r a n e a n  have  revea led  t h a t  s h e a r  i n s t a b i l i t ie s  can  g r o w

on a I t o u c h  o r  c r e s t  of an in t e  rna l  wave  p r o p a g a t i n g  t h i r o t i g h a reg ion.

‘T u > - . t r  in s  t t b h i t  u ’s g r o w  f r o n t  s m all  d i s t u r b a n c e s  w h i c h  a t ’ > - ab le  to  t - x t r a c t

c - n ~- r c v  f r o n t  a l a r c - r  s c a l e  s h e a r , i-oil up  in t o  b i l l o w s . t - v t ’ n t u u a l l v  h> -cor ct e

c t - u ~ t a t  i o n a l l v  u n s t a l ) h c -  and  g e n e r a t e  t u r b u l e n c e .  ‘l ’hese i n ~~u -s t u c u i o r s  n u t c - d

i~~~ u i  t h e  i n s t a h i h i t i e s  gr ew  on r e g i o n s  w h er e  t h u  ~ c - r t u  i i  d t - n s u t v  c t ’ a d i e n t

- - - — — ~~~—— —- -5 -— 5  —~~~ ‘ -5 ‘~~~ 5 -~~ ~~~~~ —- -—~~~~~~ —~~~~~ - -
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was l a rge , ca lled °sheets ’ . The shear instabil i t ies genera ted  turbulence

in patches , mixed the dye over a depth of up to 20 cm , and we re smeared

ou t along the sheet by the large scale shear.

Theoretical studies by Miles and Howard (1964) have shown that

smal l  d i s t u r b a n c e s  will not g row in a lamina r flow if the g r a d i e n t  Richard-

son number

— g  ~eRI Q _ _ _

2 . 33
/

is g r e a t e r  than ~~~. The observations  of Woods and F o s b e r r y  ( 1 96 9)  s ug g c - s t

that in and below the thermocline  the a v e r a g e  shear  is too smal l  to main-

ta in  t u r b u l e n c e , but that  i n t e r n a l  waves pass ing  t h r o u g h can i n c r e a s e  the

shea r  in a reg ion long enoug h to allow shear  ins t ab i l i t i e s  to g row and be-

come tu rbu len t . M e a s u r em e n t s  in the At lan t ic  by Sanford ( 1 9 7 5 )  have

shown tha t  10 m a v e r a g e  v a l u e s  of Ri > below the t her m o cl i n e  ar e  gr e a t e r

t h a n , hut  of ten  c lose  to 0 . 2 5.  However , Sanford a nti a l so  Stewar t  ( 1 9 69 )

so cest  t ha t  if the r u a re  n o n - u n i f o r m  d e n s i t y  and v e l o c i ty  gr a d i e n t s  w i t h i n

t h e  r e c i o n , t hen  th c  gr a d i e n t  R i c h a r d s o n  numbe r m u s t  be s m a l l e r  f o r  a

p o r t i o n  of the r e g i o n .  F’or e x a m p le , if w i t h i n  a 10 m e t r e  laye  i~~, t h e  vein-

c i t y and  d e n s i t y  g r a d i e nt  s w e  r > - eon c - e nt  r a t e d  w i t h i n  a f ew  m e t r es  , t h e

a c t u a l  P ichi a  rd son n u i n he r ~ ou t  Id be n u u i c h i  I () \k > - r  w i t h  in t h e  sc f c -w me t  i~> ’s

t h a n  i n d i c a t e d  by a 10 m et r e  a v e  r a g > - r a d i e n t .

T h o r p e  ( 1 9 7 3 )  f o u n d  s he a r  i n s t a b i l i t i e s  ~c - o u i 1 r i  c row , c n d  cl t ’v c - h o p  i n t o

t u t r i ) u l h u ’ n( - e  in a l i n k  o n l y  fo r  ~ a i t u - s  of R i  n u u u - l u  l e s s  h u m  0. 2~~. R e t e n t

-5 —----- 5---- ‘-
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laboratory studies by Koop (1976)  have shown shear  instabilities to grow into

billows for values of Rl
g 
less than about 0. 07. For larger values , waves

grew and their crests broke off and mixed into the flow. Orlanski and

B r y a n  ( 19 6 9)  have proposed that in te rna l  waves  may grow unstable and over-

t u r n  much l ike  plung ing breakers on a beach. Garrett and Munk (1972) con-

clude that shear instabilities growing on internal waves area more frequent

s o u r c e  of t u r b u l e n c e  than o v e r t u r n i n g  internal  waves , but they point out that

a sing le ove r tu rn ing  in te rna l  wave may genera te  much more turbulent  kine-

t i c  e n e r g y  than a sing le shea r  ins tab i l i ty .

Double d i f fus ion  ins tab i l i t ies  ex t rac t  ene rgy  f r o m  the potent ia l  ener-

~‘y of the f luid to drive convect ive  reg imes . These have been s u m m a r i z e d

by T u r n e r  (1973)  and G r e g g  (1973 , 1975 ). When  warm salt y water  overlies

co lde r  f r e s h e r  wa te r , salt f i n g e r i n g  may be found.  Wil l iams ( 1 9 7 4 )  obser-

vet ! such f i n g e r i n g  below the M e d i t e r r a n e a n  outflow in the At lant ic , of

scales  about 6 mm in d iameter  and 24 cm hi g h. When cold f r e s h  water  ove r -

l i e s  wa rm sal ty  wate r , l aye r ing  may be found.  Such layers  have  been obser-

ved fo r  example in the Arc t i c  by Nesh yba and Neal ( 1 9 7 1 )  and in s e v e r a l

o t h e r  ocean ic  reg ions.  Th icknesses  of the l ayers  v a ry  f r o m  less  than  a

m e t r e  to up  to 20 m e t r e s  ( G r e g g ,  1975 ). Although double d i f f u s i o n  reg imes

h a v e  been  pos i t ive ly iden t i f i ed  onl y in few reg ions , they  may i n f l u e n c e  tu r -

b u l en c e  in much  of the  ocean.  G a r g e t t  ( 1 97 6 )  has noted tha t  t h er e  is f a i r l y

St r ong  s t a t i s t i c a l  e v i d e n c e  fo r  i n c r e a s e d  m i c r o s t r u ct u r e  a c t i v i t y  in reg ions

wi t -r u ’ t h y  loca l  v e r t i c a l  gr a d i e n t s  of t e m p e r a t u r e  and s a l i n i t y  a r e  s u i t a b l e

f or  u n t i l )  Ic rh ffui s ion processes .

__________________________________ -- - —- - - - — ——~~~ — —- ~~~ _— _ .  - - ~ r > ~ _ t-t ,,~~ f-s’r2t&t
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2 . 7 Observat ion in the Un d e r c u r r en t s

Measurements  by Jones ( 1973) in the Pacific  Equa torial  Un d e r c u r r e~it

show low va lues  of the d i f f e rence  Richardson number (a finite d i f f e r e n c e

approximation for Rig)

= ~ e 2. 34
~
? (~~u ’-~

Values of Ri~ were less than one quarter over 5 
to 10 metre  depth in t e rva l s

be tween  196 and 272 m e t r e s  within the t h e r m o s t a d, which is a l ayer  hav ing

a t e m p e r a t u r e  f r om  11 . 5  to 13. 5°C, located f rom about 100 to 300 met res

below the s u r f a ce . This layer  is c h a r a c t e r i z e d  by small  changes  in d e n s i t y ,

t e m p e r a t u r e  and sal ini ty  with depth . It appears  to increase in thickness ,

temperature and salinity as it flows from west to east, and may he formed

by v e r t i c a l  or ho r i zon ta l  mixing . Jones fee l s  that the low va lues  of Ri~

ind ica t e  that  v e r t i c a l  mixing should be more impor tant .

Wi l l iams  and Gibson (1974)  have measured  t empera tu r e  f luc tua t ions

at m i c r o s t r u c tu r e  scales  in the Pacific Equator ia l  U n d e r c u r r e n t. F rom the

w a v e n u m b e r  k T 
at which the 

~PTT (kl ) vs log k 1 s p e c t r u m  acqu i r ed  a -1

slope , they c-a lcu la t e  a v iscous  d iss ipa t ion  of 0 .08  crn 2 sec 3 at the Eq u a t o r

and at 1° Nor th . These  ca l cu l a t i ons  r equ i r e  tha t  cond i t ions  f o r  B a t c h e l o r ’s

( 19 5 9 )  t h e o r y  f o r  spec t ra  of t e m p e r a t u r e  f l u c t u a t i o n s  be me t .  H o w e v e r ,

s t u d i e s  by G r e g g  ( 1 9 7 6 )  in the Pacif ic  Eq u a t o ri al  U n d e r c u r r e n t  do not sh-iow

a n y  good e v i d en c e  of the  t u r b u l e n t  s u b r a n g e s  r e qu i r e d  f o r  the R a t c h e l o r

t h e o r y .  I h e  found  va lues  of t he  v a r i a n c e  of t e rn p e  r a tu  re f l u c t u a t  ions ap p r e c  —

i t h l y I v u e r  t h a n  o b s e rv e d  by W i l l i a m s  and G i b so n .

lie l y aev  ~ a!, (197 Sb) has’ ~ i-c p0 r t ed  v a l u e s  of e f o r  I he At Ia lit e 

-— -5  - --- - - - - - - 5 - -—- ---5—- - — -  -
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Equatorial Undercurrent. They observed velocity fluctuations at wavelength s

lon~ er than 2 cm (k 1z 3 cm I ) and esti mated values of ~ . The values  a r e

h i g h , r ang ing f rom about 0 . 0 2 7  to 0. 34 cm 2
sec

3 for hor izonta l  samples .

Thin- c - i s  no si g n i f i c an t  depth va r i a t ion  of i over the depth range  of 36 m e t re s

to 140 m e t re s  which they sampled. The t u r b u l e n c e  is v e ry  i n t e r m i t t e n t, and

Ozmidov  ( p e r s o n a l  communica t ion)  has ind ica ted  that the  va lues  of ~ repor-

ted r e p r e s e n t  onl y the active reg ions , so the value of ~ a v e r a g e d  over al l

r eg ions may be a f ac t or of t en less .

M e a s u r e m e n t s  of t empe ra tu r e  and rnic r o s t r u c t u r e  t e m p e r a t u r e  g r a d  -

i en t s  by G r e g g  ( 1 9 7 6 )  at 155’ W on the equa tor  — u g g e s t  that  the most  a c t i v e

t u r b u l e n c e  was between 35 and 65 m e t r e s  depth , which  is above the  ve loc i t y

c -o r - c ’ , and t ha t  the  t u rbu lence  i n t e n s i t y  at  the  core is m u c h  l e ss .  The tur-

h t u l e n c e  i n t ens i t y  and ra te of d i ss ipa t ion  arc ’ r e l a t ed ;  hence  values  of E

w h e r e ’  Gr e g g ’ s data w e r e  co l l ec ted  would probabl y be r e l a t i ve ly hi g h above

the  core  and re la t ive ly low in the core.  The s e n s o r s  employed by G r e g g  w e r e

a t h e r m i s t o r  mounted  on the nose ~ a f r e e - f a l l  i n s t r u m e n t, and ano the r  on

an ou tboa rd  wing which ro ta ted  about the i n s t r u m e n t. Compar i son  of temp-

-r a t u r e  spec t ra  f r o m  the two t h e r m i s t o r s  revealed  that onl y in the the rmo-

s tad  is t he r e  a s t rong  sugges t ion  of local i so t ropy  at  mic r o s t r u c t u r e  sca l e s .

_ _   _ _



r -

~~

---

~

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

— 5’ 
~~~~~~~~~~~~~~ 

— 
~~~~~~~~~~~~~

‘
~~~~

‘— -  —---- - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

33

3 EXPERIMENTAL APPA RATUS AND PROCEDURE

3. 1 Apparatus

The resul ts  obtained in this thes i s  a re  based mainly on measure-

ments  by a f r e e - f al l  m i c r o s t r u c t u r e  recording ins t rument  du r ing  1974.

This i n s t r u me n t  was built in 1971 and 1972 by Dr. T . R. Osborn and

g ive n the name “Camel” . It was designed to measure velocity fluctua-

tion s in a column of water  in the ocean , as well as t empera tu re  and con-

duc t iv i ty va r i a t i ons .  Ear l y desi gns have been desc r ibed  by Osborri ( 1 9 7 4 )

and Osborn and Siddon ( 19 7 5 ) .

The Camel (shown in f i g u r e  6) f a l l s  th roug h the w a t e r  wi th  s e n s o r s

in the  nose  to sample ve r t i ca l  p rof i les . The fal l  speed is 40 to 50 c m /s e c

and is con tro l l ed  by ad jus t ing  the t r imming  wei ghts  and the r e l e a s e  wei g h t s .

Thu e b r u s h e s  at the uppe r end w e r e  added to i n c r e a s e  f o r m  drag  as the in-

s t r u m e n t  fe l l .  If a dev ice  such as a blunt collar  w e r e  i n s t a ll e d  r a t h e r

than b r u s h es , the l a rge  eddies  shed behind it could cause  the in st r u m e n t  to

wobble as it fe l l , and contaminate  the ve loci ty  si g n a l .  A f a l l  speed of

40 c m / s e c  is obta ined when  the Camel weig hs 12 Newtons  in s e a w a t er .

V a r i a t i o n  of dens i ty  over  the  r ange  encoun tered  did not cause  a si g n i f i c a n t

c h a n ge  in t e r m i n al  f a l l  speed , al though about 20 m e t r es  a r c  r e q u i r e d  to

reach this speed.

The wei g ht  r e l e a s e , r e c o v e r y  and co m m u n i c a t i o ns  s y s t e m s  hay > -

been  d es c r i b e d  by O s b o r n  and Siddon ( 197 5) .  Dur ing a f re c ’ - f a l l , s i g n a l s

a r e  c o n v e r t e d  to s t a n d a r d  IRIG FM f r e q uen c i e s , and t r a n s m i t te d  up  an X \ \  l~

(an  c - x p e n d a h l e  w i r e  l e ng t h )  t o  a tape r e c o r der  on boa rd  t h e  wor k  ~- e ’ss ’ l .

A s e t  of FM d i s c -  r i n u i n a t o r s  ari d a c -h a r t  r e - c o r d e r  a re  u i s e ’ d  t o  o b t a i n  a
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real  time display during a f r ee - f a l l,  in 1974 the depth range of the

Camel was limited to 450 metres by the XWL , but a modification of the

X W L  allowed depth s of 800 m to be obtained on later cruises .

During f r ee - fal l , eig ht parameters  were t ransmit ted to the ship:

t empera tu re  and its gradient , conductivity and its gradient , g r adients

of the two horizontal velocity components, pressure and orientation of

the Camel relat ive to magnetic north.  The shear , con duct ivi ty  and tem-

pera ture  probes were located as shown in fi gure 6. The time grad ien ts

\~-ere  obtained electronicall y within the Camel before  t ransmiss ion  to the

ship to improve the signal to noise r at io at h igh f r equenc i e s .

The method of obtaining the m e a s u r e m e n t s  is as fo l lows:

Veloc i ty

The main probe on the Camel is an airfoi l  veloci ty probe , used  to

sense horizontal  velocit ies.  Si gnals f rom the probe are  d i f fe ren t ia ted  to

uive vertical gradients (assuming Taylor ’s hypothesis , discussed below)

of h o r i z o n t a l ve loci t ies , in other words , the shear.  Acco rding ly, the

p robe is called a shear  probe. The probe was developed by Siddon (19 65 ,

1969) for studies of turbulence in wind tunnels . The modification for use

in the ocean has been described by Osborn and Siddon (1975) and the use

of the  probe f o r  s tudies  of oceanic turbulence  has been d e s c r i b e d  by

Oshorn (1974 ) .  The calibration and test ing of the shear  probe is de scr i -

bed briefl y in the next few pages , and more detai led informat ion  is g iven

in A ppendix  A.

-- -— --5--- - -~~~~~~~~~~~~-



- -----5-- —-- -- — 5 ’  — - - — - — -~~~~~~

36

The probe is of an ax isy rnmet r i c  shape , as shown in f igu re  7. It

is mounted at the f ron t  of the Camel , which fa l ls  near l y ver t i ca l l y t h roug h

t h e  wa t e r .  The expected t i l t s  of the ins t rument  a re  less than one degree ,

occur  at low f r e q u e n c i es  ( Osborn , 1974) and will  not i n t e r f e r e  with the

r u u > - s s u r e ments  of f luc tua t ing  veloci t ies  which are found in the d iss ipa t ion

r - t n g e  at hi g h e r  f r e q u e n c i e s .  Wate r  f lows past the probe at a speed 15

at an a ne l e  of at tack ~~; these  depend on the fal l  speed of the Camel  V ,

and the ho r i zon ta l  flow u relative to the Camel.

The s i deways  f o r c e  on the probe is (Al len  and Perk ins , l 9 5~~):

F ( 4&j
a

) /~ ~n 2o = 15 2R s~no~ COS OC 3 . 1

= P A V LA
wher c-

A is the e f f e c t i v e  a r e a  of the probe

e is the d e n s i t y  of the f lu id

V is the fa l l  speed of the Camel

u is the hor izon ta l  ve loc i ty  re la t ive  to the Camel

1,S
t
is (V 2 + u 2 ) (see f ig u r e  7 )

The derivation , testing and limitations of this formula are  de sc r i bed  m ore

f u ll y in Appendix A.

The probe is cons t ruc t ed  f rom a soft rubb er  compound and con t a in s

tv~ o pi> ’-zoceramic bimorph beams mounted perpendicular to each other , as

i l l u s t  ra ted in f i g u r e  7. Much of the t r a n sv e r s e  f o r c e  on the  r u b b e r  mount-

i n g  due  to the f low is opposed by t h ese  bean-is w h i c h  g e n e r a t e  v o l t a g e s  pro-

p0 i - t i o n a  I to the  two com ponents of bending moment .

IIiir.~ - —5 - -- ~ -~~~5_ —-55’~ 5-_~~~~~
_ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - --5’-- -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~iiiil~



r T :  ~~~~~~~~~~~~~~~~ 
‘
~~~~~~~~~~~ 

5’

~~~~~~~~
—---

~~~~~~~~~~~~~~~~~~~~
—— - - — - — - -  - 5’ - -

3

SIDE VIEW
RUBBER

_ _ _ _  _ _ _ _  _ _ _ _  _ _ _ _  - .475 cm

CHANNEL 2

TRANSDUCER FOR
CHANNEL I

TRANSDUCER FOR
V FALL SPEED OF PROBE CHANNEL 2
u CROSS FLOW SPEED

U TOTAL SPEED END V EW
Q ANGLE OF ATTACK

Figure 7 The shear probe.



Pr-’- -
~~
—-- - -

~~~
— — - - -—5’ - 

- - -  -5----- -- — - 
-

~~~~——

38

To calibrate t h e probe , each voltage is sent to a preamp l i f i e r ,

and the  v o l t a g e  f r o m  each p reampl i f ie r  is

Jci ~~S e V u , Jca *Sa e V
~~ 3 ?

w h e r e  is the  sens i t iv i ty  of the probe in vo lt s / (d yne/ cm 2 ).

For the m e a s u r e d  prof i les  a d i f f e r e n t i a t i n g  p reampl i f i e r  was sub-

s t i t u t e d , a band pass ampl i f ie r  added , and the output  vo l t age  became

~~ Joa 
3. 2a

u-bc- re is a circuit constant with dimensions of (timeY as explai ned

in Appendix C.

The probe can sense  two hor i zon ta l, p e r p e n d i c u l a r  components  of

-
~ c-- lo c i ty  as it f r e e - f a l l s  th roug h the ocean . These  component s denoted by

and  u .~ , a r e  ali gned with the Camel body which ro ta tes  siou ly as it

f r e t - - f a l ls . A compass  was instal led to de te rmine  the ro ta t ion  ra te .  For

mos t  p r o f i l e s  t h i s  ra te  was below 1 rota t ion per minute .  The s i g n a l s  have

not hec ’n t r a n s f o r m e d  back to n o r t h - s o u t h  and e a s t - w e s t  componen t s ;  h e n c e

U
I 

anti  u , r e f e r  to the output  of the f i r s t  and second channe l s  of the probe

p r e a m p l i f i e r , and have  an a r b i t r a r y  o r i e n t a t i o n  to the l a r g e  s c a l e  f low ,

b u t t  t h i s  a r b i t r a r y  c o - o r d i n a t e  s y s t e m  does not a f f e ct  the r e s u l t s  ob ta ined .

The s h e a r  can be ob ta ined  with the u se  of Tay lor ’ s h y p o t h e s i s ,

~~h i c h  is va l id  in th i s  cast’  ( Osh o r n , 1 9 7 4 ) ,  by wh ich  s p a t i a l  g r a d i e n t s  can

be d e r i ~— eci  f r o m  t e m p o r a l  v a r i a t i o n s  sensed  by the probe  mov ing  r e l a t i v e

t o  t hit - f l u i d  at  a speed V .

- -L~~~
_ 3.3

— 
V ~~
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The equat ion 3. 2 becomes , fo r  the velocity components u 1 and u 2

= -.Jôc K1 ~ uz =~~LT~a k~
~ 

c~ Z~ ~
‘2 S~~ ,Va

3. 4

w h e r e  Jo , uoa a re  the output vol tages  to the cha r t  r e c o r d e r s  on hoard

the  sh ip  (I have  not inc luded in these  formulae  the e f f e c t s  of the f i l t e r s ,

but  t h ese  e f f e c t s  are  noted in Appendix C).

A rubber  based compound , PRC- l2 02 - Q  medium, was u sed  in

the  p robes .  It has a h a r d n e s s  on the Shore A scale of about 40. A t y p i c a l

va lue  of 1)0th S 1 and S2 was 5. 0x 10 4 v o lt s / ( d y n e s / cm 2 ). Tes ts  showed

this sensitivity changed  by about 1% per d e g r e e  Ce 1s iu i ~~. T h e r e  is a l so

a p y r o e l e c t r i c  e f f e c t  in the probes by which a sudden  c h a n g e  in tempera-

t u r e  can induce a l a r g e  voltage output f r o m  the beams . Because  the  si g-

na l  is d i f f e r e n t i a t e d  be fo re  t r a n s m iss i o n  to the ship ,  it is the  r a t e  of

change  of vol tage  which is impor tant .  For  t h e s e  probes , a s t e p  c h a n g e

of 1°C  produces  a slow vol tage  change of 100 m i l l i v ol t s / s e c  which  cor res -

ponds to a shear of 0 .3 5  sec ’ at a f a l l  speed of 40 c m / s e c .  H o w e v e r ,

the output signal is at frequencies low compared to those which d o m i n a t e

contributions to the velocity derivatives and the effect was reduced by a

h i g h p a s s  f i l t e r  in the a m p l i f i e r  ( ra ted  — 3db at I l ! z )  (A f u l l  d e s c r i p t i o n  of

t he e l e c t r o n i c s  for  the shear  si gnals  is g iven in A p p e n d i x  C) .  A d d i t i o n a l

d i c i t a l  f i lt e r ing was per f ormed la ter  f or reg ions of low t u r b u l e n ce . - inten-

sity and la r g e  temperature changes to further reduce.’ noise a t  f r e q e . i t - n c i e

b e l o w  I l i z , and so prevent leakage in to  t h e  f r e q e . i e n c v  h an d  of i n t e re  ~- t

~ hen the Fourier transforms we ?‘u ’ c o m pu t e d  ( see  A p p e n d i x  W.

-

~

- — ---—-------- ——-— ----- - - - -—-— —-- -; - - - - ---- - ---—-- --- --- --— --- -----— - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~4 5 ’ ~ ----~--—~~~~~~~~~
- 

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

40

The smal l  w a v e l e n g t h  r e s p o ns e  is d e t e r m i n e d  by the  s ize  of the

p robe .  Siddon (1969) found no (i.e. ,< 0 . 5db) a tt enua t ion  due to s patial

a~~e r a e i n ~ of an earlier model of the probe for fluctuations of waveleng ths

l o n u > -r  t han  f o u r  t i m e s  the e f f e c t i v e  l eng th  of the  probe.  Because  the

p r- s  sort- forces are concentrated near the ti p, the diameter is chosen as

a m e a s u r e  of the e f f e c t i v e  l e n g t h .  However , p robes  u sed  f o r  our measu-

r e m e n t s  ( d i a m e t e r  4. 7 mm)  were  longer  than the probes  t e s t e d  by Siddon

r e la t i v e  to the d i ame te r , and the effective length may he greater than the

d iat -ute ter . A spectral test for spatial resolution is d i s c u s s e d  in s e c t i o n

To d e t e r m i n e  the  e ff e c t  of hi g h p r e s s u r e  upon t h e  s e n s i t i v i ty of

t h e  probe , the Camel was l a u n c h e d  wi th  a bar in front of the shear probe

to ~ ene r a t e  eddies. The Camel d e s c e n de d  at a u n i f o r m  ra t e , so the  tur-

h u l e n c > -  behind t he  bar  u-ould have been u n i f o r m  with depth and much

I a r g t -r  t i - ian  in sitti turbulence (the gain of the circuit was changed to avo id

ovc’rlctading ). \o change in outpu t signal level from the shear probe with

d e pth was  ob se u’ v e c l , so it s e t - n u s  that  the sensi t iv i ty  is independent of

d e p t h .

Ten pera~~u r e

T e m p e r a t u r e  is sensed wit h - i  a Th e ’rm om ct r i c s  m i c r o b e a d  t h er m i s  -

or ‘~~ hich is nonuinall y 0. 013 cm in d i a met e  r , e. oated with-i 0. 0016 cm of

Paralene C to instil t i e -  the beads ;tn(i \ ‘-i r e - i c - a d s  from se ’a~~att’ r. T e s t s  in

a f l ow  of I ~ cm/sec --bowed t h e  r e - - ~~~nns - v is reduced to half po~~>’r at

f r e H i e n c i ’ S of 15 Hz ( L u t e c k  e. ’ t  al . P)7e t, They ~ lou ~ved t h e  response

---5—- - - - - - —-----—--- - -- - - - - -
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mainly de te rmined  by the coating of Paralene C which is a v e r y  good

electrical and thermal insulator. Therefore , at slower fall speeds , t h e -

r e sponse  t ime should not be much different. For the 40 cm/sec fall

speed of the Camel, the half power wavelength is about 3 cm.

To resolve  t e m p e r a t u r e  m i c r o s t r u c t u r e, G r e g g  ( 1 9 7 3 )  s u g g e s t e d

tha t  w a v e l e n g t h s  of 1 cm should be r e so lved .  This r e s ol u t i o n  could he

a c h i e v e d  wi th  t hese  thermistors if the response function were known

accu r a t e l y, since it is a rathe r simple task to multiply the Fourier trans-

form of the temperature gradient sign al by the respo nse function of the

microbead to obtain the spectral form of the actual t e m per a t u r e  g r a d i e n t .

This procedure has been used  by var ious  r e s e a r c h e r s  to r e s o l v e  the  tern-

perature microstructure , but one should know the response function of

each individual thermistor. These response f u n c t i o n s  ~ -er e  not a v a i ] ab i e -

for our measurem ents . Also , the noise level of the temperature r a d i e n t

signal (. 002°C/cm) may inte rfere with signal recovery.

A n o t h e r  f a c t o r , of ten neg lected with t h e s e  t h e r m i s t o r s, is f o u l i n g

by p l a n k t o n . When  u s ing  the r e sponse  f u n c t i o n  of a t h e r m i s t o r  to r t - c o v e - r

t h e  t e m p e r a t u r e  g r a d i e n t  be tween  3 and 1 cm , a s m a l l  a c c u m u l a t i o n  of

pl a n k t o n  on the t h e r m i s t o r  can change  the r e sp o n s e  function , and i n t r o -

du -e l a r u z e  e r r o r s  in the  c a l c u l a t e d  g r a di e n t .  I - o r t u n a t e l \ - , it h a s  no

e f fe c t  on the average.’ temperature . Th e Equatorial Atl ani ic watt -v s a u’ e

me. ’ l a t i ve  l y c i t-a r  of p l a n k t o n .  The  t empe r e t  i i  I’ e-  g r a d i e - n t  ~ a mc ’ U s e d u n i v

in a qualitativ e way in th i s  t h e s i s  and p l a n k t o n  fou l i n c  pr e ’s c- nt  s no p t - o h —

le ni  for this pu rpose ’. The gradient signals have ’ not l)e.’en o r r e - t e d  t o t ’

- —  —— -- - -— S-— _________ - ~-c ~- - -
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the signal attenuation at small wavelengths.

The thermistors were calibrated on board ship  pr ior  to use .  Tern-

pe ratures obtained from the thermistors used on the Camel matched those

of the CTD within 0. 5°C absolute , and their precision was 0. 2°C over a

r a n g e  f rom 10°C to 26° C based upon compar i sons  f r o m  reg ions of s m a l l

te-mpe mature change with depth .

C o n d u c t i v i t y

A new conductivit y prob e was developed d u r i n g  1973 , based upon

th e. desi gn by C. S. Cox and M. C. G regg at Scr ipp ’s Institute of Oct-ano-

rap }-uv . (Gregg and Cox , 1971). It provides records of conductivity

gradie nt in the m i c r o s t r u c t u r e  rang e , but th e conduct ivi t y itself showed

a drift which was depth dependent. At the equator , conductivit y is deter-

mined mainl y b y t e m p e r a t u r e, and the two signals for temperature and

c o n d u c t i v i t y  radients arc- remarkably similar. Ind eed , ti-icy are so s imn i —

lar that onl y t he  t e m p e r a t u r e  g r a di e n t  output , w h i c h  has lower noise.-

l e ’~ -I s , w i l l  be ~,hown in ti - ic ’ d i s cus  sion of the  r e s u l t s .

The di- i f t  of ou tpu t  v o l t a g e  of the c o n d u c t i vi t y probe ~ ito  depth

prevent e d an accurate determination of d e n s i t y  f r o m  the tempt’ rat ut re.

and  cc o duuut ivity sic nal s . Any g ra p1-i s of 
~~T 

~~ l a t e r  S e c t i o n s  a r e . -  de. ’ m u ved

o n l e ,— f r o n t  the  CTD data c-if Dr . Eli IKatz.

I ‘ m e  — s s i t  r

A vibrotron i t1S t ~~l it ’d  in the.’ tippe r e-fldl c-al) m e a s u re  s static pr~’ S S O  re

as t h e -  ( T e m , - 1  f r e e- fails . 1 h i e  f r e ’qitency of a \ - u l ) r l l l n ~ \\ ir e in  t h e ’  ‘ i hu r o—

t rot-i - - tr u e ’ s ahoeit standard IR1G f r e c 1 u u e - u u e -y  as t u e  a i i i h i e n t  ) t ’ e~— s u i r t ’

_ _ _  _ _ _ _ _  - - - - - - - ~~~- - — - - - - -  - - -  - —--  -
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alters the tension of the wire. A signal of this frequency is transmitted

to the  sh ip ,  g iv ing  depth .

The fa l l  speed is computed by a computer  p rogram which  r e j ec t s

sp ikes  in the di g i t i zed  record , computes a l inear  f i t  to the data f rom

s u c c e s s i v e  4 m e t r e  sec t ions  of data , and c a l c u l a t e s  the fa l l  speed over

t }u e s ec t ion .  A detectable fal l  speed change (g r e a t e r  than 3%), l ikel y due

to a bubble  in the conduct iv i ty  bellows was observed onl y once at  de pths

below -~0 m e t r e s .

The v i b r o t r o n s  a r e  somewha t  t e m p e r a t u r e  s e n s i t i v e , w i t h  t i - ic  cali-

b r a t i o n  c u r v e s  sh i f t i n g  fo r  changes  in t e m p e r a t u r e .  Two v i b r o t r o n s  were

u s e d  at s e p a r a t e  t imes , and the m a x i m u m  expec ted  e r r o r  in a v e r a g e  f a l l

speed due to this  e f f e c t  is 1” ,.

D i r e c t i o n

A f l u x  ga t e  type  compass  ins ta l led  in the sp r ing  of 1974 measured

the orientation of the  Camel  r e l a t i v e  to m a g n e t i c  n o r t h , and h e n c e  the

o r i e n t a t i o n  of the i n d i v i d u a l  beams in the shear probe r e l a t i v e  to m a g n e t i c

n o r t h . The compass  was mounted  ins ide  the  Camel  p r e s s u r e  case . Out-

put was  c o n v e r t e d  to  an FM si g n a l  and t r a ns m i t t e d  to ti-i c s h i p  wit l- i  t he

ot h t - r  s i g n a l s .

_ _ _ _ _ _
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1. 2 Procedure

The c r u i s e  t r a c k s  of the ATLANTIS II in June and Jul y 1974 a r e

shown in fig u r e  8. The pecul iar  zi g - z a g  pat tern  resul t s  f r o m  a combina-

t i o n  of two type s of m e a s u r e m e n ts . The shor t  paths a c ro s s  the equa to r

a r e - t h o s e  fo llowed  when an i n s t r u m e n t e d  “ f i s h ”  was towed behind  the  — h i p .

T h i s  d e v i c e  used  by Dr .  E. Katz  sampled t e mp e r a t u r e , c o n d u c t i v i t y ,  and

the  two components  of ve loc i ty  in the h o r i z o n t a l . The long s e c t i o n s  at

10° W , 16° W , 22° W , 28°W , 33°W a r e  those  of the  h y d r o g r a phic  s t a t i ons .

The Camel  was  used  on t he se  sec t ions , a long with a CTD , N a n s e n  or

A t l a s  bo tt l e s, and cu rre nt me te r s. The data to be shown h e r e  come f r o m

the sections at ?8°W (profiles 20 and 22-25) and 33°W (profiles 28, 29) as

H I  ;e.s one p r o f i l e  at ?4° W (prof i le  18). For most Camel launc hes , a

CTD p r o f i l e  a n d  c u r r e n t  m e t e r  p r o f i l e  w e r e  taken  w i t h i n  a f ew  h o u r s  n e a r

t h -  ;ame spot (w i th in  a few n a u t i c a l  m i l e s ) .  A current meter profile was

not  t a k e n  a t  24°W .

T}ic Camel  samples  f r o m  the s u r f a c e  to be tween  300 and  400 m e t re s .

R e ’ad in ~~s n e a r  the s u r f a c e  a r e  o f t en  c o n t a m i n a t e d  by o s c i l l a t i o n s  of the

( ; e n-~ - l  c a u s e d  b y t he  l a u n c h i n g . Low no ise  m e a s u r e m e n t s  of velocity gra-

c l i , - n t  b - c i n  b e t w e e n  8 to 20 m e t r e s  depth . For  a Camel l a u n c h , t h e  sh i p

d r i f t  -d , wi th  sta rhoa  rd s I d l e . ’  t i p — w i n d .  The C a m e l  u a  s h o i s t  e. ’d ove r t h e

s t ; e  rboa i’d s i d e - , lowe r e d  p a r t  \v ;e y i t - i to  th e . -  w a t e r , and  me l e a s e d  f morn the.-

l a u n c h i n g  nue . - c - h a n i s m .  The s h i p  d r i f te d  d u r i n g  t h e . ’  f r e e. - f a l l  of t h e  G e r m - I

h e  - e v o i c i  c u i t t i n c  h i t - X~V 1 on t h e . -  p r o p e l l o r . A r a d i o  on t h e .~ C am e - I  s i e n a l l e d

i t s  S i i t ’ f ; t e I n t ]  hut  t b - i c -  d i r e c t i o n  f i n d e r  d id  not  \t O t’k ~~c h I  ~~t t h e ’  ~i e c - I — h u I l e d

s h i p .  The ’  G a i n - I  w as l e o a t e - d  \ u s u a l l y b y I o o k in ~ t i p — w i n d . R e t  ( n t ’  r~ of

_ _ _ _ _  - - — - - -——-—---~~~~~~-__-- - -- - - —— --5--—— - -5’- -- ---  — ~~--- - ---- ‘ -~~ - - -
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the Camel was achieved by snapping a line onto the recovery  h oops and

hoisting the Camel on board.

There were  twelve f r ee  falls of the Camel dur ing the c ru i s e .

Those with reliable shear data a re  shown in section 4.

- - -  - - - - - - - -~~~~~ - - - ~~~~---~~~~~~~~ -- - -- 5 ’- ’  - --5’--  -- -~~ - 
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Profile Date Longitude Latitude

18 Jul y 10 24 ° O ’W 0°2 ’ N

20 Ju ly  14 28° ll ’W 2 °9 ’ N

22 Jul y 15 28 ° 03’ W 0 °37’ N

23 Jul y 16 28°0l ’ W fl° 18’ S

24 Jul y 16 28 ° O3t W fl ° l7 ’ S

25 Jul y 17 2 8°O’ W l °21’ S

28 Jul y 23 32 ° 59’ W 0° 2 ’ ”

29 Jul y 23 32°59 ’ W f l ° 2 ’ N

Table I Camel p r o f i l e s  dur ing  ATLANTIS II cruise
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4 RESULTS

4 . 1 Qua l i t a t ive  Aspects of the M i c r o s t r u c t u r e

Char t records  of seven of the observed prof i les  a re  shown in

f i g u r e s  9 to 15 . (A c u r r e n t  meter  prof i le  was not taken nea r  the loca-

t i on  of p r o f i l e  18, and this profi le  is omit ted , al though d i s s ipa t ions  fo r

p r o f i l e  18 a r e  shown l a t e r .  ) For these  v i sua l  d i sp lays of the qua l i t a t i ve

a s p e c t s , the t r a c e s  of the grad ien ts  shown have not been c o r r e c t e d  fo r

the  v a r i a t i o n s  of the s ens i t i v i t i e s  of the probes with t e m p e r a t u r e, and

f o r  the  v a r i a t i o n s  in fa l l  speed of the Camel . The s e n s i t i v i t y  of the  s h e a r

probe changes by t7~~ over the range  of t e m p e r a t u r e  f o u n d  t h r o u g h the  pro-

fi l c- s, being more sensitive in w a r m e r  wa te r s  near  the s u r f a c e .  Th~- t h er -

n-u i s t o r s  a r e  more sens i t ive  to temperature gradients in colder  w a t e r s  at

dep th , c h a ng i n g  by +4~~. F a l l  speed changes  below 20 m e t r e s  depth a r e

l e s s  than  3d , exce pt for  profile 24 where  an i nc rea se  of 7% in the f a l l

speed  ~~as found be tween  the depth s of 20 and 160 m e t r e s .

Th e shea r  si g n a l s  have been band passed  be tween  I and 18 Hz (40

an t -I 2 cn-u h  to r e . -duce  both low and hi gh f r e q u e n c y  no i se  in the  v i s u a l  (u s-

p l a y —  of f i c t i r e s  9 - 1 7 . ( T h e s e  f i l t e r s  a re  in add i t ion  to the  f i l t e r s  in t h e

e I e - tronics , described in Appendix C. ) The t e m p e r a t u r e  g r a d i e n t s are . -

Ii itu ted by the- response’ of the thermistor to wavelengths gre-ate.’ r than

about c-re-i , and h a v e  no low f r e q uen c - y (low w a v e l e n g t h )  f i l t e r i n g .  The

t ( ’ r - i - u p ( - r a t t i r c -  s i g n a l s  h a v e  been low passed  wi th  a 1 l I z  f i l t e r  to reduce.-

no~ S I ’ . I~oth t ef l pe r a t t i  re ant -I  t c ’n ip e r a t u r e  g r a d i e n t  s ic  n a l  S a re  dc- r i v e d

f r u t i i  th e . ’  -~~~t i u e ’  p r obe . Note  t h a t  1)0th s h e - a r  a n d  t c ’ m p e r e t t i i - e  L’ r e l i e n t

-- - -5’ -- -5’- —5’ —5’-. - - - ---- -- -- --~~- - . ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~-55’_—_~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TEMP CURRENT
1°C) 1°C/cm) 1°C/cm) (cm/sec )

5 20 25 -0.1 0 0.1 ‘1.0 0 1.0 -120 -60 0
L_~ I I I I L......... ,....L. ,,~,.....J I I I I 

‘ 0

0 

-

- 150

- 
C

200

F i e t u r e  9 Prof i le  20 of microstructur e mea suremne ’ut i-c and  temperatur e ’
at 280 1 I ‘W , 2°9 ’N and the  l a r g e  s c - a l e  c u r r e n t  p r o f i l e  me-as -
u r e d  by J. B r u c e .
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a i e . i n a l s  i nc lude  most  but not all  of t h e i r  r e s p e c t i v e  m i c r o s t r u c t u r e  r a n g e ’s ,

w i t h  the  sma l l  scale l imi ta t ion  being the more  se r i o u s .

All t he  p ro f i l e s  except number  20 w e r e  t a k e n  t h roug h the u n d e r -

- u r r c ’n t .  The pos i t ions  of the Camel p rof i l e s  a re  m a rk e d  on fi gures 2 to

4 to -,zive an indication of the n a t u r e  of the  u n d e r c u r r e n t  at e a c h  p r o f i l e . - .

Also , t h e  velocities measured by Mr. J. Bruce of Woods  H o l e .  a r c -  shown

i t-i fi i~ures 9 to 15. These were recorded within a f ew  h o u r s  and s ev e r a l

k i l o m e t re s  of t i t e  m i c r o s t r u c t u r e  p r o f il e s , w i t h  the l a r g e s t  d i f f e r e n c e  f o r

P r o f i l e  22 w h e r e  the  c u r r e n t s  w e r e  m e a s u r e d  about  5 h o u r s  b e f o r e  a n d  5

k i l o m e .’t r e -s  awa y .  To m e a s u r e  these  c u r r e n t s , a 6 - 10  m i n u t e  a v e ’r i e ~~~’

r e a d i ng  of a I~ r a i n c o n  model  252 me te r  was t aken , and m a c n i t u d e ’s i n d i c a -

t e d  arc re lative to the current at 300 metres. The lan i e scale velo cities

n t e / a s e . i r l -d by the current m eter were not sensed by ti -ic- shear probe.-. w h i c h

c a n  onl y n - i e . - a s u r e  velocity gradients at mn icrostruc lu r c- Sc- /t ies , Gradients

at niic r o t  r t i e . t u r e  ec a l e s  are usuall y associated witi. tcirb u lc-n ce. ’, as n o t e d

i n  s e c t i o n  2.  C o n v e r s e l y ,  the . -  r n i c i ’ o s t r u c t u r e . -  sca le . ’  s h e a r s  we - r e -  n o t

~Se.’n5 e . d  Lv t lie cci i-rent n u - t e . -  r

In Tabl e . ’  II the  d i f f e  r i - n e  e R i c h a  rcl s on flun-ih I- i s ( c a l  cu I at eel using

e - c t i c t i o n  2 . - I )  ar e - liste d . They  h a v e  be. ’e n  d - t - r m i n e d  f r o m  t i l t  c u r r e n t

in t l - i ’  t ’ e - ; i d i t i c s  a n d  f r om t h e  v a l u e s  of o_ ~ ch - t e - r i i c i n e d  by I)i’ . 1- c t  f t - u n t

(;-1 1) da t a .  ( l i e - s e  v / C l u es s h i o c i l d  be t r e a t e d  w it h c~c i t h i o n , as ILL - cu r i ’ e - n t

me t e  r .  CT I) . 1  nd Cat ,  - I ~ e - r e  i-iot I owe r e d  t oL  c t  h e -  r , bu t  ‘a I ’ t ’ - - c  Ch epa r~e t ct-I

l i e  i n - i l ’  end  S~~~iu - f r o m  t h e . ’  e t h e r by s e v e r l i  hoot’ s e n d  l - t l o t n e ’t r e - s . Ai:v

1i i t  i n  ( l e . ’p t h i  I I I  t h e ’  u n t i e  t’ e t i  i - r e n t  h - I  \ \  C - I - i l  re - e d t  ii~~ s of e Il ~~’ r e . -  I e  a i i I l  ( l I ’t l  S i  t v

- -~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~ - -~~~~~~~— -~~~~~ - -—~~~~~~~~~~~~~~~~~~
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c i s c  errors in ti-ic v a l u e s  of Ri~~

ih c ’  p r o f i l e s  t h r o u g h the  u n d e r c u r r e n t  a l l  show s i m i l a r  f e . ’ a t u t  r c - - .

T h e  n u o s t  i n t e n s e  turbulence , a s indicat ed by the mean  s q u a r e . -  n - i c  r o s t  t a o - —

i r e -  v i-lo cil V C1 radic .-nts , is usuall y at the  ba s e.’ of the .  uppe r m i x c - d  l~c - oe - r  -

i l e I t t i~~ t o n  of t h e ’ t h er m o c l in e .  In a l l  c as e s , the v e l o c i t y  c u r e -  of t iu-

e.~~ r , - n t  i s  m uch  le s s  t u r b u l e n t .  This co re  c o r r e s p o n d s  i-oug l i h y I t

/ ~ ~ l i - r e ’  t h e  l a r g e ’  s ca le  t e m p e r a t u re  i ’ ad i ent  is  h i g h e s t . i / c - low

— ~. - l o c i t ~ e o rc - of t h e  e . t n d e . - r c u i ’i’ ent , t h i e c turbulence is m o r e ’  in t e n s e - t i - i a n

i i  ( c  e ’ ) r , c i t  I c-i-c s i m - i t e n s e  t h a n  t h e ’  t u i - b u l e n c e  abov i-  the  c o r e - . l~ , ’ low

t l ~ i rd i ’ - t ~- i on , the  profiles a r c -  n t a r l c ’d b y i n l e i ’ t i t i t t e t t  t u r b u l e n c e  se -pa —

C I t e  ( I IV  i g n it e r  reg ions ,

Pi ’c~ h e -  20 is l i t  s i ç le -  t h c -  u n d e r c u r r en t , a n d  p r o f i l e -  ~5 m u s t  b~- a t  the

C ( u l t  ~~I ) l i t i 1 e ’  r n  ~-c in  c - , as  t h e  peal - c e a s t w a r d  v e l o c i t y is S cm / s e  I - .

- : h~ ~C e l i  le  2 - u  sh o w s  i n t e n s e  t u r b u l e n c e -  at the t op  and bot tom of a vt  r v  s h a r p

t h ~ - C 1 I i o e  l i n e .  P r o f i l e  20 h a s  i ts mos t  i n t e n s e  t u r b u l e n c e  in t h e  t h c - r n - i o c l i n c - .

A l l  p r o f i l e s  t h r o u g h t h e  unde re -u r  r e n t  show ti-i c most  a c t i ve  t u i ’ b u l e n —

at t i l e ’ t o p  of I h - ic -  ti - ic - r r n o c l i t - i e- hu t  the  n a t u r e  of t i m e ’  t em r b u l e n ce  nc ’ar  t h e

I t  C ~n u i  t’f ~t c  - va t ’ I e ’S I ro l l - i  the  ye r i  low l e v el s  f o u n d  in p r o f i l e - s  2 3  a n t - i  2-I

i e \  ( )  i r i e - t r e s t o  t h e  q u i t e ’ h i e h  R - v c i s  f o u n d  in p r o f i l c - s  28 a n d  2’1.

Ot h e . - r c -c id le -r i d c- -ho-a- ing t he  mos t  ac -t iv e  t ic  rho Ic - n c - I - t o  he - in t h e ’

- n e u c -  i’ t h i - - r t n o u l i n e  i s  a v a i l a b l e - . F e e t ’  c - N / i m p l(’ , a n e x ~i r n i n a t i O n  of t h e  I m -

p- r e I n  1’ - t i t l e  r u s t r t i a - t u r e - p r o f i l e s  o b t a i n e d  c i u r i n c ’  t i n -  A T !  A N T  IS II c r u i s e

- . u ( t ~, I . ,  i l e l d e / C I  u S i n g  s m a l l  f t ’ - t - — f a l l i n g  i u l s t r u m n _ i - t l t s . s how s  t h a t  o i l

- - C C C  e l i  I t - s  ft mu i } ~ 1 ~ ‘ v I e -  1, 1 U i ~ i- c - i t  we.’  i t ’  -~ I t u i l a  r 1 i h i e c s  e u I  1 ( I I  - I e n - )

I -  i i i -  u p p e r b i e ’ r t _ i i o e  L u - . \ v I i e ’ r i ’ t l l c \ shu ’a  i i  C C -  t e - t i l ( u e r / e I l C r I - r e e l e e ’ i t s  c t

5’ -- - -——---—-- —-—~~~~~~~~~~ --- -- - - -  -- --5-—
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m i c i ’ Os t ru c t u r c  sc a l e s . S i m i l a r  f e a t u r e s  w e r e  f o u n d  in ti - i c P a c i f i c -  by

( r e g g  ( 19 7 6 ) ,  -a-ho measui -ed  t e m p e r a t u r e  in t he  P a c i f i c  Equatorial Unde r-

current . He c o n c l ud e d  that  t u r b ul e n c e  was roost i n t e n s e  above the. -  v e - l o ~~i -

t v c -or e  ar i d m uch weake r  in the v e l o c i t y  core . ’. It a p pe a r s  t h e n , t h a t  t i l e

t i m  i ’ b c l c -n c e  l e v e l s  a re  g e n e r a l l y h i g h e s t  in t h e -  e .m pp c’ r I i i - .. - rmoc l I n e

The l a r g e  scale  s h e a r s  have  v a l u e s  as l a r ge  as .06  sec i n  t h i s

r e g i o n , and r m s  turbulence shears are up to . 3 s~-c~ 
1 ae.  e r a g e d  c c  e r  I U t _ i

C l e l ) t h s , TI-i c c a l cu l a t ed  v a l u e s  of Ri~ in the  uppe r I h c ’r m o c l i n e , s h o w n  in

f ab l c  [I a r e  s o m e t i m e s  below 0. 25 . F e n c e ’ t h e -  Ia r y e -  s c ai c -  sh e a r s  in  th e-

t i p p e ’ r the  rm o c l i rc e of the u n d e r c ur r e n t  may be sufficient to m a i n t a i n  t i m r —

b u l e n ce

In a l l  p r o f i l e s , t u r b u l e n c e  s h e a r s  in t i ie  v e l o c i ty  c o r e  -a - c r c  low .

‘ 1 e - c a u s e  the l a r i t e scale  de n s i t y g r a d i e n t s  a r e  hi g h h e r e . - , ant - I  the  v t - l o u i t v

-: m ’a d i  c - n t  n - i u s t  c h a n g e . -  si gn , t h e r e  m u s t  be a m a x i m -nun-i  i n ti _ i c ’  d y n a m i c -

s t a b i l i t y .  The  m a g n i t u d e s  of the  t u r b u le . ’n c e  s h e a r s  i n c r e a s e  i n  th e. - lowe

p or t  ion  of t i _ i c t h e  r m o cl i nc  , b L ’ low the ’ \e.-l oe ity core. Al l  t he  t e n u p e r a t e . i  re-

m -t H u  r u s t  r t m e . - t u i  u- c’ p r o f i l e - s  o b t ain e d  by L . [~i loch -au sho\v s m a l l  f l — i c  r u s t  r t m c  —

t i r e l - n _ i p e ’ r - i t - a i ’e - g r a d i e n t s  in  tFm e f lnc l d le -  of ti - i c- t h e r n _ i o c - l i r m e , at - i d l a r g e r

v a l u e - s i n  t i n -  l e e ’ a - r  t l i l - r m o c - l i n e - . Ti-ic v a l u e - s of R i A ar c -  a n _ i a x i m n t i m  in

I l l - e. e - l e e e  i t ’ , c o r e , , e t i d  s m i _ i a i l e - r  b e low l iv -  ve i o c i t y  c o r e - .

h e - i ( , ’ a  c e e t l i  t b _ i e . - Pac i f i c - t n t !  A t l a n t i c - 1; i u i a t o r j I I  T n d e - r e - e i r t ’ e - t - i t s  1

r I - i o n  ( c i n e - I r l y m i n i t ’e e r m n  t u - r n pc - r a t i i r c - s  h a s  h e - e n  e e i e s e t’\ i l , t i _ i  t e n _ i p e r e —

-- __ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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t e ir e s  nea r  13°C. This f e a t u r e , r e f e r r e d  to as th e th er m ostad , is mos t

cc i t - l en t  f o r  p r o f i l es  23 and 24 at 170 to ?-70 and 170 to 245 met re ’ s , re s-

p c- ct i \  e ’l y .  The value of Ri 4 between 190 and 2-25 m e t r e s  is 0. 3. The

~l c e e i r a C y  of any one of t h e s e  va lues  of Ri 6 is not su f f i c i en t  to allow one

i c e  p r e d i c t  w h e t h e r  t u r b ul e n c e  may  be p r e s e n t .  If th is  va lue  fo r  the

R i c h a r ds o n  n u m b e r  we-re to be present throughout the reg ion , then she ar

i n s t a i , j h i t i e s  would  not g e n e r a t e  t ur b u l e n c e .  However , it is poss ib le  that

s he a r s  a re  c o n c e n t r a t e d  on s eve ra l  s u r f a c e s  wi th in  the t h e r m os t a d , and

p a t c h es  of t u r b u l e n c e  may develop f r o m  shea r  i n s t a b i lit i e s  as noted in

s1 -c ’t i on  ~ . 6. Below the  thermostad of profiles 23 and 24 , i n t e n s e  tu rhu-

Ie n c c  is found , w ith turbulence shears almost as large.- as those in the

up p e r the.’rmoclinc. Other profiles do not show thermostads as extensive

- I S  oh , s c - rvcd in  p r o f i l es  23 and 24 , nor  do any have such i n t e n s e  turbulen-

c c -  be low 200 n _ i t t m’ es .

ric o pa i r s  of p r o f i l e s , 23 , 24 and 28 , 29 w e r e  t a k e n  c o n s e c e m t i v c - h v .

P r o f i l e -  2 3 w as  at 28°0l  T W , 0° 18’S at 1322 GMT on Jul y 16; p r o f i l e  24 -a-as

~ t 2~ ° 03~ W , 0° 17’S at 1435 GMT as d e t e r m i n e d  f r o m  the c l o s es t  s a t e l l i t e

f i i ’i c ., . TI- i c- tu rbu l e n t  Patch s i ze  and i n t e n s i t y  of the two p r o f i l e s  a r e  s i m i —

l a m .  I : e lw c - \  I ’ r , t he  d e p t hs  of the  f e a t u r e s  of p r o f i l e  24 a re  1 0 to 30 m e t  r e - i

sli ;e I l l - a  t - r  t i - i a n  t hose . ’  of p r o f i l e  2 ~~. The depth s of f e a t u  i- e.- s  of p r o f i l e . -  ~3

cc re - u - t e e  iv t h i n  a fe -a  n e t  r e.  s w i t h  t h o s e . ’  r e -co  rded i)y the CTI) me te  r at

e y ° fl I ’  - 00 1 R H  at 1 21 ° ( M T  to 1 305 GMT.  Ti- ic mc’  !fl,cy he some d i s tu  r —

L i n e -  o r  \c~~t \ - cu t  p t ’ - S s i m U i  or  raisinn the fe aluim’ c s of the’ w a t e r  o l u m n n

s a t i _ i p l e d  IV t i _ i c - s e -  p r o l i l e - s . If i t  is l ; e r e e ’  s c a l e -  a n d  l o n g  p e - r i e n i .  i t  n _ i i g h t  

- - - -- -5 ’ - - —------------- - —--- - -5’ -- - --- --5— - -------- -- —5’ —-5’-  ~~~~~~~~~~~~~~~~~~~~~~~ Ce_lu ll
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p roduce  q u a s i - s t e a dy s h e a r s  which  could m a i n t a i n  a uniform Ic-i - el of

teurbemience over the time and t pace intervals observed. The high levels

of t e u r b u l e n c e  observed  in the t he rmos t ad  f o r  t h e s e  p r o f i l e s  may h a v e . -  been

enhanced  b y th i s  d i s t u r b a n c e , and may not be due onl y to the  lo nt  t e r m

av e r ag e- c u r r e n t .

Ti_i c pair  of p r o f i l e s  2-8 and 29 were. ’  t aken  nea r  32 ° 5 9 ’W , 0° 2 ’N at

0917 CM T and 1029 GMT r e s p e c t i v e l y on J um l ~’ 2 3.  Onl y one s a t e l l i t e -  f i x

ic-as ai-ailab lc for t h i s  pair , but I belie\- e’ that actual  p o s i t i o n s  of the  pro-

fil es could differ Lv several kilom .-tres . For t h e s e  p r o f i l e s , t h e  d ep t h s

of features as indicat :’d by t h e  te-m n ?-uratur e si gnals are similar. Above

t h e  c -o re , ti_ i c turhule ’nce le’i c-I is similar for ti _ tes c profile . In the  l o w c -  r

t h e  rm o c l i n e  , t h e -  r - g  ion o~ to r h u l e n e - c  is t h i c k e r  fo r  p r o f i l e  29.  1~~c~ioic

t h e  t h e r m o cl i n e , t he  two t i _ t in  pa tch-t a of t u r b u l e n c e  at 280 m e l m ’ e s  and

360 m e t r es  o b s e r v e d  f o r  profile 28 have  d e c r e a s e d  in i n t e n s i t y  f o r  pm - u -

file 7 9 •  The noise- levels of the g r ad ien t  o u t p u t s  n c - a r  18 F z f o r  t h c - s -  pro-

f i l e s  a r t - h i g h e r  than  f o u n d  on o t h e r  p ro f i l e ’ s , and may h a v e -  m a s k e d  s o n _ i c -

i c c a k  t u r b u l e n ce

An e x p a n d e d  ( -h a r t  m n - c o r d  of p r o f i l e  2 3 is shown in  f i g u r e s  1 (uc

and I (b .  The se c ’xpan dech gr a d i e n t  p rof i l e - s sh ou ~— t he  r e l a t i on s h i p be- t i c  c e r i

t h ~ - i e . l rn i t v  and  t e n p e r a t u _ i r e  m i c r ost  r u i c t u m ’ c ’ . I t c -a n he sec -n t i _ t a t  ‘a l u - r e -

t e . ’ r m m p e  r a t e m  r e -  n - i l  c ro .— t  r u c tu  rc -  i s  p re ’ 51 ’ ru t , at -i t-I bo th  p o s i t i v e  ari d nc ’L at  i i

n _ i i c r e u i - i c a l c ’ t e ’ n _ i p e ’ r i t u m i ’ e. ’ r a t - l i e - u - i t s  a r e - o b s e r v e d , t h e r e - i s  a l w ay s  i a - l u c it v

m i t -  i a - ~t r e i e - t u i r - - (a n t - I  h e - n c c -  t i m r h ) l i I e r R e ) .  T u i r b u m l e n e e  r e q u i m n - s  f I k i c t i t / e t i o n s

c e f  ~i I I  t i_ i r e -c  e c e m u _ i j e e e i i e - n t s  of \ I - l u e j t V  a n d  n _ i i x e : -  c f l u i d .  l e n c e  a l a r e e

- -5 - 5 -  — - - - -  - — 5 ’  — - _ i I ~~~~~,,~~~~~~~~~~ itL
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s ~l~’ l e ’n i _ i p e~’a t u r e -  g r a d i e n t  i v u l l  be b r o k e n  up  in to  n - iany  s m a l l e r  g r a d i e n t s ,

;mnd t i l e  i c r t i c t l  teu rbulent ve.’locities ‘a—il l  t r a n s p o r t  co lder  f l u i d  up ,  i c a r rnc - r

~l y i d  cioic -n and  c -a u se  t h e  positive and ne~ a t ive  t e m p e  r a t u re  g r a d ien t .- o h e  r —

c c l .  \ Vh e ’ r e  t -n -u p e r a t u r e . -  m i c r ost r u c t u r e  is p r e s e n t , but onl y pos i t i ve  tern-

pe i- a t t i r e  r a d i e ’nt ~ arc ’  o b s e r v e d , t i - ic - re  is no v e l o c i ty  m i c r o s t r u c t u r e  ob-

,c  r v e ’d .  f - x a m n p le ’s of t h i s  l a t t e r  type  of m i c r o 1- t r u c t u r e -  a r e  f o u n d  at 6 9 - 7 0 ,

- e n d  9c - r r _ i c ’t  r e -s .

Ti_ i c  po r t  i on  of t h e  r e c o r d  n e a r  69 m e t r e s  has  b eet - i  e . -xpa r dec l  e v e n

i a r d i e -  r in  f i e c i r e  17 . c rc , a l a m - g e  s ca le  te m p e r a t u r e  ~
- r a d i e n t  h a s  t w o

v u i o e \ i r n c ic-h ich e. ’xtend ovc ’r  1.  5 m e t r e s . Many s m a l l  pos i t ive  gr a d i e n t , ,

s e - p a  r a t e d  Lv ab oett  4 cm , a r e  f o u n d  w i t h i n  th i s  l a r r e  e sc a l e  gr a d i e n t . Ti-i c-

e. e l c i c i t y  m i c r o s t r u c t u r e  h e r e  is below the noise.- level . li-i the patch of

m i c r o s t r e i c t u r c -  at 65 m e t r e s , both n e g a t i v e  g r a d i e n t s  and ~on_tc t u r b u l e n c e

a re  f o u n d .  Th i s  r e g ion f r o m  b S to 80 m e t r e s  c o r r e s p o n d s  to th e . -  c o r e -  of

t i _ i c ’  u n d e r c u r r e n t , cc i-i c - r e - one- expec t s  d y n a m i c  - t a h i l i t y  to be t h e  g r c - a t c - ,t .

i h ~- im t e r f ac e  at 69 met  re - s a l so  m a r k s  the- C a l t  core . ’  of t h e  u n d e  r c - c i r r e ’ m _ i t .

~e l O W  t h i s point , sa l i n i t y  decrease-s with  dep th , and the  doub le  d i f f u s i o n

m~I - )  m t - i - i c -  of s a l t  f i n g e - r i n g  is p o s s i b l e .

The.- s m a l l  s c a l e  pos i t ive  t e m p e r a t u r e -  g r a c h i € ’nt s ob sc -  r i - c -c l a t  1 q

n _ i e t m ’ e -; n _ i a y  be t h e  r em a i n s  of a n - i i x i n g  ci ent f o r  w h i c h  ti - i c’ t e c r b t i l c - n c e  ha —

d~~ _ i y~- d .  I , i u i d e ’ n  and  T u r n e r  ( 1 97 5 )  h a v e  suu ov , -n t I _ i a t  i n t e r n a l  i c -/ c i  c - s  c- c t_t

. i  r r v  e c a y f r o m  a t u r b u l e n t  re l ion a s n_ t a l l  f r / e e - t i o i _ i  of t h e  t ut r bmtlc - m _ i t c -m ie- r —

L V  i t  t i l l - u - u -  i s  i s t a b l ~ - ~t r a t t o - d  r e - n  i on  abc-a- c or b eloic- . Th1-  t u i r l _ i u i l e ’ n e e-

~ h u ~i c ’  t i l e -  t o r e -  i m c v  g e n e r a t e  s t i c - h c \ - a i e - s  w h i c h  p r o p e i y at c -  down t h r o u g h

lie ’ c O r e  a n d  v t - n c r _ l I e -  i ir— e t e b i i i t i e s  i t e  t i l e  t o r e . ’ , e e r  — h i r p c - n  l I r e - I d u -
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1 ( 1

- x i  s t i n g  t e m p e r a t u r e  g r a d i e n t s . An i n f i n i t e l y s h a r p  t e n_ ip e r a t u r e  g r a d i e n t

i - i l l  s p r e a d  to 5 cm a f t e r  about  an hour  by m o l e c ul a r  d i f f e i s i o n  (O~ h o r n

/e . n cl Cux , 1 9 72 ) .  Th i s  l eng th  c o r r e s p o n d s  to the  s e p a r a t i o n  of the se . ’  ~m a lI

g m - a t - l i e - n t  sp ikes , and one h o u r  may be taken  as the l age  of t h e s e  spike’s ,

a l t h o ug h it may be an o v e r - e s t i m a t e  of the time.’ b e c a u s e  i n f i n i t e l y s i l a  r~
)

r a c l i e ’n t s  a r e .  not expected in the ocean .

A - e . t c o n d  pos s ib i l i t y  is t i_ tat  t h e s e  ~mall  g r a d i e n ts  may  be g e n t - r a -

te. ’d hi— am -i i n t e r a c t i o n  b e t w e e n  t u r b u l e n c e  and the c o n v e c ti o n  c a u s ed  b y

s a l t  f i i _ t i o e r i m c o . I have e x a m i n e d  the  expanded  n _ t i c r o s t r u c t u r e  g r a p hs  and

have -  foe m nd  t i _ ta t  t e m p e r a t u r e  g r a d i e n t s , ex t end ing  ove r  n_ t o r e  tha t - i  50 cm ,

i c h e re t e u r b e_ i l e n c e  is below the no i se  l e v e l , have  t h e s e  smal l  p o s i t i v e . -

s p ik e s  on t i _ t e r n .  Most  a r e  found in the  v e l o c i t y  core  of the.’ und e r e u u r i - e n t ,

s c > n i c ’  1_ te - low t he  t h e rr n o c l in e , but none above the  s a l i n i t y  c o r e .  I eco ru e e-

t h e i  a r c  al l  in a r eg i o n  w h e r e  sa l t  f i ng e r i n g  is p o s s i b l e .  U n f o r t u n a t e l y ,

l i t t l e , i s  known  about  the i n t e r a c t i o n s  be tween  t u r b u l e n c e  am - id c o n v e c t i o n

set  up  b y sa l t  f i n g e r i n g .

In h i s  Fu m m a r y  of n _ t e a s u rem e n t s  in t h e  P a c i f i c  t i _ i e r n oc l inm e ,

N e s m y t h  ( 1 9 7 0 )  no ted  t ha t  t e m p e r a t u re  n _ t i e - r o s t r u c t e u r e  ic-as o f t e n  f oo t _ id

i c - i t h o e m t  i e l o c i t y  mic r o s t r u c t u  re but  v e l o c i t y  t i _ t i c  r o s t  r e m c t u r e  (i . e’ . , t o rhu —

h e - n e - - )  ‘ a l s  a l w a y s  a c c o m p a ni e d  by t emp e  i - - i t u  re  m i c r o s t r u c tu r e .  Th~ ’

C m e - i  p r o f i l e - s  show re -I’ ions  of t u r b o  lcnce ’  iche y e-  t i_ i c la i - g e ’ se -a le I c  - n - i p e  r a —

to r e -  ci rad  I e . - n t  i s  s t - i _ t a l l  am i d t c m n p e  r a t u _ i  r e m i e .- r o s t r u i c t u  rc si gn a  I s  l i t  - b 1-l  o’a

t 1 i e ~ n O i S e  h e ’e e l  (0 . 00 2 L° / e r r _ i ) of t h e - c i r c u i t . The  iu p p e i- m i x e d i a i  e r  of

P r O f i h -  ~5 aboi e 45 i _ t i e t r e s  Sh OWS t h i s  b c h a i — i ou r , as ( lO e . ’ 3 a 1) 0 1 t  i o u - i  e e l

2 3  ,it 240 n _ i , i n  t h e  t h e - m n _ i o s t a u l .  1mm a l m o s t  c l i  ~~t h e - t ’  I’ - i l O riS 

—~~~~~~ - ---~~~~~ —— - - 5  - -_--- ---~~~~~~~~ ---5 --- -_ --
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/ l c t i \ c t u r b u l e -nce ,t e m p e r a t u re . ’  m i c r o s t  r u c t u r e  is a l so  f o u n d .

B e c a u s e  t u r b u l e n c e  was  a l w a y s  o b s e r v e d  in the t h e r m o c l i n e , a bove. ’

and be low the v e l o c i t y  co re ,  it  may be tha t  the s ea sona l  sca le  v e l o c i t y

g r a d i e n t  is s u f f i c i e n t l y l a r g e  to m a i n t a i n  t u r b u l e n c e  in t h i s  r eg ion.  F~i e n

in the  v e l o c i t y  core , the  t m age h of the t e m p e r a t u r e  g r a d i e n t s  is  l e s s  t h a n

an h our , and the re  appears  to be some p r o c e s s  p r e s e n t  to s t i r  these

w a t e r s  — e i t h e r  shea r  i n s t ab i l i t i e s  or double d i f f u s i o n  or some c o m b i n a  -

t i o n  of t h e se  two.

4. 2 sp e c t r a  of T u r b u l e n c e

.~pec t ra  of t u r b u l e n c e  w e r e  computed to e s t ima te  d i s s i pat ion , e v a-

I cu a te  the  d e g r e e  of i so t ropy and prov ide  a u s e f u l  check  on s e n s o r  r e s p o n s e .

If t u r b u l e n c e  i s  l oca l l y i s o t r o pic at -a-avenumber s  c o r r e s p o n d i n g  to tb1

d i s s i p a t i o n  rang e , then  equa t ion  2. 22 can  be u s e d  to c a l c u l a t e  v i s c o u s  d i s  -

s i p a t i o n  f r o m  a few m e a s u r e m e n t s .  If t u r b u l e n c e  was loca l ly i s o t r o p ic

o v e r  a r a n g e  of iv a v e n umb e r s , then the r e s o l u t i o n  of the  s e n s o r  could be

c le - t e - r m i n e d  f r o m  a c o m p a r i s o n  of the known s p e c t r a l  shape.- w i t h  the  n i t - a s  -

c u r e d .  For  the  m e a s u r e m e n t s  of tu rb u l e n c e  u s i n g  ti-i c Camel , n e i t h e r  ti - ic ’

i’ e~ ~o l u tj o n  of ti-i c probe , not  t he  cl c- g re -c- of i s o t r op y  a r e  we. - I i  kno ic -n .  I e.> ie —

I - c - e r , by c o m p a r i n g  s p e c t r a  f r o m  v a r i o u s  de. -pths , the  r e - s o l u t i o n  c a m - i  be. ’

d c - t e r n _ t i m _ t e d  to an a c c e p t a b l e - d e g r e e  of a c c u r a cy .

T h e r e  a r e -  s c - v e n a l  p r o f i l e s  of m i c r o s t r iu c t u r e  li -on-_ i thi e A T L A N TN

11 c n t i s  c - w h i c h  show m n - n  i ons  in ic-hich om _ te  fl ig  bt c x  p e ’ct  s u f f i  c t - n t  lv l o c a l  lv

j s e n  r I u J ) i C  t u i r b u l t - n c & ’  to  lea ch I l l _ t I  to e x l ) e - e t  a t r u e m o - a l  s p e - c - t r u u n _ t  ( ‘ a I r

L - - - ---5 -- - — — - - - -  - -~~~~~~~~~~~~~~~~~~~~~~~
-- 
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t _ t _ i e ’ / e s ’ ( r e l _ t l e - cc av e -n u m b e r - -i . These  reg ions a - e’ the . -  uppe r m i x e d  l a y e r s

i f  ;)r n t i l u - S  ~5. ~S and 29.  H e r e  the  s t r a t i f i c a t i o n  is low and the m e a n

s h e - c o  r is  h i g h . D i f f e r enc e . ’  R i c h a r d s o n  n u m b e r s  app roach  z e r o  f o r  s - ’ e.- r-

: e .1  11) i _ i - i t t  r e  t i _ i l  ek i/i c r s i t i  the -  Sc ’ p r o f i l e s .  Of t he  two s c a l e  l e n g t h s

‘ - i - c l  i m _ t  s e c t i o n  2 . 5 f o r  th i c’ l _ t i g h i c a v c ’ l c i _ t n t h  l i m i t  of local  i s o t r o p y , t h a i

e e l  ( ) z m i d o v  i s  m o s t  r e a d i l y c a l c u l a t e d . Th i s  l e -n g th  se - a l e  i s

2 . 32a

I - I c r  l i - i c- ( u p p e r l ay e rs , t i _ t i s  s c a l e  is l o n g e r  t han  50 cn_ t  f o r  p r o f i l e  25 , 20

e i _ i  l e e r  p m - o f i l e  25 and  1 5 cm for profile 29. ~ he s t r a t i f i c a t i o n  im t i e

m l  y ) e  l ay e r  of p r o f i l e  25 15 SC) s n_ t a l l  t i _ t a t  m ea s u  r e - a b l e . -  t e n pn r a t u re  and

e l c i _ t d l i c t i c i t y  r a d i e . ’n t s  a t  m i c r ost r u c t u r e  sca les  h a v e  d i s a p p e a r e d  w i t h _ t i n

t h e  ‘ / p p c - r 50 r n e t r c -s , a l t h o u g h v e l o c i t y  g r a d i e n t s  a re  p r e s e n t  at a l l  s c a l e s .

The p o w - r  s pc- e - t r a  of v e l o c i t y  componen t s  f o r  these -  r e-c ions  a r e

s}io\c fl in  f i L - u r e s  18 and 19. The method of calculation is outline d in

:\ p p e m _ t d i x  B. The spec t r a  a r e  f r o m  t h r e e  s e c t i o n s  e x t e n di n g  through al_tout

i ’  t i e 1  r e ’s , and one t h r o u g h  about  8 m e t r e s , r e p r e s e n t i n g  8 1 9 ?  ar _ i d 409 6

d a t a  p c_ ti m~i t s  re. - s p c c t i v e l y ,  and a r e  band av er a c ’e d  as exp l a i n e d  in  A p p e n d i x

~i . [he y have  been  f i t t e d  to the  u n i v e r s a l  F
2

(k / k ) c u r v e  of f i g u r e  5

acco  m t - l i n e  t e e  l i e -  me thod  clesc  r ihec i  by Ste ic -ar t  and Ce r a n t  ( I  9 ( - ) 1 w h i c h  i s

a l s e e  u i e m t l i n e c l  im i  A p p e n d i x  13 . Ti_ t is  me thod  of c u r i e- f i t t i n c i  \ i e l d s  an e. ’ s t u—

m a t e -  of thi e c _ c l u e  of t b 1  v i s c o u s  d i s s i p a t i o n  ~ , a c e - r a c e d  U i - e r  t he  d e p t h

c c c  t re ’ s p o n d i n c i  to t i - i c ’  sp e . ’ct  r cm rn , and  t l _ t i s  c - a l o e -  of ~ is d e n t _ i l  ct - I  a- c ~ u to

i t - i t - l i e  - e I - - l i e  e - 1  i t  i i i  de’ r j y ( - c c- h

L 

F’ c u t  r e  1 8 si~~e ’vs t h e  f i t  of the ’  s p e  C t r a ( n o r in a l iz e d  t m s i m _ t g

- — - - - -- - — --5’~~~~~~~~~~~~~~~~~~~~~~~~ -- - - - --- _  _ _ _ _ _
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~~u ) of p ro f i l e  25 to the u n i v e rs a l  cu rve .  T h e r e  is r e a s o n ab l e  a g r e e - m e - n t

f r o m  log (k 3 / k )  = 1. 3 to - 0 . 5 , which encompasses  the cent re-  of the  clis-

si pat ion s p e ct r u m  G 2
( k/ k ) . At lower w a v en u m b e r s  the  s p e ct r a l  coe ’ff i-

e- i e n t s  f al l  below the F 2 cu rve , due to a hi g h pass f i l t e r  in the — i_ t e a r  cir-

cu i t  w h i c h  a t t en u a t e s  the si gnal  at f r e q ue n c i e s  less  than the  ha l f  power

k
point  n e a r  1 l-lz. At va lues  of log (~~~)> -0. 5 the s p e c t r al  c o e f f i c i e n t s  f a l l

be low the u n i v er s a l  curve .  Beyond the las t  point shown , noise  domina te- s

th~— s p e c t r a .  (The noise  s p e c t r u m  will  be shown in f i g u r e  2-4.  ) The ou t -

put cover s  a smal l  r ange  of w a v e n u m b e r s .  A b r o a d e r  r ange  of wavenurn-

h e r s  ‘.c—ould be d e s i r e d  fo r  compar i son  with the u n i v e r s a l  cu r v e s .

Fi g u r es  18 and 19 a ls o  show power spec t r a  of pr o f i l e s  28 and 29

w h e r e ’  m o r e  a c t iv e  t ct rbu lence  was e n c o u n t e r e d .  H e r e  dev ia t ion  of obsc- r-

k3
vet -I  data f r o m  the u n i v e r s a l  cu rve  beg ins at v a l u e s  of log g r e a t - r  t h a n

-0.  7 , j u s t  beyo nd the peak of the d i s s i p a t i on  s p e c t r u m  G 2 ( k/ k ) wi _ t i c i _ t  is

k 3n e a r  log -n---— = -0. 8.
S

In the  power s p e c t r a  of f i gure- s 18 and 19 the d ev i a t i o n  of t i _ t c  m_ t e ’~ l~~~—

ur c -d  va lie - i S of the s p e c t r a l  c o e f f i c i e t _ t t s  f r o m  the. ’  u n i v e r s a l  c u r v e -  is  about

- I db (- 2 0 ’ )  at ii Hz (—4 cm), amid -3 db (-  50~~) a t  15 H z  (~~ 3 cm) .

- t - c i _ i l L S e  t h i s  h e - i _ i a v i o r  of the  power  ap e d  ra c o e f f i c ie n t s  u s  m _ t c - a r i v  u n i f o r m - i _ i

ove r ;_ i w i d e  r a m - i n I~ of i -a i ctc  s of ~ , I b e l i e v e -  t i _ t a t  s p a t i a l  a v e - r a g i n g  of t i e’

pro be -  ni -_t v he the cause. Ti_ ic cr it e r i o n  of Siddon (1969) is that the sh e ar

p robe  c - / e n  r e . - s o l c e -  to  cv / l v e ’ l e n l ! t h s  as  sn_ tall as f o u r  l i m es t i _ i c ’  I e ’ t _ t L ! t i _ i  S C

c c l  I i i  I -  p r o h e , ivh i ch  is t a k e n  t o  be- t i l e - c l m a n _ i e -t  e r .  The. ’ poic- e ’ r s p c - c t  ma i f

f i - ’ e i r e - s  18 ; c m _ t d  ~~ l I r e . -  I c l c e e l t  I ( I i )  h c - l o ’a  t i - i l -  e m n i v c i ’ s a l  c c i r v e  a t  o - e a v e - I - m - i g l h s

01 I~ e~ l i t  t i ~~ _i o- t h e -  p r obe -  cli e m _ i - i c - I c - n . 1 li ~ - ~
- i i  - Ic r p r ob e  -s  e m s  -d  u - i  t i _ i  i s  sI t i d y

- -- - - - — - -~~~~ — - 5 ’  —- ——~~~ — -- -5’ — - 5 - -  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - e-
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w e . ’r c -  p r o p o r t i o n a t e l y l o n g e r  t i - ian  those  of ,i iddon , and it may be t h a t  t i_ t c-s e

probe ’s are s e n s i t i v e  to c r o s s - s t r e a m  f l o w s  in the reg ion of the probe ’

h a c k  f r o m  t h e  t i p, f o r  i ch i c h  e a s e  the  d i a m e t e r  is no l o n ger  the  a p p r o p r i -

at ~ - l en g t l_ t  c e a l e .

~e ’ a e r a l  o t h e r  p o s s i b i l i t i e s  have . -  been e x a m i n e d  to exp la in  th e

c l i f f e r e m _ t c t ’ s  h e - t w e e n  the  o b s e r v e d  and u n i v e r s a l  s p e c t r a .  The u n i v e r sa l
k

c-u r y e -  of N a s m y t h  ic-as chosen  f o r  computa t ion  of F 2 (1~5 ) b e c a u s e  of t he

beic s c a t t e r  in h i s  s p e c t r a l  c o e f f i c i e n t s  over  a lmos t  t h r e e  d e c a d es  of wave--

m _ i um - r_t H e - r s , the  e x t r e m e ly l a r g e  Reynolds  number  of the t u r b u l e n c e  in t i_ t e

t i d a l  cl_ t a m_ i t _ t e l  i c-here  the n _ t e a s u r c m e m _ t t s  we re  t aken , and  the- c lose ’  agree -

k
rn e- m_ t t of h i s  F (R 5 ) c u r v e  ic i th those  obtained by o t h e r s .  Over  the  r a n g e  of

n o n - d i n _ t e n s i o n a l  iv a v e n u r r _ t b e r s  u sed  fo r  compariso ’-m in f i gu r e s  18 to 2 1 ,
k

t h e ’  d i f f e  r e n c e s  in  shape a m o n g  the Nasmy th c u r v e  of F(1~5 ) , an e a r l i e r

c - cu t -c e by C r a n t  et al . ( l 9 6 2 ) ,  and l a t e r  r e s u l t s  by Boston ( 1 9 7 0 )  a r e  i n s i gn-

i f i e - a u _ t t . Bos ton  foe tn cl  t i _ ta t  h is  data whi cl_ t  had ti ic ’ l~r e ’a t e st  s i g n a l  to nois e-

r. c t i o  II:  r e -c -c l  b e s t  w i t h  Nasmyth tm s results.

l ’ u_ t i v e - r s a l  nei l - v t - s  mi g ht depend  upon the  deg r e - c  of i n t e r r n i t t e m _ t c- e of

t h e - t u r b u l e n c e - ;  a d e p e n d e n c e  mos t  n o t i c e - a b l e . -  as  a c h a n g e  in curvature- of

t i _ i 1  l I n e , c , H of t h - - sp e c t r a  (Pot -id , 1965 ai-i d N a s m _ t _ t y ti _ t , 1970 both  d i s c - t i - - i s

t i t s i . I i_t c i e  t e s t e d l  n_ty s p c - c t r a  i c - i t i _ i  a r o u n i_ t  t e st  u se d  bc. N ; c s m _ t _ t y t h  (1 °70)

u e n  I _ i s  d c l i  a n d  fo u nd m o  a p p r e e  i l I h i e  d i f f er e n c e  in d egr e e  of i i _ i t t - r m i t t e n c e

Oe ’ t c ’ . e n  t h c -  tve o set s  of ( I / I t / I . If i n d e - e - d  i i _ i  i n t e r t n i t t e m _ t c y of t l c  t r t r b e m h ’ t _ t c c -

i / e S  r e dumc - c’d t h e  c - t m  r y / I t c i r e ’  of t i _ t e. l l l c t - i e,e C l  of th c u r v e - , i t  m i _ i c y  a f f ec ’ t 
—

\ e s u u i c t i _ t ’ S au -I my c h - t t i i n  e. s i m _ i u l a m  ce - av .

- -5- -- ~~~~~~~~~~ —— - 5’.— —-—-- - - - -~~~~~~~~ -5’-- -~~~~~-- - -- - - - - - ------ - - - — — — -  - ________
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The t r a n s f e r  f u n c t i o n s  of all the f i l t e r s  and amp l i f i e r s  hac- e bee- n

checked ( see  Appendix  C) and t h e i r  hig h f r e q u e n c y  ro l l -o f f  cannot  be the

c a u s e  of the hi g h f r e q u e n c y  ro l l -of f  of my s p e c t r a .  H o w e v e r , a b e . ’t t c - r

a g r e e m e n t  can be found fo r  t h e s e  spec t ra  if the actual  s ens i t i v i t y  of the

s i_ t ea r  p robes  is g r e a t e r  than the cal ibrat ion value .  A hi g h e r  s e n s i t i v i t y

k
-
‘ 

would g ive c l o s e r  a g r e e m e n t  be tween  the F 2 (~~~) c u r ve  and ca l cu l a t ed

s p e c t r a  at hi g h w a v e n u m b e r s. For example , the sepa ra t ion  between t i _ i c

k
ca l cu l a t ed  spec t r a  and the F 2 CR 5 ) cu rve  d e c r e a s e s  to about  1 db at 15 Hz

f o r  l )rOf i le  29 if the sens i t iv i ty  is i n c r e a s e d  by 40%. Such an i n c r e a s e  is

s e r e a t e~r than the expected e r r o r  in the ca l i b r a t i on ;  it is un l ike ly that  th i s

e f fec t  can explain all  the sudden ro l l -of f  of the spec t ra , but it n -m ay con-

t r i b u t e  some appa ren t  ro l l -o f f .

T h e r e  is the poss ib i l i ty  that  the t u r b u l e n c e  does not fo l low a uni-

v e ’r s a l  c u r v e  at the  w a v e l e n g t h s  r e n s e d .  The l e n g t h  ‘b noted at the.- be.~g i nn -

i n n  of t h i s  s e c t i o n  is onl y a g u id e l i n e , as no r i g o r o u s  t e s t s  of l oca l  i s o t r o py

at w a v e l e n g th ‘b have  been  made.  T h e r e  a r e  s e v e r a l  t e s t s  f o r  l oca l  iso-

I ropy w i _ t i c - h  can be app lied ( e q u a t i o n s  2 . 18 and 2 . 1 9 ) ,  w h i c h  t e . - s t  f o r  tb _ t e

c o u _ t d i t i o n s  upon wh i c h  the  K o l m o g o r o f f  h y p o t h e s e s a r e  based .  Of t i_ t e . ’ s e ,

I c - an  t e - s t  onl y the r e l a t io n

~~ (h3 ) <P22 (k3) 2 . I S

For  t h e  s pe c t r a  ~h ow n  in f i c u r e s  18 and 19 t he  sp e c t r a l  c . - a l e . m e - s  of

a n t - I  ~) , (1< -i ) a ppe. ta r to i _ i c -  n e -a  r i  y e q u a l . The- r a t i o

--- --—5’- -  -- p ----- - - -- -- - - — - - -  5’
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c i  

J ~~k 3
2

q 2 (~~3) d ~~ 
4 . ’

cle - t e r m _ t _ i i n e c l  f r o m  f i t t ing  each u n i v e r s a l  cu rve  takes  values of 1 . 1 , 1. 1 ,

1. 0 , 0 . 7  f o r  f i g u r es  18 and 19. These va lues  a re  as close to 1. 0 as the

e r r o r s  in c u r v e  f i t t i ng  wil l  al low. This t e s t  g ives suppor t  fo r  the pre-

s1- r i c e ’  of local  i so t ropy ,  but does not prove that  it is p r e s e n t .  The spec t ra

do f o l l ow  a u n i v er s a l  c u r v e  at w a v e l e n gt h s  g r e a t e r  than 4 cm , and f a l l

b~-ho c i  l1_ t e u n i v e r s a l  cu rve  at s h o r t e r  w a v e l e n g t h s .  I cannot -  prove  tha t  the

c ~c l c u i e i e d  5p e c t r a  a r e  of local ly i so t ropic t u r b u l e n c e  or tha t  they shou ld

fe _ ti lo w a univer sal spectrum S

Such sp a t i a l  ave rag ing of the probe would a t t enua te  f l u c t u a t i o n s  at

h i l ’ i_ t w a v e n u n_ t b c r s .  This is not a problem for  the t u r b u l e n ce  found  in the

uppe r l a y e r  of p r o f i l e  25 (f i g u r e  18) whe re  the a v e r a g e  va lue  of £~ f o r  the

~~ 11 ft 3 ) s p e c t r a  is 2 . 7 x l O  ~ cm
2

sec~~~. The peak of the  d i s s i pat ion

s p e c t r u m  is at k . l 6k ~ . 16( ~ 
~~~_ 3

) 4 , which has a cc -ave- leng th  of 10 cm.

I l o cv e -ve r , the  l a r g e r  va lue  of ~~ de te rmined  f r o m  the s p e c t r u m  of p r o f i l e

~ J f r o m  35 to  51 m in fi gure 19 is 7. O x l o 3cm
2

sec ~~, and the  ~)eak of

t i _ i c  c o r r e s p o nd ing d i s s i p a t i o n  s p e c t r um  is at 4 c n .  T i_ t i s  peak l i e s  c-los e-

l e e  t i _ i e . ’  \e i i i  e’ l e m _ t g t i _ t s at w b _ t i c h  spa t ia l  a v e r ag i n g  o c c u r s , and v e l o c i t y  f l e u d t u l u  -

i o u _ i s  a t  sn _ t a l l  ic-a c e - l e n g t h s  (i_ t i gh ic . - avenutnb e . ’  r s  ) w i l l  he n_ ti  s sc -d .

In f i g c i  m e -  20, a grapl_ t of C , ( k / k 5 ) v s .  k / k s is shown for t i _ t e . -  t i _ n e c

r e - ’ . i O t _ i 5 r e - p r  e -n t e d  in f i g u r e s  18 ant-i 19 whicl_ t have- a large range - in ~~
1<

i- ; c i i ; c l i u _ i n  2 .  2 c ,  i s  u s e - d  t o  ( h t ’ t i \ t  (~~~(~~~ h f r o n _ i  t I _ ic ’  n _ t u ’ a s u u r c - d  .s p e . ’ d t r / c  of

- 5’ -— - — . —— —- — ——- .- ~_ ____ - —- — — ~ .1- 5’ ‘5 ’ ’
~’ * & M C c - ’
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— 
~~~ i l ( k - _ i, ) and (p 22 (1< 3 11 and the va lue  of £0 r equ i r ed  fo r  t h i s  c a l c u l a t i o n

is de - t e  r m i ned  f r o m  the f i t  of the 
~~i 1 (k 3) and p22 (k 3 ) sp e c t ra  to the  u t _ t i  -

y e -r s a l  c u r v e ’ , as ou t li ned  in Appendix B and sec t ion  2. 4. The v a l u e  of

~~ is not  i n fl u e n c e d  by the spa t i a l  averag ing of the probe , and i ’i scos i t y

c i _ t a u _ t g e s  a r e  small . m i_ te c a l cu la t ed  s p e c t r a l  c o e f f i c i e n t s  of G 2 ( k/ k 5 )corr-

c ’S u _ ie~~ d c lose l y to the  v a l u es  d e t e r m i n e d  f r o m  N a s m y t h ’ s c u r v e  ( c l o se d

e - i r c l e s )  onl y when the  d i s s i p a ti o n  r a t e  is low , a s  found in p r o f i l e  25 .  At

h i t - h e r  d i ss i p a t i o n s , the . -  m e a s u re d  s p e c t r a l  va lc ies  beyond the peak a r e

sm a l l e r  t h a n  e x p e ct e d  — - an i n di c a t i o n  of th e- d c - g , r ee  of spat ial  a v e r a g i n g

t a k i n g  placc - . N o t e  t i_ tat  e v e - n  at a d i s s i , a t ion  ra te  of 7. 0 x i 0~~~c:m~~sec
3 ,

th~ probe.’ can resolve almost to the peak of the spectrum.

In f i gc ir e  2 1 , I h ave ’  plo t ted  the ra t io  of the dis s ipa t iom _ t  ob ta i t _ t e cl

f m - o m  a f i t  to t u e  u n iv e r s a l  cu rv e ~~~ 
) to that  d e r i v e d  from the meascired

v e l o c i t y  gr a d i en t s  (E u-V , ) ,  u s ing  equat ion B - l 4 b .  The absissa is the

l~ol r_ t_ iogoroff microscale ksM = ~~~~~~~~~ Spectra from patches of turbu-

1k ’ i i c e ’ b e l o w  the  t h er m o cl i n e , as wel l  as the uppe r n_ t i x e d  l a y e r  ic - c -re-

e v a l u a t e d .  TI_ tc ’ l a t ter  a r e  found much c lose r  to  t h c  l i n e  d r a w n , ic- I _ t ic - h  is

1 i c - c - n  by

Cu — . ~~~~ 

ce ~~~~ ~~~~
1

i~~c~~ > Z .~~ ~~~

J b  F~ ( t ’ , < 2 -5 -~ 
.

l ’ I _ t e s e ’ f o r n _ t c i l a e  ic e- re  u m s e d  t o  c- o r  re -c t  v a l u e s  of v i s c o u s  di  ss i pat ion ~ .

l l _ te  t i i e l I _ t~~d u - i f  c a l c u u l a t i n g  ~~M is d i s c u s s e d  in s c ’ e t i o I _ t  4. 1 . The loic c - r  l i t _ t n t

15 , at _ i t - I  sot_ t i e of t b -  cl e p a r t e t r e  ( i f  d a t a  p o i n t s  f ro m t i _ i c  f i t  I r e

1 1
e 

~‘lv  c l i m e -  l e e  t i _ i c -  n _ t e - t i _ t ocl  of c / e I ( i u l a t i i _ t l ’  6M . ~~~i _ i e  l a m - n e - s t  r l e - p i r t c i r e ’ s  ee l  d a l e
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---5’ -—---- -- 5’— --— - -



_ _  -‘ 
~

-—-5 -

~~~~

- --5’-— - —5’5’-- —----5--- - 

I

78

point s f rom the line represent ing the correct ion formula are  50% or more ,

hut  almost all values of fal l  within ~ 30% of the value predicted by the

formula.

Spectra of turbulence in reg ions below the well mixed layer a re

shown in f i g u r e s  22 and 23. The e f fec t  of stable s t r a t i f i ca t i on  fo r  t hese

prof i les  may be cons iderable, and local isotropy may not be found even

at the wavenumbers  of the d iss ipat ion spec t rum.  These spec t ra  and

o t h e r s  f rom such reg ions show more var ia t ion  than those of the upper

mixed layer , not onl y f r o m  the un ive r sa l  curve , but also f rom each other

and this  va r i a t ion  is apparen t  in the values of €~ plotted in fi g u r e  23 pa r-

t i c u l a r ly fo r  ~~&4 cm l~ Some spect ra  r i se  up at low wavenumber s,

l i ke l y due to the py roe l ec t r i c  e f fec t , noted in sec t ion  3. 1. The g r e a t e s t

d e p a r t u r e  of t hese  spec t r a  f rom the un ive r sa l  curve  is at low w a v e n u m b e r s,

ari d much  less  depa r tu re  is found fo r  log 1~~ )  -0. 8 (i .  e . ,  at w a v e n u m b e r s

beyond the d iss ipation peak)  once the e f f ec t  of spa t ia l  averag ing is  account-

ed f o r .  Hinze  (1959 ,  p. 2 5 5 )  shows that the p r e s s u r e  ve loc i t y c o - r e l a t i o n

and the c-i scou s f o r c e s  are more  e f f i c i en t  at hi g he r  w a v e n u m b e r s  in equali-

z i n g  the- th ree  tu rbu len t  veloci ty  components . Hence , th e- t e n d e n c y  toic-ard

i s o t r o p y  is g r e a t e r  at hi g h w a v e n u m b e r s  at d i s s i pat ion s c a l e s .

4. 3 D i s s i p a t i o n  P r o f i le s

For t h e  dig i t i z e d  data of p r o f i l e s  d u r i n g  the  c r eu se of t i m e  ATLANTIS

II a f a s t - F o u m r i e r  t r a n s f o r n_ t  was computed  f o r  e v e r y  co n s e - c e c t i v e ’ 1024  da ta

p o i n t s  (about  2 met r e ’s de pth ) .  The ’  i n p u t s i g n a l s  of ~~~~~ - and  ~~~~? , ic- c ’ r e

______ _  - -— - - - - - — - - -~~~~~ 
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f i l t e r e d  as desc r ibed  in A ppendix C. These f i l t e r s  cons i s t  of one hi gh

pass (-3db  at 1 H z )  and two low pass f i l t e r s  (each is -3db at about 60 H z ) .

In addi t ion the d i s c r i m i n a t o r s  a re  -3db nea r  80 Hz and 60 Hz fo r  ~~ Lt e/~~~

and ~~U-%/~ r espec t ive ly, and roll off at 18db per octave at hi gher  f r e q u e n c i e s .

The measured  dissipation ~~ was estimated by use  of the formula

= 
~~~~~~~~~~ )

Z 
= ~~~~~~?~cL ~a 1 2

~ a a5o e~ev 2./ L(/02’1)2 J~ j c J B l4b

as explained in Appendix B. The values of and are the low and high

l i m i t s  of the t r a n s f o r m  va lues  which are  dominated by shear  si g n a l s  as

exp la ined  below. A s imi la r  e x p r e s s i o n  for  ~~~~
-
~~~-- is computed;  each of

t l _ t e se  e s t imates  of d iss ipa t ion  is cor rec ted  fo r  spatial ave rag ing of the

probe using equation 4. 2, and the average  of these two c o rr e c t e d  va lues

is chosen  as the dissipation of the two meter  in terva l, and is r e f e r r e d  to

as . For ca lcu la t ing  the values of ~~ in sec t ion  4. 2 , the u n c o r r e c t e d

v a l u e s  of E u-i a re  used .

The va lues  C(j )  a re  the t r a n s f o r m  values  r e t u r n e d  by the FFT .

The a d v a n t a g e  of ca l cu la t ing  ~~ in th is  way is tha t  only t r a n s f o r m  va lues

at f r e q u e n c i e s  w h e r e  si gnal  dominates  noise a r e  inc luded in the sccrnmat ion

(e ’qua t ion  F l - l 4 - b )  to e s t i m a t e  L u-i . To d e t e r m i n e  at which  f r eq u e n c i e s  the

s i g n al  d o m i n a t e s , the s p e c t r a  of log (k 3 )
3 

~~ 11 (k 3
) and log (k 3 )

3~~ , ,( k 3

v e r s u s  log I c ie r e  plotted fo r  each FFT of 102 4  data points , and some- of

t h e s e -  sp e d ra a r e  shown in f i g u r e  24. These  s p e c t r a  p r e s e r v e  the  rela-

- - - - ~~-, &L lt /tm vc’ c i e n t r i e c t i o n s  to the vartance of ( i’~x~ ) and ( i~~ x 3 ) at each f r e —

qu le n c y ,  and ic-crc e m p loyed  onl y to dete ’  r n _ t i n e  I l _ i c - S c -  r e l a t i ve  c - e e c _ i t  r ib u t  ions:

—- -5 - - -  - - -- 5- - - - -- - 5 - - -— -5’ --~~~~~~ -- -  -5’-—-~~~~~~~ - - - - - - - -  - - - - - --5 - I -
~~~~~
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h e n c e  t h e  va lues  of the o rd ina t e  axis  a re  a r b i t r a ry .

The uppe r s p e c t r u m  in fi g u r e  24 is typica l  of a reg ion of v e r y

i_t i~~i_t d i s s i p a t i o n .  The -shea r  signal  dominates  the noise  at all f r e q u e n c i e s

up  to about 30 Hz , and Fou r i e r  t r a n s f o r m  values  at f r eq u e n ci e s  up to 30

Hz  we ’re  summed, a l thoug h values  at f r equenci e s  above 20 Hz made a v e r y

s m a l l  c o n t r i b u t i o n  to the total .  The spec t rum below , wi th  Cu-c . 0021 cm 2

S ee , has a peak at 23 Hz due to a v ibra t ion  of the probe , and c o e f f i c i e n t s

ic- C - r e  summed only up to 20 Hz. The next s p e c t r u m, with Ce-_i~ . 000025 cm 2

se’c 3, shows a low peak in the shear spec t rum, with the noise  dominat ing

the si gna l  at f r e q u e n c i e s  above about 15 l I z , and coe f f i c i en t s  at f r e q u e n c i e s

beyond 15 Hz were  not included in the summation.  Two s p e c t r a  in the

lou- e’r p a r t  of f i g ur e  24 show reg ions where  the si gnal  was weak at all

f r e q u e n c i e s . At some depths , where  the t e m p e r a t u r e  chang e was l a rg e

and s h e a r  si g n al s  weak , a hi g h pass di g ital  f i l t e r  was employed (-3db  at

about 1 H z )  to remove  low f r e q u e n c y  enel’gy caused  by the p y r o e l e c t r i c

e f f e c t , which may have u u l e a k e d m i  to hi ghe r  f r e q u e n c i e s  in the FFT compei-

t a t i o n  and domina ted  shear  si gnal s . The dashed  l ine in the  s p e c t r u m  at

the b ot ton i  of f i gure  24 is f r o m  a r eco rd  which has been di g i ta l ly f i l t e r e d .

The solid l ine is a s p e c t r u m  of the r e c o r d  be fo re  di g i tal  f i l t e r i ne .  Ti _ i c - r e -

is no peak in either spectrum bc- t~ c - e e - i _ t  1 ant-I 15 Hz , and no d i s s p a t i o i _ t

could be es t i m a t e d . It was found that  fo r  spec t r a  w h e r e  no peal- c a p p c - .* c - ,

be t ic- c - en  f r eq u e n c i e s  of 1 and 10 1~ z the ’ c ’ s t in _ t a t ed d i s s  i p c t  ion  b a s e -n

t h e  J~
5’ e e 1 r j C ’ r t r a n s f o r m  v alu e s  b e tv e ’e i_ t 1 and 10 Hz (of c1i e : ’ -~hv 

-

d a t a  if n u ’ce - s s a r y )  was  less  ti_ ian 4 x l 0~~ u f l _ i ’~Se e. — 
.
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Figure 24 Dissipation spectra of various individual 2 metre sections of
profile 23. A digital filter removed variance at low frequen-
cies in the dashed line spectrum . The units on the vertical
scale are arbitrary .
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chosen to represent the background noise level.

It is likely, especially for reg ions of low dissipation, that the hig h

pass f i l ters  removed shear signals at low frequencies because spectra in

reg ions of low dissipations peak at lower frequencies .  In fi gure 21 it can

be seen that the values of~~~ excee d ?.,~by about 15% at low values of kSM

and h ence low va lu es of ~~ . The estimated value ~ u is not disturbed by

f i l te r ing  at frequencies  below 1 Hz , while~~M is , so the difference between

these two may be due in part to the filtering , and the correction formula

(equation 4. 2 1)  which was applied to each individual 2 metre estimate of

£M should recover some of the lost dissipation.

The hig h f requency limit of the summation of the C(j)C *(j)  is

general ly a function of the rate of dissipation, but in many cases it was

di f f icu l t  to determine where the shear signal ceased to dominate spectra

such as the middle one in fi gure 24 , where the uncertainty of choosing a

hi gh f requency limit in the vicinity of 10 Hz results in an uncertainty of

about 10% in ~~ and adds to the uncertainty of the estimate of ~ . How-

eve r, it is generally a random error  and an average over many spectra

may reduce the uncertainty. The transition between signal and noise in

spectra  of reg ions of hi gher dissipation is sharper , and uncertainties less .

• Portions of the signals of ~~y and contain spikes which
3

were  removed from the dig itized record before the FFT computation and

replaced with zeros.  Often these spike s were very  narrow , due to a brief

dropout in the signal leading into the d iscr iminators .  Because this si gnal

was not low passed f il tered , these spikes remained narrow , and dis turbed
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little of the surrounding di g itized record. Where the spikes occupied a

signif icant  portion of the record for  either of the ~~~~ or ~tzy signals ,
D’X 3

the other was used alone to estimate ~~~~~~~~. If both signals were fouled

extensively, no dissipation was estimated.

The plots of these dissipations are shown in fi gures  25 to 30

together  with the profiles of temperature, salinity and sigma-T provided

by Dr.  Katz and profiles of eas t -wes t  current  relative to the cur ren t  at

300 metres  provided by Mr. Bruce. The scale for  the dissi pation is

logari thmic.  The magnitude of the dissipation in the 2 metre depth inter-

vals is indicated by the position of the ri ght side of the bar. The left side

is at i O
_ 6

cm 2 sec
_ 3  

and the noise level of the system corresponds to a

dissipation of 4x10 
6
cm2sec

_ 3
. In regions where no bars  have been

drawn , both shear signals were extensively conta’- • ~ed by noise. This

usually occurs just  below a reg ion of large tem 1 ~re change.

The estimates ofC M rely upon the sensitivity of the shear probes

and the kinematic viscosity of seawater , both of which change with temp-

erature  (th e pressure  effects  may be neg lected). To account for these

ch anges , the temperature of each 2 metre spectrum, determined f rom the

thermis tor  outpu t , was used to correct  the values of sensitivity and vis-

cosity.

The viscosity was computed f rom the formula of Miyake and

• Koizurni (1948) .  Relative changes in density were  less than 0. 5% and the

average densi ty of all profi les  was used for  the est imates of 
~~ M . (Th e

resu l t ing  e r ro r  in ~~ is less than 1% and has been neg lected .
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The l a r g e s t  fac tors  cont r ibu t ing  to the e r ro r  in est imating ~ a r e:

(a)  The e r r o r s  in calculat ing (1~~ )
t 

and (~~~ 
)
~ de r ive f r om e r r o r s

in the sens i t iv i ty  (± 2 0 %) ,  f a l l  speed (±3%),  the spectral  summat ion  ( ± 10%)

and the c i r c u i t  cons tants  K 1 an d K-4 ( ±5%) . The values o f (~~ )
2 and 

~~~~~ )
a

v a ry  as the square  of the sens i t iv i ty ,  the four th  power of the f a l l  speed ,

the f i r s t  power of the spec t ra l  summation , and the square of the c i rcui t

ca l ib ra t ion , and assuming these e r rors  are  random the total is

L (~~~~~~~~ (~~12 )
Z 

(~~~)
2 ~~~

(
~~t ) 2 ]  - 45

to z i ve about a 45~~: er r o r .

(b)  The e r r o r s  in the co r r ec t ion  f o r m u l a  (equation 4. 2 )  based

u pon the sca t te r  of the points appears  to be 30%. However , the va lue  of

~~~ de pends l i n e a r l y upon the sens i t iv i t ies  S1 and S2 and the c i r c u i t

cons tants  K 1 and K 2. A sys temat ic  e r ro r  in these  values  could i n t roduce

addi t ional  e r r o r s  in to the correct ion formula , and I have al lowed a va lue

of 50% for  the total e r ro r s .  The correc t ion  fo rmula  boosts the va lue  of

~ by a f ac to r  as l a r g e  as 2 . 5; that is , it accounts  foa i as much as 60% of

the f ina l  es t imate of the  d i ss ipa t ion, and a 50% e r ro r  in the fo rmu la  w i l l

~ ive a 30% e r r o r  in the dissipat ion .

(c)  The e r r o r s  due to the assumption of isotropy are  noted in

sec t ion  2 . 5 , and may lead to an overes t imate  of a lmost  50%.

A sum of the er r o r s  a+b+c i’ives  a total  e r r o r  of somewhat more

than  a f a c t o r  of 2 , and th e sum (a~~+b 2 +c 2 )2 is somewhat  less than 2 but

it is un l ikel y that  the  e r r o r s  would combine to g ive  t he  w o r s t  case .  It

is a lso un l ike ly that  the er r o r s  a re  random , as t he s e n s i t i v i t y  a f f e c t s  the  

--—~~~~~~~~~~~ --_ -—~~~~~~~~~~~~—- - •----~~~~~~~-- -~~ ~~~—-— -_ ------ -~— _ _ _
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e r ro r s  (a) and (b) in the same direct ion.  Hence the possible e r r o r  in the

diss i pations plotted in fi gu r e s  25 to 30 is a fac tor  of 2.

These d iss ipa t ion  prof i les  put in quanti ta t ive  t e rms  the p rof i l es

shown in f i g u r e s  9 to 15. I have discussed the uppe r mixed layer and

u ppe r thermocl ine  in sect ion 4. 1 , and noted that it is always turbulent

above the u n d e r c u r r e n t  core .  As an indication of the re lat ive magni tudes

of the diss i pat ions , I have calculated average  dissipations over severa l

reg ions , and compiled them in Table III. Of these ei ght prof i les , six

a re  at or reason abl y close to the latitude of the velocity core.  Profile 20

is ou t s ide  the  u n d e r c u r r e n t, as indicated by the veloci ty  prof i le  in f i g u r e

26 , and profi le  25 was located in a reg ion where the maximum eas tward

f low had a m a g n i t u d e  of 5 c m / s e c . According ly, these  two are  not rep-

resenta tive of the u n d e r c u r r e n t , but they are  of in te res t .

The ques t ion  of how representa t ive  these six profi les  are  a r i s e s .

These a re  samples throug h th e unde rcu r rent , and althoug h more prof i les

would be des i rab le  the va r i a t ion  in rates of diss ipat ion above the core

f r o m  one prof i le  to the next  is not l a rge  compared to the depth va r i a t i on

of the rate of d i s s i pat ion f or a g iven prof i le .  For example , the a v e r a g e

rate of d iss ipat ion in the reg ion of in tense  turbulence  above the core  found

in p rof i l e  18 is 3~ ti mes g r e a t e r  than found in the same reg ion of p r o f i l e

23 , but 200 t imes  g r e a t e r  than typ ica l l y found in the core .  I noted in

section 4. 1 that this  pat tern  of tu rbulence  was observed above and in the

co re by oth er  inves t iga to r s  ( C -r e g g ,  1976 and Bilodeau , personal  conrimu-

n i c a t i o n ) .  This  ttirbii1ence may be ma i nta i ned by the Reynolds stress v i r ~ -

‘)u the local mean shear ,  and may not be ~nte rmit t e t i t1y  ~zene ra ted .

• - -- -- - - - - - - ~~~~~~~~~~ - --- - -- - - ---~~~~~ -—-— - - - - - — -•—- _ _ _
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If one measures a short term current profile through the under-

current , say of the type taken by Mr.  3. Bruce on the ATLANTIS II , it

will  not d i f f e r  appreciably (i .  e .,  by more than 50%) f rom a cu r r en t  ave-

raged  over  a month or so at the same spot. Hence the l a rge  scale  shear

wh ich cene ra t e s  the turbulence is grea t ly in fluenced  by the long terni

a v e r a g e  cu r r en t , and var ia tions in the intensi ty  of t u rbulence  (and also

the rate  of d i ss ipa t ion)  may not be l a rge .

Thu s these ra tes  of dissipat ion in Table III should be r ep resen ta t ive

of the u n d e r c u r r e n t .  This situation is d i f fe ren t  than e lsewhere in the

oceanr , where  f luctuat ions of cur ren ts  are usually much g rea t e r th an th e

ave rage

These  ra t es of d iss i pation are lowe r than reported in the l i t e ra ture .

The hi ghest  average  rate is 0. 007 cm 2 sec~~ for  profile 18 , and is lower

than the ra te  of 0. 08 cm 2 sec 3 reported by Williams and Gibson (1974) in

the Pacif ic  Equator ia l  Unde rcu r r en t .  Moreover , th ese inves t iga to r s  re por t

s imi lar d iss ipat ions  at 0°and at l°N , whereas  the values  in Table III sugges t

lowe r rates of dissipation away f rom the equator.  Values of ~ reported by

Rel yaev  et a l .( 197 5b)  are of order 0 .1  cm 2sec 3, and allowing that their

repor ted  values for  the Atlantic Equator ia l  Unde rcu r r en t  r ep resen t  reg ions

of i n t e n s e  t u r b u l e n c e  which may be a fac tor  of ten hi g her  in dissipation than

an a v er a L ” - over  a l a r g e  reg ion , their  values become 0. 01 cm 2 sec 3 , which

~t r c  i.~ r ( - a t l - r  by a f a c t o r  of 3 than  the ave rage  of my e s t i m a t e s .  However ,

t h e i r  v a lu e s  show no si~~ni~ i can t  depth va r i a t i on  of ~ between 36 and 140

m et r e s  and the r e su l t s  noted in ~ectiori  4. 1 and in Table III i nd ica te  that 

— --- ---- - —- - .•-- — —---— ——-----—- - - —-- -- ----— — — -5— - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~iill ~~
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the ra tes  of d i s s i pation do va ry  by severa l  f ac to r s  of ten over these depths .

To attempt to es tabl ish the expected magnitude of E at th e equator ,

I have  determined the estimated values of rates of exchange of energy

among the var ious  te rms in the energy balance for  the average and fluctua-

t i n c motions , and these are discussed in the next section.

4. 4 E n e rgy  Balance in th e U n d e r c u r r e nt

(a)  Balance for the Fluctuating Motion

Some of the te rms  in the balance of energy for  the average flow

mus t  be de te rmined  f rom the balance for  the turbulent  motion , and this

l a t t e r  balance wi ll be d i scussed  now. The full  equation is:

— -!~~~!
‘ -~~~

-
~~~~~

i 
_
~a3~~ -€.  ~e&4~~/~ 2 11

dt ~~~~~~~ c~ X~

and an ave rage  at the lat i tude of the core over the meander ing  period of

16 days is de s i r ed  so that~~~~~~ . Table IV shows values of ~U~/ der ived

f r o m  the cu r r en t  meter  prof i les  of Bruce and Katz (197 6)  and labelled aye-

r a ce  ~hea r , and the values of ~ f rom the Camel. Nei ther  is a 16 day

a ver a g e , but if the indiv idual  m e as u r e m e n t s  fo r  the four  prof i les  a r e  ave-

r ag e d , they  may r e p r es e n t  more  closely a long t e rm average  at the core .

The d e p t h s of f e a t u r e s  of p rof i l e  24 do not match those of prof i le  23 , nor

t h o s e  of th e  CTD , and so p ro f i l e  24 was not c o n s i d e r e d .

For  each  depth i n t e r v a l , I have a s sumed  that~ ~~~~~~~~~~~~ and have

n e g l e c t e d  the  c o n t r i b u t i o n  of u 2u 3 ~U ? /~~x 3 to the t u r b u l e n t  e n e r g y  produc-

l ion. H ’nce - i~~~3~~~~/ (~~U 1 /~~x 3 ) a n d  t h e  c o m p u t e d  v a l u e  i s  l i s t e d

i n  T~t b l e  I V . O v e r  m o s t  d e p t h s , t h e  v a l u e  of k~~~_* i s  m u c h

1

L _ _ _ _ _  _ _ _ _
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Profile 22 Profile 23

depth ~U1 c —pU
1U 3 VV depth at,1 ~ —pu 1u 3 ~~

(m) (sec l) (-~~~3
) (

~~
-
~

2) (~~~~~~~~
) Cm) (sec~~-) (

~4~fl2 ) (
~~~

2) 
~~~~~~~

(x103) (x103) (x103) (x103)
20 — .022 .16 —7.3 3 

20 — .005 .009 —1.8 .4
30 — .023 4.2 —180 8 — .002 .17 —85 40

— .017 1.5 —88 5 50 — .012 2.2 —180 15
— .057 .037 — .065 .01 60 — .042 3.8 —90 2
— .049 .030 — .061 .01 70 — .031 .20 — 6 . 5  .265 — .02 7 .091 —3.4  .1 

~~ 
.023 .015 .65 .03

~‘4 - ”~ — .018 .020 —1 . 1 .06 98 .00024 .037 154 6.4x10 5

112.5 .026 .24 9.2 .4 148 .0088 .093 11 1

Profile 28 Profile 29

— depth PU1U3 ~~~ dept h aij 1 ~ — pu 1u 3 ~~

2 m 2 1 m2 m
(m) (sec~~-) (— 3) (

~~~
2) 

~~~~ 
(m) (sec ) (

~~~~~~~~~~ ) (- -
~~

-
~~~~~ ) 

(-
~~~~~~~~)

(x10 3) (x103) (x103) (x103)

— .012 1.9 —160 10 — .012 1.6 —133 10

40 — .008 7.0 —880 100 40 008 3.4 —425 50
50 — .040 8.3 —210 ~ 50 — .040 7.3  —182 5

~~ 
— .020 .40 —20 1 

~~ 
— .020 2 .6  —130 7

65 — .010 .47 ‘~~ 65 — .010 .30 —30 3
72 ~ 

— .027 .059 — 2 . 2  80 72 ~ 
— .027 .027 —1.0 .001

— .0063 .032 —5.1  1 90 — .0063 .67 —106 20

~ .031 .012 .39 .01 .031 .015 .48 .02l07.~ .020 .73 36 2 107.5 .020 .69 35 2
140 .013 2.0 150 11 140 .013 1.4 107 8

Table IV Values of 3lJ 1/~lx3 from data of Bruce and Katz(1976) and E

and derived values of —u1u3 and 
~~ 

, the vertical eddy

viscos i ty .

_ _ _ _  ~
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smalle r than ~~~~ , and ~~~~ will also be smaller (assuming the stress
~~t3 2 3

var ies  as the shear) .  There are some depth s where ~~~~~~~ is comparable
Q 

~~3

to ~~~ , but these are in the core or shallow depth s away f rom the reg ion

of h ighest  dissipation, and will not greatly influence the evaluation of terms

in equation 2 .11 , which is discussed in the following paragraphs . The ass-

umption that production equals dissipation over the depth interval may not

be st r ic tl y true , as the other terms may be significant . However , produc-

tion and dissipation must be the same magnitude and use of this approxima-

tion allows estimates of other terms which allows justification of the assum-

pt iOn .

Above the core a typical derived value of ~u 1u 3 I is then about . 25cm
2

in the reg ion of hig hest dissipation and this is the square of the fric-

tion velocity u*. Monin and Yag lom (197 1 , p. 401 ) estimate for  a turbulent

2 3
shear flow in a s t rat i f ied medium that q u3 and p’u3 /~ are of order u

Smith ( 1974)  has found u 3q
2
~~ . 05u~ U 1 in the surface  layer of the atmos-

2 3
phere and since U1~ 

25u : his data yield u3q u ~, a result  consistent with

Monin and Yag lom ’s statement.  I shall take 2u~( = . 25 cm
3

sec ~ as an es-

t imate  of the te rms u 3q 2 and p” u 3/~

Gradien ts  of quant i t ies  in the x 1 direction will be much smaller

than cr a d i en t s  in the x 3 d i rec t ion , and may be neg lected (except  for

~ x l

which  must  be similar to U 3 ’~q
2

/~ x 3
). For a coeff ic ient  of cor rela t ion  of

2 Z ~ - 2 2
0. 1 between u 1 

a nd u 3
, one has (u 1 u 3 

)~~~l0  1u 1u 31 2 . 5  cm f s e c  and

( u ) ~~~(u ) ’~ 1 .6  c m / s e c .  (Actuall y one expects (u 2 ) , ( u 2 ) but f o r

sca l ing choose them to he equal. ) Hence q 2
~ 4 cm 2

sec  ~~~. 

-
~~~

-- -——---——- - — -‘- -

~~

-- - --
~~ 

—
~~~~

- —-— - --- — - --------— —------ --~-- -‘ - - -
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A scale hei ght may be taken as the depth f rom a reg ion of large

C to one where ~ is low, about 20 metres , and a mean velocity scale

of about 80 cm/sec may be assumed; and choose 10°long itude as a zonal

length scale and 1 day as a time scale. The value of U 3 is about 10 cm!

sec and will be discussed in the next section. The buoyancy term is

assumed about 0. 15 of the production term (Turner, 1973) although ex-

perimental  evidence in f ree  shear flows is sparse . (The ratio of buoy-

ancy to production terms is the flux Richardson number , discussed in

section 2 . 5 . )  Equation 2. 11 is now

— - )  
~~U3P’ _~~~U3j i -t~Ta~~~U1 - €

~~

‘~ O~~~’.4 8°-~~ o-?.~ o-2’~. 3~~cY
3 3.lo~ ~~~~~~~~~ 

- -

40~~ 2 . t C )~~ IO~ 2.. to~

I have chosen most scales to g ive an uppe r limit to the te rms

compared to ~ . For example , 0. 1 is probabl y a low correlat ion coeffi-

c ient .  In the a tmospheric  sur face  layer a value of 0. 3 is typical.  The ad-

vec tive terms are so small that the value used is not cr i t ical .  It is concei-

vable that the buoyancy term could be up to . 2 of the production term , but

this value is not s ignif icant  considering the uncer ta in ty  of the values ~

and ~~~~~~~~~~ , so the basic balance is local produc ti on of turbu lence equa l s

local diss ipat ion.

Below the core , for  most  profi les , ~ is smaller  by a fac to r  of 3

to 10 , but other te rms drop corresponding ly and the balance is s t i l l  dissi-

pation production.

(b) Vertical Eddy Viscosity

In a tu rbu len t  shear  flow , the R eyn o l dt s s t r e s s  is often expressed

L-—~ 
— — - —— - - - - —  ~~ —-~~ —-
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as

_ ru1u3
4.3

( H inze , 1959, p. 466) where i)~ is the vert ical  edd y viscosity. Hence

_ TJ U  a 4.4

I have calculated values of ~~ for  the depths between the current  meter

readings  for  profiles 22 , 23 , 28 and 29 in Table IV. The value of t.’,, peaks

at between 8 and 100 in the high dissipation reg ions , and decreases  in

magnitude near  the core to values less than 0. 1. The magnitude increases

somewhat below the c - i r e  to values rang ing between 0.4 and 11 cm 2 sec 1

It is expected that the value of ver t ical  edd y viscosity dec reases  as stra-

ti f ica ti on inc r eases ( Tu rne r , 1973) and the lower values of i)~, in the core

co r re s pond to r eg ions of largest  average density gradients . Thus it does

not seem possible to assign a sing le value to ~ for the undercur ren t .  How-

eve r , in the reg ion of large dissi pation and large average shear , the order

of magnitude of ii1 is 10 cm 2 sec ’. Much of the large  scatter is due to

the d i f f e ren t  sampling times and durations for  the large scale cu r ren t s

and the microscale  shears.

(c)  Balance for  the Average Motion

Again, a time average over the meander period is des i red , and

meridional terms (i. e., in the x
2 
direction) are assumed small at the

equator. In this case , there are observations of several components of

t e r m s  in the ene rgy balance ave raged over the GATE Phases of about 20 

- - - - — ~~~- - — - - —-- — ----~~~~~ -~~~~~~~~~~- — - -- - -- -~~~~~~~ - - — —- - -- -- - - ~~
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days each. A compendium of measurements of anomalies of dynamic

hei ghts along the equator for each of the three Phases of GATE has been

prepared by Katz et al (1976) and the f i rs t  two Phases are il lustrated in

fi gure  31. The dynamic heights shown correspond to zonal pressure

gradient s~ -~~ , of -3. 2 and -2. 2xl0
5 
dynes!gm for the surface and 50

decibar depths during and before Phase I, and -7.3 and -5.3x10 5 dynes/

gm during Phase II.

The change in slopes between Phases I and II is large , and is main-

ly based upon measurements west of 35° W during Phase II , not available

dur ing  Phase I. It can be seen that the slope of equal pressu re su rf aces

decreases with depth through the undercurrent. A diagram of the change

of zonal pressure with depth has been prepared by Bubnov et aL (l975)

and is shown in f igure 32 along with velocity profiles from moored cur ren t

metres.

The equation for the balance of kinetic energy of the average flow

is

2 
= -u~~~ -~~ U~~~ -~~Lh~~T~~ -t u-~u~~~tJi

e ~x, 
~~~~~~~~ 

2 . 7

We can t ry  the scales estimated in the t reatment  of the f luctuating

flow to determine the magnitude of the divergence term -~ LJ.~~~ in equation

2. 7 , however the individual components in this term are also those in the

last  te rm ~iTiIU ’~L~i , and only the position of the derivative is changed for
c~ 

Xj

the te rms.  Scaling will not show which term is l a rge r .

To handle the term _~ L~UiU~,equation 2 . 7 may be in tegra ted  over a
~-xi 

—-— -—--—-- - - - - - ~~--— - — - - - -~~~~~~~~----- - -~~
- —--- .- - — - -
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Figure 31 Anomaly of dynamic height of the 0, 50 and 100 dbar surfaces
relative to the 500 dhar surface (a) before and during Phase
I of GATE and (b) during Phase Ill of GATE. Data points east
of lO °W a r e excluded f r om t he r egr ession ( f rom K atz  et  al ,
1q76).  
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a) b)

a b0~~d~n. cia~~ fl em- . ’dx
0 -20 -40 -w 40 -20 0 20 40 60 eo__

200 200 -

1000~ 1000
14( m) 14(m)

— ~ a—a II ‘—.111

Figure 32 Vertical distribution of (a) mean east—west pressure gradient
between 23°30’W and lO°W and (b) mean profile of the zonal
current at 23°30’W. (D~ing 1975, figures provided by V.Bub—nov) The change in velocity for Phase II is likely due to a
shift of the undercurrent to the south. 
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depth range in the x3 direction. An integral from the core of the under-

cu r ren t  at = a (about 90 to 60 metres depth ) to the depth where U 1 0

at x3 b (about 35 me t re s)  may be con side r ed as one re g ion , and an

integration through the South Equatorial Current from x3 = b to the surface

at = c may be taken as a second reg ion. Because there is a surface

slo pe the value of c is not zero , and is a funct ion of x 1. Before integrat-

i n g ,  some comparisons will eliminate small t e rms .

U3 <‘ UI

~~~~~~ ~~~~~
~~Z , ~~x , ~ x 3

~U ~<~~~ UIU I àLi3U~ ~ _____

~~ ~~~ , ~~~~~~ , 
~~~- ~~

uit U3
2

The equation is now

~~~ ~ -fU~~Pd~ 3 ~ (~~L31 Q c ~~3 - 1~ -~~-~ 
c~~~~; -[U~~ U3] *f ~~~3~~L~ ~\X3) 

~ t ~ ix-. ) ~z, ) 
~ -x4

4-b
The magnitude of the last term is about the same as the dissipation ,

as shown in the last sub-sect ion.  From Table III , th e average  in tegra t ed

value of ~ f rom 20 met res  depth to the core is somewhat less than 12 cm
3

sec and on ly prof i les  28 and 29 have large dissipations above 20 met res

de pth , so 12 cm 3
sec

3 may represen t  a typical value f rom the sur face  to

core.  There is no clear tendency for  this dissi pation to be concentra ted

more  s t rong ly in ei ther  the unde rcu r r en t  or the South Equator ia l  Cur ren t .

To evaluate  the t e rms  in equation 4. 6 , average  values over the

r e g i o n  of in tegrat ion should be considered.  I can assume that an average

2 2
va lue of Q~ between a and b is 80’]4 cm /sec~ as Q is 80 ’ at the core

- 2
(x 3 = a) and 0 at the level of no zonal motion (x 3 b) and the var ia t ion  in 

——- —-5----” _ _ _
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Q
2 

between x3 = a and x3 = b is reasonably close to linear. An average

value for  the thickness of the upper portion of the undercurrent is 40
b

met res . The term is , assuming a chang e of flow of 10% per
(9O t -90 2 - + - 3month for the undercur ren t  ~ 

/ x 4xl 0~ -l cm~ sec - A
3 10’

si gni f ican t  chang e in t ranspor t  of the undercurrent  has not been reported

for  the three Phases of GATE. I have assumed that a change of more than

l0~ per month in the flow of the undercurrent  would have been observed.

In the South Equatorial Current , a la rger  percentage change may have

taken place , but the velocities were  somewhat lower , and this term is of

.-~imi 1ar magnitude.

The term -$~~~? d x 3 may be determined from the graphs of U 1 and

in f igure  32 , or from the anomalies of dynamic height in fi gure  31

plus est imates of U 1 f rom other sources.  The p ressure  gradient  is deri-

ved f rom the anomaly of dynamic height A D ( P )  by assuming the re ference

level is indeed on a constant geopotential surface;  then
10

- ( !~~~ cSx~ - ~~~ (M i. ~~~D(P ) ~~~~~5

J ~
, 

~x% 4 .7
o P(~ )

where A D(P) is in dynamic centimetres , and a similar expression is

found for  the in tegral  f rom x 3 = b to x 3 = c. From figure 32, it can be

seen that the integrand changes sign at the level of no motion . The est i -

mated values of this term over the two reg ions are

(UI~~~ ~~x. 3 .~~-6 cm sec

+5 cm
3
sec ~

based upon a simple integrat ion of the values in fi gu re  32 , which have been

— - —---- — —----- —— — - -- -—-5 --5— -— -5— — —-5——- -5— --5- —-5 -- - - - -
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modif ied  in the following way : the values for  U 1 in f i gure  32 are derived

f rom averages  of three current  meters  at 32 1S , 40 1N and OPN . The ave-

rage c u r r e n t  at the equator may be g rea te r  than the indicated value of 70

c m / s e c  in fi gure  32 by about 10 cm/sec , and according ly a speed of 80

c m / s e c  has been taken for  scaling the core velocity . Also the speed near

the s u r f a c e  may be t oo h igh. The current  meters  were at tached to su r face

f loa t s , which may have increased apparent surface speeds by wave Upum p_

in~~~. A typica l  value for  sur face  cu r ren t s  measured f rom the ATLANTIS

E l is about -30 cm/sec and this value has been used.

Note that  the slope s of the 0 , 50 and 100 dbar su r faces  in fi gure

31 ind ica ted  by those ships (KURCHATOV and PASSAT) which obtained the

da t a  of f i g u r e  32 lie between the slope indicated for  Phase I and that of

Phase II , and thus are  represen ta t ive  of the average  pres su re  gradients

observed  by all ships during the f i r s t  two Phases of GATE . The observa-

t ions  of fi gure  32 have been used for  anal y sis because  th ey show th e ~‘a ria-

t ion  of 
~~~~~ 

, wit h depth in g r e a t e r  detail.

The two d ivergence  t e r m s  may be considered together , and may

be rew r i t t e n  as 10b
~~UQ 2 dx3 - d I U1QZ I~.z -~ ~~~~~~ I UIQ~

dx 1 ~ajj~~ ~x , L -~

10 4.8
~ b 

~L)-~Q~~dx 3  - 1U3Q~~J ) ~~~ 
L

I have denoted the level  of the ve loc i ty  core as a(x 1
) , because  t he

cu r e  r i s e s  towa rd the eas t  in the At lan t ic .  Bruce and K a t z  ( 19 7 ( i ) ob serv-

ed t he ( o r e  of the u n d e r c u r r e n t  to r i se  by about 30 m et r e s  h ” t w c e n  ~~~~~~ W

~ind 10 °W , and th is f igu r e  is su ppor ted  by other  da ta  ( D u i n g ,  I 9 7 ~~) . T h e r e  
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is no evidence that the level of no zonal v e l o c i t y (x 3 = b ) is a f u n c t i o n  of

x 1 .  There  is a lso  ev idence  that  the v e r t i c a l  ve loc i ty  at the core  is the

v e r t i c a l  ve loc i ty of the core;  in other words , the re  is no net t r a n s p o r t

upward  throug h the core.  The sa l in i ty  maximum associa ted  with the

v e l o c i t y  core  would li kel y deca y at a more rapid rate  than observed if

t h e r e  was a si gn i f i c a n t  upwel l ing  ve loc i t y th roug h the  core .  Also , one

would  ex pect the i so therms to r idge or t roug h at the depth of the core if

upwe l ling or downwelling were  signif icant .

In th i s  case , the upward slope of the u n d e r c u r r e n t  core toward the

eaS i  is the ra t io :  ~~ and two ter ms in equation 4. 8 cancel
~~~~~~~ U, 

~ { Q
~~~3~~

(
~~ [U3a~j  z3 —a(~.)

The va lue  of U 3
Q 2 at = b is zero  because  Q2

~ 0 t he r e .  Thus , the re

ren~a in s  on ly  t he  t e r m  6
~~ — 

J
’UI~~

2
d~ C 3

dx- , aC~~\

Two e f f e c t s  c o n t r i b u t e  to  this  t er m :  because the core of the  under-

c u r r e n t r~~ es and t h e  l ev e l  of no motion remains  reasonabl y u n i f o r m ,

t her e  w i l l  be a c h a n g e  in the v a l u e  of th e i n t eg r a l  along th e x 1 d i r e c t i o n ;

s e c o n d ly ,  t he a\ - era ge  va lue  of U
1
Q~ may change  in the x 1 direction. To

( - v a l u a t e  t h e  first effect , a s s u m e  tha t  the t h i c k n e s s  of the  por t ion  of t h e

( ‘ I l d e r c u r r e n t  between = a and b d e c r e a s e s  by 30 m e t r e s  f r o m  ~~‘W to

I 0° W . bu t  t h e  ave  r a g e  en e r g y  dens  its - t h e r e  r e m a i n s  the  sanie :  (80~~) in
se e

t i e  t e r m  b ecomes

b
-
-f- — 

- 
_ _ _ _ _ _ _ _ _ _ _ _ _ _  

- 1 
~~~~~~~~~~~~dx , J a -

~ 
io~ 

i -cc

~~~- _ _ _ _ _ _ _ _  — — - -  -——~~~~~~~~~-~~~~~~~~~ —-~~ ——— -— —- —-~~~~~~— .--5~~~—-5—~~~~~~
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To evaluate  the e f fec t  of a chang e in flow speed , assume that U 1

c h a n g e s  by 10~~ in 100 of la t i tude be tween 33°W and lO °W. Reported

m e a s u r e m e nts dur ing  GATE show no clear  t rend for  a chang e in U 1 along

the  equator , and I am assuming that a change of more than 10% per 100

long i t ude  would have been sensed .  The term in this case is

b 
_ ± ~~~~~~~~~~~~~~~~~~~~~~~ = ~l cm~dIL,

w h e re  the a v e r a g e  va lues  of U1 over th e limit of integration are taken as

88/J ~ and 80/J ~ . Of cou r se , a t the eas tern  and wes t e rn  extremes of the

undercurrent , U 1 = 0 , and this t e r m  wi l l  become la rge r . In the South

E q u a to r i a l  C u r r e n t  t h i s  t e r m  is an o rde r  of magni tude  smal ler , because

t h e  v a l ue  of U 1 is much  less .

The t e r m  -U 1u 1u
3 

may be de t e rmined  f r o m  the ave rage  ve loc i ty

at the surface (U1~ -3Ocm/sec). A yet to be published survey by Dr. A.

Bunke r  of Woods Hole of a tmosphe r i c  winds at the equator  g ives an ave-

rage  value  of the zonal wind s t ress  - e Uj T i~3
- _ 0 .  5 dy n e s / c m2 (Katz et al ,

2 -2  3
1976) and so u 1u3— -

.5 cm sec at the surface. Hence -U
1
7r11

3
zl5 cm

sec
3 

at the su r f ace .  At the core , u
1
u

3 
= 0 shou ld ho ld because~~U 1 /~~x 3

= 0 and u
1

u 3 changes  si gn th rou gh the core . At the level of no zonal

~e l o c i t y  U 1 u 1u 3 
0 , because U 1 = 0.

Table  V shows the es t imated  values  of the si gni f i can t  t e rms  of

e q u a t i o n  4. 6. These values  may he cons idered  typ ica l be tween 1 0° W and

3 ~‘W for  the c u r r e n t s  in Jul y 1974. I have portioned the t e r m s  between

t h e  South Equatorial Current and t h e  A t l a n t i c  Equato r ia l  U n d e r c u r r e n t

a t u i v e  t h e  core. The pressure gradient varies by about  1 00~~- fr o m  Phase  I

-5- - - - - — -  -5 -- —-~~~~~~ - — -5  - -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~
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to Phase II in fi gure  31 and estimates of ~ are available only for  the

\ves t e r n  portion (24°W , 2 8 W  and 33D W), and may be in error by a factor

of 2 and other values  are  not likely to be more accurate .

It is d i f f icu l t  to estimate the magnitude of the meridional terms .

The ave rag ing has been cons idered  at the equator , where the te rms e~~xz

and ~~~~~ are zero, and for the case where a meander was present, but

not g rowi ng in amplitude. The meridional terms ~~~~~~ and ~U~Q2 are
~~~~ -2.

not  z e r o  at the equator , but could be small compared to terms such as

~~~
- 

~~ 
. Rather  than t ry  to evaluate these te rms , one can conside r the

ra t e  of energy loss f rom the average  flow to a meander which is growing

in am pli tude.  These ~ixteen day meanders were the most energet ic  of

the l a rge  scale f luc tua t ions  observed during GATE , and the rate of energy

f I o ~ - to a growing  meander  may g ive an upper limit to the mer id iona l  t e rms

at the  equa tor .

As the meander  in the u n d e r c u r r e n t  g rows and sweeps back and

f o r t h a. ross  the equator , it r educes  the average  veloci ty  obse rved  at the

C. u 1 -  from about 100 cm/sec to about 80 cm/sec. If the meander period

of I ~ ( lays  is a ti me sca le  for  growth  of the meander , then
dY_ ; [~~~~~ L~9 J 4 ’ l x i O~ = -3 cm~~/ sec 3

~
) 

~ t i 3 ~~iO’

i- e -pr esents th~ rate of energy loss from the a v e r a g e  f low , i n t e g r a t e d  f r om

t h e  core to t he  depth  of no motion.  The magn i tude  of the t e r m  is one

ha l f  of the  i n t e g r a t e d  z ona l  p r e s4 u r e  g r a d i e nt t e r m, so one can expect

that in some cases , t he m e r i d i o n a l  t e rm s  may not be neg li g ib le.

~\ theor etical stud y of these meanders by I ‘hilander (1 97() indicates

t h i  t t he A t l a n t i c -  Eq u a t o r i a l Und e  r ti  r r en t  is l i k e l y st a b l e  t o  meande r s , but

- -~ - ------ —~~~~~~~~~~~~~~~~~~
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the westward flowing South Equatorial Current could be unstable , and

“perturbations generated by the instabil i ty in the surface  layers  wi l l

cause the subsurface  undercurrent to meander ”. The energy flow for

this meander is f rom the average flow of the undercur ren t  to the meander .

Althoug h the meridional terms may be important in the energet ics

of the u n d e r c u r r e n t , the reg ion I have chosen for consideration at the equ-

ator between the core and the surface is where the zonal and ver t ica l  t e rms

will be relatively large , and the meridional terms relatively small , and

except for  the case of a growing meander , meridional terms should be un-

important .  Away f r o m  the equator , and at the depth of the core , these

meridional  terms must  contribute to the energy balance , and I expect that

some of the cur r en t met e r s  moored during GATE may give est imates of

these t e rms .

The terms shown in Table V for  the balance of ene rgy  of the ave-

rage motion indicate that the wind s t ress  puts energy  in t o th e pr e s s u r e

field found  in the South Equatorial  Cur ren t , and a portion of it is dissi-

pated.  In the Atlant ic  Equa tor ia l  U n d e r c u r r e n t  above the core , the bas ic

balance is between energy  removed f r o m  the p res su re  f ie ld , advected b~-

the  f low and lost  by d i s s i pat ion.  The values  in Table V do not ba lance

exac t l y ,  hut  do a g r ee  w i t h i n  the e r r o r  l i m i t s .

For the por t ion  of the u n d e r c u r r e n t  below the  core , t he ra t e -  of

d i s s i pa t ion  is s m a l le r  than the rate found above the  core . The z o n al

pressure c radient is a l so  sma l le r  h e r e , and puts  en e r g y  in to  both  the

v l s i  ul l s  d i s s i p a t i o n  and t h -  a dv e c t iv e  a c c e l e r a t i o n  t i- rn,s ( t h i s  r,-L’iOn 
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becomes thicker downstream and flows faster and both effects take energy

f r o m  the pressure  gradient) .

The general  agreement  of the terms in Table V is encourag ing , and

inc reases  confidence in the degree to which the ei ght microstructure pro-

f i les  are  representat ive of the nature of the undercurrent  at the equator.

I believe this is the f i r s t  time that measurements for this type of

energy balance have been taken, and the undercurrents are the only

cur ren ts  for  which a balance as simple as this may be considered. In

other current  systems , the balance of energy is not as simple , due to the

rela t ivel y small values of the mean velocities compared to f luctuating

veloci ties , and the difficult y in measuring the relatively small cros s-iso-

bar flows . However , it is worthwhile to measure  the rates of dissipation

in t h e oceans , and for  special reg ions such as the uppe r mixed layer it

may be that terms such as ‘1~~~~~ �~~
I may be computed from the estimates of

~ x3

and the scales at which mixing take s place may be determined.

I 
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SUMMARY AND CONCLUSIONS

During the GATE project in 1974 , undertaken in the tropical

Atlantic Ocean , a f ree - fa l l  instrument was employed to measure vertical

micros t ructure  gradients of temperature and horizontal velocity. These

gradient measurements are at size scales where the turbulent energy is

converted to heat by viscous dissipation, and temperature gradients are

smoothed by molecular diffusion. A portion of the rate of viscous dissi-

pation can be measured directly by a probe on the instrument and the

remaining portion is estimated , and because reg ions where the rate of

viscous dissipation is large are generally regions of large turbulent

intensi ty,  one can compare the relative turbulent intensities at various

depths .

The micros t ruc ture  measurements  at the equator show the most

intense turbulence is at the boundary between the uppe r mixed layer and

the unde rcu r ren t , where the average shear is large.  Throug h the
~ x 3

core the turbulence is much less active and is dis t r ibuted in termit tent ly

throug h this reg ion. Below the core of the unde rcu r r en t , at the base of

the thermocline , moderately intense turbulence was always observed.

Below the thermocline the tu rbulence is of variable intensi ty ,  usual ly

weak, but occasionally, as found in profiles 23 and 24, some turbulence  as

active as that found above the undercurrent was observed.

Spectra of turbulence in the uppe r mixed l aye r  show a consis tent

roll-off f rom the expected un ive r sa l  Kolmogoroff  cu rve  at f r e q u e n c i e s

above 10 Hz (wavelengths  less than 4 cm). I have in te rp re ted  th i s  roll-
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off as due to spatial averag ing of the shear probe , and have compared

rates of dissipation ~~~estimated f rom the fit of the measured spectra to

the universa l  curve with the dissi pation ~~~i determined direct ly f rom the

m e a s u r ements of ~~~ . , and ~~Lz , and found ~~ was consistently grea ter  than
~x 3 ~x 3

~~~~~ . In regions of very intense turbulence , where dissipations are high

and scales of turbulence in the dissipation rang e extend to very small

wavelengths , ~~~~~~~~ is large , up to 2. 5 for Kolmogoroff wavenumbers of

10 cm~~ . A correction formula has been determined to boost the estima-

tes of dissipation to account for this spatial averaging . Thus , the assump-

t ion  of isotropy is invoked to predict  the magnitude of the unmeasured

te rms  in the expression for  ~ , and also to compensate for  the hi gh wave-

number portion of the ~~~~. and ~~~ si gnals which was missed because of spa-

tial averag ing . The expected e r ro r  in ~ is a fac tor  of 2.

It is possible t o es t imat e t e rms  in the ene rgy balance f or th e

f luc tua t ing  motion and for  the average motion f rom these mic ros t ruc tu re

scale  me asurement s and measurements  of large scale fea tu res  by other

inves t i ga tors .  When the terms in the energy  equation for  the f luc tua t ing

flow a re  scaled , it is found that a ba lance between local production and

local d iss ipa t ion  of tu rbulent  energy  exists  where  tu rbu lence  levels a re

hi~ }-c . Other t e r m s  in the equation a re  about a fac to r  of ten smal le r  in

n-ia ,~n i t u d e .  This balance allows estimation of the loss to tu rbulence  in

the a v e r a ge e n e r g y  equat ion.

Measurements of large scale fea tu res  dur ing  GA T E (as no t ed by

D~ ing et al , 1975)  r evea led  a 16 day ±2 day meander  of t he  u n d e r c u r r e n t .  

--5— -- ---5—-- - - -  — ----- ------- -5 
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As measurements by many investigators extend over an entire 20 day or

so Phase of GATE , it is possible to average some reading s over the

meander period. Katz et al.(1976) have summarized the zonal pressure

grad ien t  data for each of the three Phases of GATE. Bubnov (Dtiing,

l975)has averaged the zonal velocity at 23. 5°W and the pressure  grad ien t

between 23. 5°and l0°W over each of the three Phases of GATE. These

measurements , together with the microstructure measurements allow

estimates of the zonal and vertical terms in the equation for  the kinetic

energy of the average flow , and terms are evaluated in the region of the

equator above the core of the undercur ren t  where meridional terms a re

expected to be relatively small.

When the equation for  the average flow is integrated between the

ocean surface and the depth of no zonal velocity,  it is found that the rate

of kinetic ~nergy gain from the zonal wind s tress  is balanced by the rate

of t r ans fe r  of energy into the pressure  field and the rate of viscous e n e r g y

dissipation. An integrat ion f rom the core to the depth of no zonal ve loc i ty

shows that the rate of increase of kinetic energy from the zonal pressure

gradient , which now drives the current , is balanced by the rate of energy

loss by viscous dissipation. The advection of kinetic energy  by the flow

is probably smaller but may not be negligible.

-- - - -- - --5- - -5 -5-— -- -
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Shear Probe  Cal ib ra t i on

For a s l e n d e r  bod y of revolu t ion  in an i nv i s c i d  flow of speed 1.5

and  a n g l e - of a t t a c k  ~~ , ( a s s u m e d  s m a l l )  Allen and Perkins  ( 1 9 5 2 )  g ive

t h e  c r o ss  f o r c e  per un i t  length

-f’ ~~~~~~~~~ sn 2~~dx A - I

f c r os s  f o r ce  per un i t  l e ng t h

e d e n s i ty  of f - .

r a t e  of change in bod y c r os s  sec t ional  a r ea  with long i tud ina l  dis-

t a n ce  a l o ng  the body.

T~~c- a u t h o r s  compare  this  theore t ica l  resu l t  with the f o r c e  obser-

v ed  on a model of a d i r i g ibl e , and f ind that near  the f o r w a r d  tip of the  din -

c i b l e . f o r  ~ — 6° , the m e a s u r e m e n ts  ag r ee  wel l  with t h e o r y,  and v i s c o u s

e f f e c t s  a r e  sma l l . At ~ ~ l 2 ° and 18° , the theory  u n d e r e s t i m at e s  the f o r c e

s 1ic ~htl y.  This  port ion of the d ir i gible is v e r y  s imi l a r  to the ti p of the

sb - ar  probe , and if equat ion  A - l  is in tegra ted  along the l eng th  of the s h e a r

probe f r o m  the  t i p  to w h e r e  4~- is 0 , then  t h e  t o t a l  c r o ss  f o r c e  is
dx.

-
~~ (~~ ‘1J2 ) A s n

~~~
( A - 2

( T h ey  n ut e  t h a t  at s m a l l  ang  i d - s , one can  a p p r o x i m a te  ~ I I ~ ~~~ 2— ’ • a n d  t h i s

ap p r o x i ma t t o n  has  b ed - n made by S impson  ( 197 2) . Th~ re is  a s eco nda  i- v

er o s  f o r c e  w h i c h  va r i - s  as s in -~ and is f~ It  a l l  a l o ng  t h e  bod~’ . no t  j u s t

i t  t h e  t i p w her e  d~ ~ 0 end  th is  f o r e - i.- h a s  bee -u n e g  Ie ~e t - d  f o r  s m u t  v a H e - s

of ~ -

— --5 - -- -5
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The configuration ofc~,1J and the shear probe were  shown in fi g-

u re  7. The ability of the shear probe to measure  the c r o s s - s t r e a m  velo-

city u is evident if equation A-2  is rewri t ten  using the double ang le re la-

t ion f or sin 2~~.

r~ ~ (~~eJ 2 ) A ~~sinc~ cos o

~~AV~ 
A-2

where V and u are shown in fi gure  7. It can be seen that the force is

l inear  with u.

Another approach , descr ibed by Osborn and Siddon (1 97 5)  also

y ie lds  an outpu t l inear with u , but in a sli g htl y d i f f e r en t  way.  They a s s u m e

F ( L ~~1J2 ) A ( ~~~~ ) A-4
~loc

Whe re 4~e is the change in lift coef f ic ien t  with ang le of at tack , and is
doc

a s sumed  cons tan t  f o r  w a v e l e ng t h s much l a r g e r  than the e f f e c t i v e  l eng th  of

the  sensor .  Equation A-4  is der ived  f r o m  an ex tens ion  to a i r fo i l  t h e o ry  fo r

a f i n i t e  width a i r f o i l . At smal l  ang les ,1J~~~~Vu and th i s  e xp r e s s i o n  fo r

approaches  the  f o r m  of equa t ion  A - 3 .

The two pe rpend icu l a r  components  of the c ros s  s t r eam v e l o c i ty  u

a re  s e n s e d  by o r t h o g o n a l  b iomorph beams wi th in  the probe w h i c h  g e n e r a te

v o l t a ge s  p r o p o r t i o n a l  to the c ross  f o r c e .  To c a l ib r a t e  the probes , t h e se

v o l t a i i e s  a r e  passed  to i d e n t i c a l  c a l i b r a t i o n  p reampl i f i e r s  whose  outpu t

v o l t ag e s  a r ( -  r e c o r d e d .

Two w a ter  f l o w  d e v i c e s  fo r  ca l i b ra t i on  of the  s h e a r  p robes  hav e -

be d - f l  u s e d .  One n p -  u - a t e -s at flow speeds of 1 0 0 — 1  50 c m/ s ec  , a n d  has  been

_ _  _ _ _  -5 — -  --5 ~~~~~~~~-
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desc r ibe d by Osborn and Siddon (19 75) .  The cal ibrat ion preamp l if i e r s

cannot am plif y d. c. vol tages , so a flow is d i rec ted  at the probe by a

r o t a t i ng  nozz le  incl ined at 5° to the axis of the probe. This ca l ib ra t ion  de-

vice opera tes  poorl y at flow rates  below 100 cm/sec  and rotation rates

less  than 16 Hz ;  and it g ives no check of linearity of response with the

c ros s  s t r eam v e l o c i t y .

A second ca l ib ra to r , shown in f i g u r e  A - l , incorpora tes  major

changes  to allow slower flow speeds and rotat ion ra tes . A jet  is d i scha rg -

ed v e r t i c a l ly into a tank of wate r , with the tip of the probe mounted jus t

above the cen t r e  of the outlet  at an ang le ~~~. W a t e r  fo r  the jet  passes

t h r o u g h a mesh and honeycomb a r r a n g e m e n t  to r educe  the sca le  s ize  and

i n t e n s i t y  of t u rbu lence .  The honeycomb also reduces  l a r g e  scale  vort ic i -

ty wh ich  would produce  d i s a s t r o u s  e f f e c t s  when advected  through the red-

u c e r .  A design of Smith and Wang (1944) was used for the reducer to

create a u n i f o r m  flow at the nozz le .  The d iameters  at the wide and n o z z l e

ends of the reducer are 10 cm and 2 cm respectively, to g ive an a r ea

r e d u c t i o n  ratio of 25.

The probe is t i l ted  succes s ive ly at zr i n t e r v a i s  f r o m  10° le f t  to 10

r i c h t , and ro ta ted  about its axis , g e n e r a t i n g  s inuso ida l  vo l t ages  f r o m  c-a c -h

bc-am w h i c h  a r e  c a r r i e d  to the  p r e a m pl i f i e r s  m o u n t e d  beh ind  the  probe .

- d i p  r i n g s  b r i n g  posi t ive and n e g a t i v e  supp l y v o l t a g es  f r o m  the p r e a m p ,

an d  t a p  the  si g n a l s  f r o m  the two channe l s  of the  p r eamp .  A f i f t h  r i n g  is

f o r  c r o u n d .  T h -  o u tp ut  signals a r e  sen t  t h r o u g h a low pas s  ( —  ~db at 1 0 Hz)

u n i t y  c a i n  f i l t e r  to  a n  u s e  i l l o s c op e  t o  c h eck  f o r  any  b u m p s  or  s p ik e s  in t h e

~ip_ - -5 - - ~~~~~~~~ - --- -- ------ - -—  —_ - - - —--—- - - - - --- - -  
- -~~~~~ . - - - - I



-- - - - - —- - - - - ---~~~~- - - - 5 -_ --- - - - - 5 - -  - - --5— - _ _

k—

- 

‘ ~~~~~~~~~~ PULLEY

BEARING

5 WIRES

BEARING

WATER
OUT / ___  

20cm

, / ~~~~ RESERV0IR

-- 

~~ ~~~~ R EDU CER

~~~~~~~~~~ 

-s

:- -~~~~~~~
-

~,~~~HONEYCOMB

STAND~~ . ~

WATER IN

PACKING
MAT ER AL

I gur e  . —1 ~1ie ’ shear  probe  c - a l  I hra 1 or



126 

— -

~~

output  voltage.  The f i l t e r  is required to remove hig h f r equency  noise

generated by the vibrations of the slip ring s and of the e lec t r ic  motor used

to rotate the probe. A rotation rate of 2. 5 Hz was used for  cal ibra t ions .

An increased  rate of 5 Hz produced no change of outpu t voltage magnitude.

The s inusoidal  outpu t voltages f rom the f i l t e r s  were measured  with

a true rms mete r (Disa model 55 D35) which was calibrated with a 2. 5 Hz

sine signal  whose amplitude was de termined with a well cal ibrated oscillo-

scope . In t e rms  of the rms voltage , the peak vol tage output fo r  channel  I

of the probe and cal ibra t ion preampl i f ie r  is

~~~~~ ‘ ~~~~~~~ -‘~~~~~~~ =

~~S -u-a S~TI O(- COSG(
A- S

= -~~ ~.S1 Vu

~vhere S1 
is the sensitivity of channel 1 of the probe , which depends not

onl y upon the na tu re  of the probe , but also upon the gain of the pr e a m pli-

f i e r .  A s imi la r  express ion  is found fo r  channel 2.

On board ship,  a pump was used to d r ive  the je t .  The wa te r  rec i r -

cu la ted  th roug h the system. On land , an over f lowing  bucket  on the roof of

one of the Oceanography huts at UBC provided a uniform p re s su re  head to

d r i ve the  jet . The use  of t h i s  ca l ib ra to r  to provide accura te  va lues  of

s e - n s i t i v i t i e s  r e q u i r e s  the cons ide r a t i on  of severa l  f a c t o r s .

( a )  Cr a v i ty

The probe t ip  is more  dense  than w a t e r .  When  the probe is ro ta ted

v : i th  t h e  t a n k  fu l l  of wa t e r , but  w i t h  no je t  f l o w i n g , the f o r c e  of g r a v i t y

_ _--— - -5- -- -- - - - - --~~~~~— - - 5 - -- - - - -  -~~~~~~~~~~~~~~~ -~~~~- - 5 - - -
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downward on the probe produces a sinusoidal voltage at the output tern -u n-

als. This force is present when the jet flows past the probe. It is 180°

out of phase with the fo rce  of the jet . The ratio of the voltages f rom the

pr obe caused by these forces  at 40 cm/ sec  flow speed in the calibrator is

U is the lift due to the jet (always upward).

Lg is the gravitational force (always downward).

2
The ratio varies with V . This large effect was not forseen in building

the calibrator.  With the jet flowing , the net lift is Lj -L g. With no jet

flowing , but the probe immersed in water , the net lift is Lg. The corres-

ponding output rms voltages were measured at various ang les and added

together to produce the voltage expected f rom Lj alone. This procedure

is sa t i s fac tory  for  s inusoidal signals , but any noise or stray signals gene-

rated would be added doubly by this method. The flow speed was increased

to 70-80 cm/ sec , where ~L j/L g~ 10 and s t ray noise became much less

troublesome. Most calibrations were at these flow speeds.

(b) Boundary layer in the nozzle

It would appear at f i r s t  that the flow speed through the nozz le  would

be the volume flow rate in cn-i 3 / s e c  divided by the a rea  of the  n o z z l e .  The

f low ra te  can be m e a s u r e d  easily,  but a boundary  l a y e r  in the ’ n o z z l e  may

re duce  the e f f ec t ive  c r o s s - s e c t i o n a l  area of the flow . This a rea  mus t  he

known to ca lcu la te  the  f low speed ~‘Lf . The s ens i t i v i ty v a r i es  as the sq u a r e

of t h i s  speed , and the measure -d  d i s s ipa t i on  ~~ v a r i e s  as  the squa re  of

the  s e n s i t i v i t y .  Thus the  d i s s i pat ion depends  on the  4th power of e f f e c t i v e -  

-— --~~~- - 5  --- - - - -5- - - - 5- — - - - -5-- _ _ _ _
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cross-sect ional  area of the flow. Small boundary layers or bubbles on

the walls of the nozzle can cause large errors in the estimates of dissi-

pat ion.

Some meth od is req uir ed to accur at ely measure  the speed. The

most  sa t i s f ac to ry  solution found is to measure the dynamic pressure

~el5
2

in the jet with a manometer and pitot tube. This system has the ad-

van tage  of measuring directly. A large bore inclined manometer gave

accura te  reading s of the hei ght of the water column. For a pitot tube , a

plas tic pipet was used , with part of the tip cut away to leave a 4 mm end

to be directed into the flow. The dynamic p ressure  was found to be uni-

fo rm across  the core of the jet.  Pressures  outside the jet  were uni form

a l so . Abramovich (1963 )  states that observed static pressures  in a sub-

merged  jet such as observed here  are the same inside and outside the jet.

There f ore , the d i f f e rence  in the p ressures  observed is the dynamic pres-

sure  of the flow in the core of the jet.  Fi gure  A-2  shows the flow speed

f o r  va r ious  volume flow rates .  The value of ~~~ g iven by the manometer

should be a ccu ra t e  to bet ter  than 1% (Bradshaw , 1964),  The repea tab i l i ty

of r e s u l t s  was wi th in  2% to 4% and should be the e r r o r  in m e a s u r e m e n t s .

T h e r e  is no reason  fo r  the f i t  to be l inear , but the line d rawn  does f i t  the

po in t s  well .  It was a lso  noted that  the flow speed i n c r e a s e d  s lowl y in

t i m e  d u r i n g  a stead y volume  f low rate , due to an accumula t i on  of bubbles

in the  n o z z l e .  Flow speeds could be i n c r e a s e d  by 5~ due to th i s  e f f e c t .

D u r i n g  the ATLANTIS II c r u i s e , no check was made on th i s  a c c u m u l a t i o n

of b u b b le s , and r e s u l t i n g  e r r o r s  in s e n s i t i v i t y  can be u p  to I 0 ’ , For

m o r e  r e c e n t  c a l i b r a t i o n s , t he  n o z z l e -  has  been  b r u s h e d  e l i - a n  of b u b b l e s,
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(c )  Turbulence

The large scale turbulence was reduced by us i ng pack ing  ma t e ri a l

in the bottom of the cal ibrator , and aluminum honeycomb or s t raw s . The

h one y comb , manufactured by Hexel Corp. was 3 mm cell diameter  and

50 mm deep. It was mounted 9 cm below the r educe r .  The Reynolds

n u m b e r  fo r  the f low through each cell of the honeycomb is

U = 3 cm/sec
Re ~=-~ Lc~ = & ~ d 0.3 cm

2
= 0. 014 cm /sec

A-6

L a m i n a r  f low in each cell can be expected which is not the optimum situa-

t ion for  the g e n e r a t i o n  of low in tens i ty tu rbu lence .  T u r b u l e n t  flow in each

cel l  would be p r e f e r r ed , g iving lowe r in tensi ty t u rbu l ence  beyond the

h o n e y c o m b. For  laminar  cell  f low , Lumley and McMahon ( 1 9 6 7)  p r ed i c t ,

foi-  the decay of tu rbu lence  beyond the honeycomb

-~ 
O 3 ~~ A - 7

u ’ tu rbu len t  veloci ty

a v e r a g e  velocity

d honeycomb  d i a m e t er

x d i s t a n c e  d o w ns t r e a m

F r o m  t h e  honeycomi)  to the  r e d u c e r  is 30 d i a m e t e rs  and  s h o u l d  be 0. 00 1

at t h e -  r e d u c e r .  P a n k hu r s t  and I lo lde r  ( I  95~ 1 i v e -  u ’ a ~ roug hl y e o ns t a n t

in a reducer , and inc ru-as es by (~~ 
5 )~~

, p u s h i n g  t u r bo  I c - n t  1 n t en  s i t  I C S  c - v u - u i

l o w e r ,

The  shear prob e- itself is a good de t e c t o r  of t u r b u le n c e . I t r u e d  

-~~~~~~~~~~~~~ - - - -— -- - —
_

- -5_- - - -  _ _ _ _ _ _ _



— - ----5—— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—-- ----- - --------—----- --------- ---------

131

s i mp le tes t  to d e t e r m i n e  the t u r b u l e n c e  level  in the flow of w a t e r .  Wi th

t h e  je t  f lowing  and the  probe inc l ined  at 10 to the flow , the rms  v o l t a g e

observed  with the  probe not ro ta t ing  was ~~~~ of the  rms  vo l t age  obse rved

d u r i n g  r o t a t i o n s .

The si gnal  f r o m  the rota t ing,  probe v a r i e s  as U 2 sin_?0° . The non-
2

rotating probe will not detect the mean cross flow because  si gna l s  at fre-

-lu e n c i es  less  than 0 . 1 Hz a r e  f i l t e r ed  by the p reampl i f i e r .  The output

s ign a l  wi l l  onl y conta in  the hi g h e r  f r e q u e n c i e s  of c ro s s  f lows , due to tur-

h u l e - n c e , w h i c h  v a r y  as Vu’—lJ i&’. The rat io  of the si g n a l s  is

= 0 . 0’

f r o m  which  0 . 3~~. which ind ica te s  low l eve l s  of t u r b u l e n c e  at

s c a l e s  and f r e q u e n c i e s  wh ich  the  probe and f i l t e r s  w i l l  pass .

( d )  W a t e r  t u n n e l  b l o c k a g e  e f f e c t s

In the ocean the probe falls through the ocean at speed V . In the

calibration tank an open jet of water 2 cm a c r os s  is d i r ec t ed  at the probe.

Thu deflection of streamlines in the jet is not the same as in the ocean .

The je t  streamlines spread more easily around the probe , red ucing the

effective dynamic pressure. If the probe is inc l ined  in the je t , the  l i f t

i s not the same as experienced in the ocean . Pankhurst and Holder (I 9~~? )

have  de s c r i b e d  the fo l lowing  co r rec t ions  f o r  t he se  e f f ec t s  fo r  wind t u n n e l s .

When  an a i r f o i l  is i n t r o d u c e d  into  a wind  t un n e l , the solid b l o c k a g e

at t h e  m i d - p o i n t  a l o ng  the  l e n g t h  of the a i r f o i l  is  c o n v e n i e n t l y ex p re s sed

by

Li1 (
~ E~~) A - 8
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U T tunnel  speed f a r  f r o m  the model

U F tunnel speed at the midpoint of the chord of the model

For the case of the shear probe , one wishes to find the blockage

near  the tip of the probe , where~~~ � 0 (i.e., where the probe is most

sens i tive to the c r o s s- f l o w) .  One possible way to examine the blockag e

near  the probe tip is t o co n s ider  on ly the rubber portion of the probe as

the a i r f oil , and the s ta in less  steel tubing behind the probe as a solid wake .

This d is t inc t ion  is r a t h e r  a r b i t r a ry ,  and the resul t ing f i nenes s  ratio of 5

is hi ghe r  than the va lue  der ived  if onl y the sensi t ive  portion of the probe

is cons idered  as bei ng an a i r f o i l . Pankhurs t  and Holder have cited

resul ts  of Lock and Johansen ( 19 3 1 )  who found  the effect  of wake blockag e

small  when compared to the solid blockage of an a i r fo i l .  In the absence

of better information , I as sume his to be a valid assumption here , and

wi l l  proceed with the f i n e n e s s  rat io of 5.

Pankhurs t  and Holder  ( 19 5 2 )  have published va lues  of ~~ f o r  various

f lows .  For an open ax i symmet r i c  jet blocked by an axis y m m et r i c  bod y,

~ is g iven by

~~~2c r~~ 
( A ~(~5 _  ‘ N A A

~~~~C J  A-9

= ratio of cross-sectional area of probe to cross- sectional

a rea of n o z z l e .

= cons t an t  c h a r a c t e r i s t i c  of nozz le  = -0. 206 fo r  open c i r c u l a r

j e t .

c o n s t a n t  c h a r c i  t u - r i s t i c  of a i r f o i l . T h i s  is chosen  as ~ w h i c h

is the v a l u e  f o r  a R ankine Ovoid of f i n e n e s s  r a t i o  ~~, an d

- - - -—- -5 -~~~~~-- - 5 -  - 5 —  - -— --- - -~~~~- ‘- -rn -5 -  _ _
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Figure A—3 Calibration curve of the shear probe
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I Icorresponds to the assumed fineness ratio of the probe as

noted above.

This gives E5 C_o.2o~)(5)( ~~~~
2 

o.o~

which has been neglected. A-b

The second tunnel interference effect is a chang e in lift. Pankhurst

and Holder ( 1 9 5 2 )  show that for  a f ini te  width a i r foi l  in an open j et, the

measu red  lift  will be less than encountered in a flow of inf ini te  extent .

The change in lift is diminished at the forward  and t ra i l ing  ends of the

a i r fo i l , so for  the case of the airfoil  shear  probe whose lift is concen t ra ted

near  the fo rward  tip, this effect  may not be large.  The cor rec t ions  g iven

by Pankhurst and Holder apply only to an airfoil  whose length  is much

s m a l l e r  than the jet width , and do not apply in my case whe re  the probe

le ngth is much longer than the jet width.

To determine the magnitude of these two tunnel interference effects ,

I calibrated a probe using two different nozzles , of diameter 1. 92 and 3. 00

cm , and f oun d , for  s imi lar  flow speeds that outputs with the l a rge r  no zz l e

were  about 4% to 5% g r e a t e r . The ratio of the nozz le  a r e a s  is . 4 1 .  The

bloc kage effect  var ies  inverse ly as the th ree-ha lves  power of the area of

the nozz le  (equation A -9 )  and the lift ef fect  var ies  i nve r se l y as th e a r ea

( P a n k h ur s t  and Holder , 1952)  and an uppe r l imit  of the total e r r or  due to

these  two e f f e c t s  in th e sma l l e r  no z z le is f ound by a s s u m i n g  the sum of

t h e s e  two e r r o rs to va ry  inverse l y as the nozz le  area .  In such a case ,

for the -emaller nozzle , this total error is (~ -~ to 8% of the measured lift .

All  ca l ib ra t ions  were  done wi th  the s m a l l e r  nozz l e , and no c o r r e c t i o n  has

h e -u -n  m a d e  f o r  th is  e r r o r .

- - ----5— ——-- -~~~
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Probe S e n s i t i v i t i e s

As the  probe r o t a t e s  in t he  j et , t h e  l i f t  on the  probe r e m a i n s  con-

s t a n t , but  the  l i f t  on the  i n d i v i d u a l  beam v a r i e s  s i n u s o id a l l y.  The peak

outpu t v o l t a g e  is f o r  c h a n n e l  1:

S (* ~~1J Z) sn 2~
2 A-4

In pract ice , the rms  vol tage  is measured  and the peak voltage

d e r i v e d .  To f ind S and S , the va lues  of _____ are  plot t ed v e r s u s  sin 2~~2

as in f i gu re  A -3 . Thu flow ra te  is measu red  easi ly by t rapp ing  the over-

f low f r o m  the tank . The speed 1J is determined f r o m  the flow rate  and

the  ~ raph in f i g u r e  A -2 . The outpu t vo l tage  is l inear  with s in 2o<. beyond

~~~ 2 . 50 but  is hi g h e r  at small  ang les . This deviat ion is due to non-

pe r f ec t  al i g n m e n t  of the axis of the probe with the axis of the je t , such

tha t  0< 0° cannot  be achieved .  The r e l a t i v e  ang le of the jet  can be mea-

su red  a c c u r a t e ly (be t te r  than 0. 2° ) but the absolute ang le , as shown in

f i gu r e  A - 3  was out by 10 . That is , the reading  at 10° to the ri ght was

a c t u a l l y at 110 , and the reading at 10° to the left  was ac tua l ly at 90 , etc.

One would expect that  because  sin 2cc . is not a l inear  f u n c t i o n  of~~ at ang les

n e a r  10 0 tha t  an error would result from mislabeling the ang les in th i s  w a y ;

howeve  ~~, the  e r r o r  is smal l  ( < l~~ ) .

A l a rge r  er r o r  resu l t s  f rom a tilt  of the ent i re  plane of i nc l ina t ion

re - Ia tiv i- to the jet axis. I checked this ang le before a calibration , but

c o u l d  not be s u re  tha t  it was less  than 10 . 11 the pl a n e  of i n c l i n a t i o n  is

t i l t u r l  f o r w a r d  at an a ne l e  of say  10 , t h e n  a t r u e  ang le of 10 is present for

L. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~
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a nomina l  ang le of 0° . The e f f e c t  of this t i l t  is d imin i shed  at l a r g e r  ang les;

the t r u e  ang le is 2~~ l a r g e r  fo r  a nominal angle  of 5° , 1% at 7~-° and 0. 5~~ at

100 . To cal cu l a t e  sens i t iv i t i es , most  wei ght was put on these  t h r e e  ang les ,

and the expected  e r ro r  in sens i t iv i ty  is 2%.

The l a r g e s t  e r r o r s  resu l t  f r o m  unce r t a in t i e s  in the flow ra te  in

the c a l i b r a t o r  du r ing  the ATLANTIS II c ru i s e , and the tunnel  i n t e r f e r e n c e

effects. The probes were  reca l ib ra ted  upon our re tu rn  to Vancouver , but

va riations of about 10~ a re  found in the two sets of ca l ib ra t ions . It may be

t h a t  the  va lues  of the s ens i t i v i t i e s  de te rmined  dur ing  the ATLANTIS II

c - r u s e  a r e  up to l0~ too hi gh b e c a u s e  of bubbles in the nozz le  d u r i n g  th e

c r u i s e , and 6 -8% too low because  of tunnel  i n t e r f e r e n c e  e f f e c t s .  Other

e r r o r s , such  as u n d e r t a in ties in the flow rate , in the ang le of t i l t  and in

t h ~ c h a n g e  of s ens i t iv i t y with t empera tu re  may con t r ibu te  to a l e s s e r

e \ t e ’nt to the o v e r al l  u n c e r t a i n t y  in the va lue  of the s e n s i t i v i ty.  I have

a l l o w e d  t h a t  the  overa l l  e r r o r  may be up to 20~~. E r r o r s  in the  probe sen-

s i t i v i t i e s  a r e  s m a ll e r  fo r  r e c e n t  c a l i b r at i ons .
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APPENDIX B

Data Analy sis

The analogue signals were  transmitted f rom the Camel up a XBT

wire  as FM multiplexed si gnals , and recorded on a Hewlett  Packard 3960

Ins t rumenta t ion  Recorder .  A 14. 5 kHz si g nal was also recorded .  The

si g n a l s  were  demodulated and demultiplexed by a set of Sonex d i sc r imina-

tors , the 14. 5 kHz signal being used for  tape speed compensation.  The

shear  si gnals were  car r ied  on the 2. 3 and 3 .0  kHz channels.  These ana-

logue si gnal s  we r e di g it ized at 200 time s per second onto 9 - t r ack  magne-

t i c tape by a 10 bit conve r t e r  on a P D P - l 2  computer .  Anal ys i s  was done

on an IBM 370 computer  at the Un ive r s i t y  of Bri t ish Columbia,  All  ei ght

s i g n a l s  f r o m  the Camel were  di g i t ized in this manner .  The ho r i zon t a l

v e l o c i t i e s  u 1 and u
2 

were  sensed by the probe sampling in the x
3 
direction.

2
The corresponding spectra  measured are  ~2 11 (k 3

), q9 22
(k 3 ), (k~

) ~~11 (k 3 )

a n d( k 3
)2 q~ 22 (k 3 ).

Dis5 ipa t ion  Calcula t ions

The two met re  averages  of the viscous diss ipat ion were  d e r i v e d

f r o m  f a s t  Four i e r  t r a ns f o r m s  (FFT)  of 1024 di g i t i zed  points .  Each FFT

gave  513  complex t r a n s f o r m  va lues , and the  s q u a r e  of the r n o du l i  of the

l a s t  512 were  averaged in blocks of 4 and the c u m u l a t i v e  sums of the

f i r s t  45 b lock s  ( for  f r e q u e n c i e s  up to 35 H z )  were  p r in ted  o u t .  The f i r s t

t r a n s f o r m  va lue  is the mean , an d was a lways  zero;  (the a v e r a g e  w a s  corn-

put ed a n d  s u b t r a c t e d  f r o m  each  d i g i t i z e d  r ec o rd  of 10~~4 p o i n t s  h e - f o r e  1 h -  

- -—---- —---—-- -- - - ---•-~~~ — - - 5 - --- --- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~
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FFT computat ion) .

The measured  si gnals , t ransmi t ted  to the ship and recorded a re

of ~~~ ~ç~z . The values  are  related to the output voltages by

~~~~~‘ ~° ~~OI B-I
e

S.V

= !2! I J o Z
ps~v B-2

as shown in Appendix C and , by use of Tay lor ’ s hypothesis , val id in th is

ca se , one has

-1.80 Uou
~ X 3 (~D S V ~ B-3

e~ Z3 - B-4

The e f f e c t s  of the hi gh and low pass f i l t e rs  have been neglected

h e r e - , but they  a r e  d i s c u s s e d  in Appendix C. The constants 1.80 and 1 . 7 5

• in equa t ions  B- I to B-4 have dimensions of seconds ~~
, and are  re f e r r e d

t o in s e c t i o n  3. 1 as 2K 1 and 2K 2.

When di g it ized , one volt of input is g iven a value of 250 bi ts ;  thus ,

w h e n c o n v e r t i n g  the di g i t ized  output to volts , one must  mul t ip ly by ( 1/ 2 5 0 ) .

I l u - n c - u

- l~~~o
250 t0 5V 2

\ \ h e - r o -  i s  t h e  1- tb  di g i ta l  va lue , and t r a n g e - s  f r o m  0 to 1023. The FFT

~I c o , ~~ not  g i v e  the  F o u r ier  s ine  and cos ine  c o e f f i c i e n t s  d i r e c t l y ,  but the

- - - •  -.—————-—— - — - — -5— -- --—-——-- _-- -—— - - - - - —----- -———- - - -—---—-—— - —---- --- -5 —----—— —-——----- -•—---- -——---------—•- - -—-- - -~~~~~~ -
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following discussion , f rom Lee ( 1974) shows how the discrete Fourier

t r a n s f o r m  values (i . e. , the values g iven by the FFT) are related to the

Four ier  ser ies  sine and cosine coeff ic ients .

Given N samples of real data d (where =0 , 1 N - I )  taken at

equall y spaced intervals  At T /N (where T is the period),  a co r r es pondi ng

Fourier series is

d(~
) = o.~ +~ II (a~cos 2J Tr t 

~~~~~~~~~~~~~~ B-6

if t =0 at d0, then for  each d~ we have t fand
T N

d(~~) c~4. +~~1 ( 0 1
co5 2,Ji! ! +b~ s t ’~~

2J2~~)
2. j~ l N N

B-?

~ ‘iw th’~ FF1 of the d1 i~ C ( j ) ,  and

cI(2~ ISJ c( j ) e  B-8N

It is possible to show that when the d( !)  are real

NJd(fl C0 + - i~~t c ) 2 ~ -~~ k 

B-9

where  Re is the real part and Im is the imag inary  part. This immedia te l y

g ives the fol lowing resul t s :

Co c~~ = 0 in our case because  the average  is zero

I’rn(CUI)

C( M/a) ~~~~~~Na~~~ a 
bwa~~ O 11-10

It can be shown that the va r i ance  for  d is

— -b- [~~~~(a
2 -~-b~~) + a ~

~ *[~~) ~~~~~~~~ ~~~~~ 2 1  
B - l I

That is , t he sums of the  squa re s  of the F o u r i e r  s e r i e s  c o e f f i c i e n t s  

• -
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divided by 2 equals the mean square value of d. For example , if the t ime

s e r i e s  d( L) is

D cos
i” B- 12

The average value d~ wil l be D2 /2 .  The FFT of the ser ies  in equation

B - i l  w i l l  r e t u r n  only one non-ze ro  coefficient : C ( 1 )  = ND , and the aver -
2

age of the power ~er ies  will be

~~ 2(1) 
~~*(~~)

2
~~~

)C
~~ ~~ ( C 2

( I )  
B- 13

b e c a u s e  C ( l )  in this case  is real .

According ly

~~~~~~z 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ B- 14a

an d a similar  ex pre s s ion  h olds f or ~~~~~~ In practice there is noise ,

• p a r t i c u l a r l y at hi g h f r e q u e n c i e s  and one cannot use the full  sum. One can

h o w e v e r  examine the spect rum to determine the uppe r and lower l imits of

the sum. The last  te rm in the summation of B-14a was always dominated

by noise , and if the uppe r and lower l imits of the summation for the shear

sp e c t r u m  w h e re  noise is re la t ively small are  j 1 and j 2 , then equation B- 14a

h o - c  O~~~CS

— 
~~~~~~~~~~~~~~~~~~~ 

l5~~ (i-9° 1~~~
-

~~~~~ 1 
C( i )C ”( i)]

a \~~-~~~/ ~~ 25O eS.V ’I L N 
~~~~ 

B-14b

I t is t h e  separation of noise and si gna l in f r e q u e n c y  space which is the

a d v a n t a e ~e- of calculating a in t h i s  way .

---- — -5- —-— - -5~~~~~~ • - 5 -~~~~ - - 5 - 5 - - - -- - - 5 - --— - -  ---5— ——~~~~~~-- -— ~~~~~~~~~~ --~~~~—-
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Spectra of (~~U~ ) Z and

The formulae for  ~~ a r e g iven below and the formulae  fo r  o~4t are
c~ X3

• the same except that the constant 1 , 80 is rep laced by 1. 75. To d e t e r m i n e

the relat ive contributions of signal and noise to the va lues  of C( 1) C~~( l )  tht -

spec t ra l  densi ty functions are  plotted for  each FFT of 1024 data points .

The spectra l  density funct ion of ( ) 2 is (k3)
2
Q 11 (k

3) as given in Section

2 .4 .

= L~ 1~?J (k 3) 2 
‘p., (k 3)  d~3 — ~- (~~~

‘
3 )
a 

B- is

If C(j ) is the jth t r ans fo rm value of the ~~~~~ s ignal , then the s p e c t r a l

dens i ty  func t ion  is

(k3)
2
~~,,~ ’h3) ~~~~~~~~~~ c

(j) C*cJ ) )  ~~~ 
i , 2 , ~~~

— ( i’~~~~~° \~ (-_
~

__ C (J ) C~ (J )~ 3 =!~
250 e S.V 2)  2I~-12 / 13-16

The ~k
3 

is in the denominator because each Fourier series coe f f i c i en t

• mus t  be divided by the portion of wavenumber space which it represents.

• 

~~~~~~~~~ 
2ir~f 

= 
2-IT

v VW~~ 1 3- I T

= 2ir~
Vr~ At 11-18

The spectra of figure 24 are log (k3.)
3
~~ 11~

k
3
) versus log k 3. and sub st i -

t u t i n g  equations 13-17 and B- 18 into 11- 16.

(~~)~~1~(k 3 ) (
~ :es ,v at (

~ * 
C( J)C~( J)) ~~

I,2F

— ~t.~~
c) ~a~- 3 CU ) C ~~~( J ) )  ~=~ ?

— 

“ 2’50e 5,V ’J ~~~2 /%/ Z

- - --5 -—-5 - -— - -5-5 --- -- 5 - - ”— -- - -5—  
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A plot of (k ,) 3q~ 11
(k ) versus  log k 3 may be integrated to give the vari-

3J -I 
3

ance of th e ~~~ ‘ signal:
~~X 3

2 3  J (k 3) cp11 (k 3 ) d ~ö7 k 3 f
~3

3 4?~ (~3~~k3/~

= f 3
2
~~,~~3~~~3 

B-20

Such a plot is variance preserving.  In my case , a plot log (k 3~) 3
p  1 lj~~3~

is used , which is not var iance  preserv ing ,  but one can see the relative

cont r ibu tions to the variance of ~~ from different wavenumbers.

spectra such as those in fi gure  24 were  used only fo r  this purpose - - to

de te rmine  wavenumbers  (or f r equencies )  where the noise dominated over

the s igna l , and to determine the uppe r limit of the sums of the Fourn ier

coef f icients  of equation B-14b. For this visual display , only the relative

con t r ibu tions  are  needed f r o m  the various f requencies , and the values  of

the  o r d i n at e  in f i g u r e  24 a re  in a rb i t r a ry  uni t s .

spec tra  of (u 1 ) 2
, ( u )

2

The e n e r g y  densi ty  spec t ra  Q 11
(k

3
) and ç22

(k
3

) a r e

13-2 1

U s i n~ t h e  exp re ss ions  11-16 to B — l 8

= C ( j) C~~~ (j ) .(J  2 ( , ~~
, 

~(
~~ 

‘)(21ri ~2. A/ a ~25Op S V 2 I
VA,4t /~ ~~~~~~

- 
( 1 9 0  ~2 A/ V~~~tP C ( 3 )C~ (±) - — u ,2 , .  • , Ai _ ,

- \2SO~oS, v 2) 
~~~~ 

—

— ,‘‘ 90 .~ NV ~ C.’ Y-~ ~
) . 

= Al 11-~’- 
~~~~ o~oS, V 2) 

i(~ 77-’~ 
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The log ç 11(k 3 ) and 1og~~~22 (k 3) versus  log k 3 spectra are plotted

in fi gu re s  18 , 19, 22 and 23. The plotted values have been band averaged

to give 2 average values per octave. The value of C(j) C *(j)  was compu —
.-52
~1ted for  each t r ans fo rm value , and averaged over the f requency  band. The

f i r s t  fou r Four ier  t rans form values were plotted individually,  and we r e

not averaged  together .  Next the 5th and 6th t r ans fo rm values were ave-

ra g ed , as were the 7th and 8th. The next band was comprised of the 9th ,

10th , 11th , 12th values , and the next band included the 13th to 16th trans-

f or m va lues , etc.

The corresponding wavenumber is the geometr ic  mean of the en--

t i r e  in te rva l , which produces the minimum distortion on the log k plots .

For example , the ar i thmetic  mean of C(j)C~ (j ) for  j9 to 12 formed one

band average.  The average of these was plotted at the wavenurnber

k = (8.5 2 5 )
2. 2w

B-2 3

To determine the fit  of the universa l  curve  to the ~1711 (k 3 ) and

spec t ra , the point [log v~~, log v’~] is marked on the log cP~ (k 3 )

or log p22 (k
3) vs. log k3 graph , and a line of slope +i is drawn t h roug h

the  point.  The point (0 , 0) on the log F 2 ( k/ k 5 ) vs .  log k / k s g r a p h wi l l

l i e  on this  l ine.  Its position is de termined by the fi t  of log F 2 t o the  log

‘~~~ 1 or log Q 2 cu rve;  its abs issa  is the point log~~~
) <q and the o rd ina te

is the point log~~ ’~~~ on the log 
~~l 1 vs . log k 3 g r a ph . From these  points ,

t he  v a l u e  of ~~can be calculated. A fu l l  d i s c u s s i o n  of th is  p ro cedure  is

c i v e n  by S tewar t  and G r a n t  ( 1 9 6 2 ) .

_ _ _ _ _ _  

- - - - -
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U n i v e r s a l  Dissipation Spectra G 2 (k/ k 5 )

From section 2 .4

or 
c k ) 2 

~~~~~ (~5)
z
(~~1)c)~ &~

(
~/ks)

(~3)2 q~ (k3 ) = (k5 )
Z (

~ i~~)
’
~ ~~~ 

(k/k5) 
2. 25

where k = ~~~~~~ )~ 
2. 23

2 -rr j
k - = — ., B - l 8

3j VI V(At I

and 
~~ 1~ (k 3 ) is defined in equation B-2 2 .

The refore

r f ~/ ________ 
v-st C ( i ) C~(i) ~~~~~~~~~~~~~~~~~~

~— J Z k  ~~5l 
~

a
~

oe s.V
~

/ ~~)‘/2 a

( I -
~~° 

a v I~ ± c Ci) C wCi )  ~~~~~~~~ A)

a
B-24

and these  va lues  have been plotted in fi gure  20. The diss ipat ion~~ was

determined f r o m  the fi t  of the log 
~~1l and log 

~~22 curv es to the un ive r sa l

F ) c u r v e .

_  
~~~~~~~~~ -5- - - - -- _
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APPENDIX C

Signal Handling

(a)  Lin ear gain prea mplif ier

Electronic circuits prior to July 12 , 1974 utilized a high impedance

preamplif ier  located near the shear probe , and a d i f ferent ia t ing  ampl i f i e r

in th e main body of the Camel. These circuits are shown in fi gu re C - i .

The shear probe has been represented as an a. c. voltage generator in

series with a capacitor Cp. Calibrations performed on an earl y c a l i b r a t o r

allowed the probe and preamplif ier  to be calibrated toge ther .  The cal ibra-

tor descr ibed in Appendix A , completed at the beg inning of the ATLANTIS

II cruise , requ ired a pr eam plif ier  to be wired permanent l y into it , and a

new but identical preamplifier was built for this purpose. The c a l i b r a t i o n

preamplif ier  and the field preampli f ier  were ident ical  in desi gn , and we r e

similar  in gain to within about 4%.

The outpu t voltage f rom the preamplif ier  is

-~- ~S1Vt2 A-4

-J~~C~ R, c- i
(g + j ~~C1~R , )

for  channel  I , and a similar expression is valid for  channe l  2 . F’ rcm tli -

values of R
1 
and C

1 
it can be seen that for frequencies above 1 H z , a - ~

excellent approximation is

tfc. = - Cp  ~~
Cc .

and the gain is un i form at f r equenc ies  of i n t e r e s t .

The response of the differentiating amplifier is

_______________  
(_R

~~~
R
~

’\ ~~~ -

(%+ 3 u R 3C3)( l+ju. R aC2) 
~ Rs /

--— — - • ——----—- —- ---- - --- --- - -—--- - -~~~~~~~~~
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‘ :~ ~~~~~~~~
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1 ~~~~~

r ~~~ 
c-u C — I  The cal I h i-at ion and I leld pr eamp I i  I icr located near  I he l orooh i e

and t h e  d Cie rent:  i at  l u g  amp i I Her loca ted  in  t h e  iia in  b o d y of
1 he C n~- e t I use ioor ~r o o f i  I c  18. 
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and again a similar expression holds for  the output voltage Jt~ of channel

2 . The amplif ier  d i f ferent ia tes  the input signal to g ive

-jw Lrc, = — dL Tc, - -J. eS.V~~~d-t d-t. C-4

and also at tenuates the hi gh f requencies .  The voltage f rom the amplif ier
1.414

was stepped down by 2. 5 by the FM t ransmiss ion  sys tem, so the ou tp ut

voltage to the Brush recorder  and the di g iti zer  is

J~. =1!~L41 R 3Ca 
____

L 2-S J (t+j~~~3 C 3) ( t *j ~~~zCa~ L R8 J12 c~k~~~ C-5

if Tay lor ’s hypothesis, valid in this case is applied (equat ion  3. 3)

~ uI F 2 5 ] r ( l t i 3 C3) ( I+
~~~~~

tC2
~~1f ~~~~ iF  - ‘  1 J 0

R 3 C1 ~li R1+~ s J L  
~ e SV 2J C-6

The gain and high f r equency  attenuation w e r e  de termined  by meas-

u r i n g  input and output vo l tages  at various f r e q u e n c i es .  A good f i t  is pro-

vided  by the values:

~~) c ~q ( I  + . 0 0 17j t ) ) ( I + .OOl9 j W) r0.
C- 7a

~~Ui -2-08( 1 +.OO i7j~~) ( I* .O O l S~~~) ~~~~
?S2 V2. C-Tb

for  channels  1 and 2 respectively.

(b)  D i f f e r e n t i a t i n g  preamplif ier

The py roe l ec t r i c  ef fec t , noted in section 3 gene rated a low fre-

qu ency  vo l tage  in the probe su f f i c i en t l y l a rge  to s a tu r a t e  the  preamplifier

( l u r i n g  f r e e - f a l l  p ro f i l e s  at the equator.  To r e d u c e  the  low f r e q u e n c y  vol-

t a c o - s  in th u  p r eamp li f i e r , a special  d i f f e r e n t i a t i ng  p r e a m p l i f i e r  w as  con-
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s t r u c t e d  fo r  use  during f r e e - f a l l  profi le s called a f ie ld  p reampl i f i e r, and

a band pass am pli f ier  with un i form gain over the f r equenc ies  of i n t e r e s t

u-as used . The cal ibrat ion preampl i f ie r  was unchanged.  These circui ts

are  shown in f i gu re  C-2 .

The outpu t of the f ie ld  preampli f ier

JF~ ~~~~~~~ F~’~~~ °1 iX~
( I + ~~w R I F C v )  L ~~ 

C-8

and the  output of the ca l ibra t ion preampl i f ie r ,

= ~~~~~~~~~~ J ;

may be combined to e l iminate  the capaci tance  of the shear  probe Cp which

i s an unknown.

~~~~~~~~ r~ -~-~1 Lr~( 1  + J ~~~ o~C.~) L ~~

R ’~~Cc 1~~~~~lL~~ SV 1 duo
( l k j t ~.) RtF Coc ) I 1~5 J L  ~~ j ~~ C 9

The response  of the ampl i f ie r  is

t~1~ i = [ “ ~a
_ _iF 11~i~~\ ~~~L~~~C~~1f l l+j wR 3 c 3 JL Rs i C- b

and aLz a in  the  FM sys t em steps  down the vol tage by 1 . 4 1 4 .  W h e n  Tay lor ’ s
2 .5

hy p o t h es i s  is invoked , the f i n a l  express ion  fo r  the shear  is

12 . 5 1 F(~~~tca ’)(’ +~~~~~C3)1 { 7 ~ ~~~~~~~~ ~~ 1 I ISo
L t ’ - ~~”i - I L  - J 1R~ Rs lL  ~~0( CO~ Jj R5 +g~J 

~ 
~sv a c~ i l

fo r cha nnel  1.

The t h r e e  c i r c u i t s  ( t u c o  p r e a m pl i f i e r s  and the a m pl i f i e r s )  w e r e

tuste (l by m e a s u r i n g  the inpu t and output  vol tages  a t  va r iou s f r e q u e n c i e s

~~h i l e  on h o a r d  ship ,  a nd a lso  by a w h i t e  noise tes t  u t i l i z i n g  t h e  PD P- i  2

c o m p u t e r  at the I n s t i tu t e  of Oceanograph y. Each channel  of each  i n d i v i d u a l

circuit was tested separa te l y; the probe was s i m u l a t e d  by an a. c . power 
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