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A bracklsh wager plume nsmg l'rom a submarme sprm was mapw using a . |

T e 192 kHz acoustlc sounder ant a mlcrowave p 9'l't ing. system The su{hmann ‘ -

‘,—_’—

B sprrng is located at 47 m depth at the hea.d of Ca.mbndge Flord Baﬂ'in lsl!md

The results dembnstrate the advantages ol' usmg, acoustlc remote sensmg tech- '~ ".',-_f

-'. J“%J o

. .
o -

dlﬁ'erent posrtlons relatrve to the plume a.XlS, .n'd\)vrsual observatrons together

wrth CTD and current rbéasurements I'rom a submersnble }_" - ;

.. ; . . o . . LY "l '- 3 R ) X

i~ s The lmtlal—geometry—end water propertlee of the ﬂow at the vent together e e

= A A PRy
e { A

0 with the amblent stratlﬁcatlon were used 88 mputs to a standarﬁ numencal .

a ‘\

model ol' a buoyant plume ﬂe maximum helght ol‘ rise calculated by the model

. is wrthm the range determmed from the acoustlc lmages The expenmental and
numerlcal plume wrdths show the same general increase wnth helght The reaults |
A | lndlcate a l'reshwate(r dlscharge kte/ol' 005 to 0 10 ms/sec Vertlcal velocltleg
| calculat by the model are of the same order as those lnlerred from the acoustrc : S

1mages However, drscrepancm exlst between calculated and observed vanatlonS' R

;o of veloclty thh herght Numenca[ calculatlons ol' vertlca.l velocrtles at 10 m
\ 1 T hexght are about 35 cm/sec and decrease l\nearly {o about 20 Cm/sec M 20 m",_

) herght Vertrcal velocltres calculated from the acoustlc lmag "have a snmllar mag- .

mtude but do not decrea.se in the 10 m to 20.m helght range, o
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lt 1\3 shown in, the thes:s that the radlal decay of the acoust:c backstatter is
p\amed by snnple rad|al spreadmg of conservative pl_gmt scatter-
iponds better to a smple model ol' turpulence

., -+ too rapld to be e:;
2O \ers ll/l lut the radial decay corre

- decay.; Alsof-experlnlent‘z:lﬂo‘bservatlons mdxcate that the scatterers ‘are not bub-
bles, suspended seduﬂ'ents or b|ologlcbl orgamsms The correlatlon bet\.ave&ll the

acoust:c backscatter mtenSItuﬁ and* the 'ﬁne.§tructure in the temperature and
4

N
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’

aused bry turbulent mmng

——
3

qahmty ﬁeld plus the radial decay of these quantmes in the spreadmg plume
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Figure 6.1 |
= " Figure,6.2
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. »Figure 6.4
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(a) Maximum helght of rise for 1985 (broken |mes)l
" and. 1983 (solid lines), versus discharge salinityr The

solid squares and circle indicate averaged observed:

heights. (b) Maximum height versus I'reshwater'

dlscharge rate for the. 1985 data. -

\

Vertical velocity profiles of the rlsmg.plum'e {or' a
range of initial discharge salinities and freshwater
dlscharge Tates. . ' - - ..

A typrcal 5—pmg average of acoustic backscatter

N amphtude through the., spreadmg plume. Ty,plc_al’
: scattermg features are mdrcated o (

KJ
a.

Proﬁles t ough ‘the rising: plume of tempernture

sahmty and acoustic backscatter correspondmg ta the
" -acoustic lmage shown in panel -E of Frgure 3.7 through-
‘the rising plume: (4} rms ﬂuctuatlons i temperature;

" {b) rms Buctddtions ‘in sallmt ~(c) .percentage .of

- acoustic’ transm;ssrons that saturated the detector; (d,) L
quck average ‘acoustic backscatter and sta _j_dard i
' atro,n obtamed from each block average. S

Proﬁles in- ‘the rlsmg plurﬁe of temperatures sahmty'_' .
“and acoustic. bpckscatter corresponding to the acoustic
‘image shown in panel F of I:‘rgure 3 7. See also Frgu re_

8.2, . - . -.“’

.

1

‘Similar results in the spreadmg phlme to thoses m .
Flgure 8.3 but correspondmg to the acoustrc rmage m :

panel G of Flgure 3. 7

\ .

- Similar o Figure 6.4 but correspondmg to acousmc L

lmage Hof anure 3 7.

R

Block averaged acoustlc backscatter ‘Yefsus’ the r

- fluctuations in temperature, salinity, sound “speéd and--- e
acoustic rmpedapce for CT? g.8.and 9. corr&pondmg-
and

-.to. acoustic images G

H of Frgure 37 in the.
spreadmg plume .

84



. Figure 8.7
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(a) Average(l ‘acoustic backscattér and rms fluctua- ,

tions in temperature and salinitj versus yradial dis-
tante from. the plume axis corresponding to CTD
transect B. (b) Average acoustic backscatter versu
radial distance from the plume axis. \ L)

Flgure 8. 8 ScKematic diagram of a buoyant plume" showing the
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'+ Figure A5 .

E in-the nsmg plume

~&TD: proﬂles correspondmg to casts 12 (top) at” the

~"'Plume: RS

. parameters used for the gradient . Rlchardson number

caleulatlon ,

e

(a) Log-log plots of the radial decay ol' acoustlc back-

_ scatter amplitudes through the spreading plume at

40m .depth. The solid .and dashed lines are 1/r and
l/r“ ‘drop—oﬁ rates. (b) similar to (a) at 25.0m.

. .(a) Log' log plots of the radxal decay of acoustlc back-
- seatter, amplitudes through the spreading plume at - .

: .260}n depth. The solid and dashed lines ar¢ l/r and’
Ve

drop—oﬂ' rates (b) similar to (a) at 27 0'm..

A

87a qum the solid -and’ dashed lines are- l/r and

Afr¥ drop—oﬂ rates:,

CTD proﬁles correspondmg to cast 2 (top) du-ectly
over the vent in the rising plume; and cast 3 (bottom)

) : .51-:..

CTD proﬁles correspondmg to cast 4 (top) in’ the ris--
ing plume and cast 6 (bottom) in the spreadmg plume

._CTD proﬁlw correspondmg to casts 7 (top) and 9.

(bottom) in the spreadmg plume

j CTD proﬁlm correspondmg to- caﬁts\m (top) and ll
_ (bottom)‘m the ,spreadmg plume S

]

edge of, the nsmg plume and 13 (bottom) in the nsmg

~' _j:(a) Log-log plots ol the acoustlc backscatter amplltude,' -
-showhin Figure 874 (b):and (c) log-log’ plots of the;: .
" temperature and salinity ﬂuctuatxons showa in Figure

20,
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._Fignre A6

. Figure A%

L

Figure C3
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. CTD proﬁlas correspondmg lo casty 5 (top) fl':nd 15

(bottbm) in the nsmg plume , i

-«/ .
CTD profiles correspondmg to casts 16 (top) in the

" rising plume and “17 (bottom) in the sprea.dmg plume.

t oy

" Figure ce -

. GTD proﬁla correspondmg to casts, 21 (top{ and 2"

_ C’I‘D time snu

*".CTD tlme senes obtamed frony_ the submere,lble at t‘l(e

\

C‘I‘D proﬁles'corresponding to casti; IR (top). at the -
edge of .the spreadmg plume n,nd 19 (bottom] out. of -
the plume- B N

." v
A

(bottqn'r) dlrectly ov’fr. the vent i the nsmg p ume
Zt o e T '

.,-J.

vent at about™47 'm.de
the dlscharge wataer Sres -, »’f“«.::?

>N
b A

vent close to the bott:om
discharge water

th the ‘sensors m the

Vertlca.l tempe:ature sechon i’or CTD transcct A
o /
Vertncal sahmty sectlon for CTD transect A

Vert.lcal sngma-t sectlon for CTD transect A

- Honzontal and vertlcal velocltles in the' nsmg plumer
. obta,med fromh the sub_mersnble at the - vent about. 1.0

m from the bottom

N

Honzontal and verucni velocities obtained .from the.

submersible a.short distance from.the vent, showmg

the amblent currents near the: plume

Low pwed filtered: axial and transverse currents and’
temperatures 4t 9.0 and' 48.0 m deptb for.Septemnber -

1985 The filter had’a cutoﬂ' perlod of 4.0 hours

\ - T Tl

>

btaiped- from the submers1ble a.t. the :
wzhh “the sensors“‘dlrcctly'.jg

L 135,
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descnbmg thbrr dynarmcs are not ful_ly l\derstood Common examples mclnde'-'

. A

explosrons volcanoes and forest ﬁra sewage wastewater l‘rom ocean outfall
drﬂ‘users fand hot Water dlscharge from thermal power plants More recently the"_ 3
', naturally occurnng buoyant. plumw l’rom hydrothermal vents ‘)rl the drscharge‘

“of groun'dwater through the : sea ﬂoor have become a [ocus for research MODltO{ v

mg these man -made and nMurally occurrmg flows i is xmporta.nt ecpecxally for - pol "
lutron control but in lakes and oceans momtonng usung conventlonal measure-_.

ment mothods is dlﬂ'rcult partrcularly if the plume dOes not emerge at the surl‘ace ‘

Submarme spnngs and therr assocjated plumes have up untll recently been |

v1rtUalIy unstudled Most known spnngs were dlscovered erther because of. some,'

E : surf ace ma'ml'estatlon or through SCUBA drvers observmg the shlmmenng eﬂ'ect L s
caused by vanatlona m the optlcal rel'ractive rndex These observatrons are usu-

" ally only possrble in water shallow enough for d?'ets or lor the plume to rxse to-_‘- o
+ the surface. There is evrdence however, suggestmg that freshwater dlscharge'fu\'
occurs nt depths as great as 500 m’on the Flonda contmental slope (Manherm,."-:
1967) A recent study by\Blume et al. (1981) detected at least’ 44 submanne frmh _l

‘ water sprmgs around the rsland ol Puerto cho ’I‘hese were. détected by usrng a

R

'
3

_ smoke plnmes from mdustnal chlmneys, hot gas and dust plumes from nuclear o
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o quency acoustlc souhder, even m

Ve & . Lt
A T
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surface. -

1

The submarme spring in Cambndge Flord uas dlscO\ered becnuse ol the
annual formatron.ol' a polynya in late winter (Dunbar, 1957) Tbe first study"cf\
the polynya was carried out by Sadler and Serson (1980) uho maSe prelrmmary
observatlons and suggested that the polynya was caused by a submarme freshwa-

ter,spring. A recént~study by Hay (1984] has shown that a l'reshv.ater sprmg

does mdeed exrst,,and that tbe buoyant plume can be detected usmg a hlgh [re- :

the absence of any surface sngnature R

A

Lo

YA,
PERY T

. L

N NN

. 2 -

'

multifrequency radiometer rfe_ijsitive to changes in temp_erature and salinity at the *

Turbulent plumes are ﬂurd ﬂows wbose mam source of energy anses from o

dlﬂ'erencel ui den51ty glvmg nse to buoyancy forces, whereas a turb'ulent jet .is

- g\enera.ted by a2’ contmuous source ol m’omentum The orlglnal analysrs of tur-"'i

- bulent buoyant Jets and plumes was made by Mortor:l et al (1956), and their- "

. _integral tecbmques are’ well known Numencaﬁm\dels have been developed by

"Fan and Brooks (1969), Dltmars (1969) and othe hat gwe adequate &strmat@

of mean behavror such as maxlmum herght of, nse, rates, of spreadmg and dilution . |

]evels Many otber studres have been carned out, Abraham 696") obtamed solu-. L

- tions governmg' gross jet behavror Expenmental studles by Alberston’ et al

(1950) have demonstrated tbe snmllanty of velocqtyé and concent'ahon profiles.

R Numerous other numencal models bave been wntten for buoyant 'ets and plumes

- Jets an.d plumes is contzimed in a book by Flscher et al. ( 1979)

some of whlch mclude amb/ent cross-ﬂows A comprehenswe sum ary of buoyant .

Buoyant plumos are a mgre.c,gmphcated phenomenon' han Jets mamly. .

." Y
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l' - - . m' .
rdentlﬁed many other areas which requrre much more research some of whrch

are: (l) the measurement of temperature and .momentum ﬂuxes in buoyant

plu es, (2) an evaleation of the entrammont hypothesis partlcularly l'or plumes

in a|density stratified ﬂurd (3) lnvestrgatrons of the effects of’ ambrent turbulence -

- =3

plume at neutral. densr‘i levels in stratified.env lronments, ‘possibly by concentrat-

ing on the radral decay fthe turbilent kinetic energy

ln this thesrs a buoyant plume is studled using acoustlc remote sensmg tech- - -

.and cross-flows, (4) and a detarled study of mutmg/cntena for .the spreadlng :

. e

) SRR
nrques AcoUStrc rmagrng has several advantages aver conven,tlgnal physrcal sam-" . - i

plmg in  the ocean The most 1mportant ol these are the large spatral ares. that;-.",;_ R

con\sentronall)d in the sdme tlme perlod and the I'act that acoustrc rma,ges are"'- .
- " niqués have been utrllzed in connectron wrth several physrcal procwses in. the
" and other hydraullc phenomena in w1dely drﬁ'enng parts of the ocean (e.g. Haury_

'rmagm g techmques have also been used ln sedlment transport studles (Young et.

i ,cnn be covered m comparlson to the relatrvely l'ew statlons that can be ,sampled_-'_'
r__}_at'allable in real tzme Dunng the p&st few years acoustrc remote sensmg tech-f'.-l:jf':'- '
. ocetn. Acoustlc 1mages have been obtamed oi' large amplltude mternal wavea N

' et al 1979 Farmer and Smrth 1980 and Hay and Colbourne 1987) Acoustlc '_

al,, 1982 Vmcent et al. 1982), mcludmg turbldrty currents (Hay,,et al., 1982; .

o Hay, 1983) In a recent study Palmer and Rona (1986) clanm to have detected.

RO

.'-Ahlgh temperature hydrothermal plumes at seaﬂoor spreadmg center:s usmg a

. sonar from a submersrble Merewether et al, (1985) have reported acoustrc obser— o

'vatrons of plumes in Gunymas Basm of the Gull’ of Cahl'ornla. Th%e plumw -

DY
1

were interpreted as. light hydrocarbons escapmg from natural seeps on the seabed.

v

" the degree to whrch scattenng l'rom turbulent mlcrostructure is. rmportant

The scattermg ol’ sound by densrty mbomogenltres has recewed more atten-_ g )

c oy

-0 L
. 1 ' - . -
,

. One ol' the outstandlng problems in rnterpretlng some- of the imagery has been'f
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tion in.the atmosphere than in the ocean (eg. Tatarski, 1961; Ottersten et al.

-

1973). Backscatter results [rom- fluctuations in the acoustic refractive index at
scales of about one-half the acoustic wavelength .E\'pre'ssions for- acoustic

scattering cross-sections from turbulent ﬂuctuatlons in the tempM e and salin-

A

ity fields in the ocean have been derived by Batchelor (1957). Recent stuctt

/4
- Pelech et al. (1982) 'and Thorpe and Brubiker ( 983) hme'de,tacted mgmﬁcant

acoustic backscatter levels from turbulent mrcrostructure pro uced artificially by.

towed bodies. Acoustic backscatter may also result from l rge .changes ~in . the
' o ,

acoustrc 1mpedanee a.ssocmted wrth sharp thermoclm 5. eston, 1057 Kaye
. B 1978) A major prob]em in the ocean is m dlscrlmmatmg blologrcnl scattenug
" from that due to turbulence, &speclally near . thermochne regrons A rccenr
. thooretrcal study by Goodman and Kemp (1981) mdlcates that scattenng t‘rom ’
B oceanic /turbulence can exceed that from brologlcal scatterers Munk and Garrett

: (1972) estrmated that a.coustlc scattenng; cross-sectlons from. Iayered mlcrostruc-

| ture can be 10 to 50dB above that from bxologlcal scatterers

[ J

ln thrs thesxs the” usg ol' acoustic remote sensrng “to study the buoyantr phrme—
in Cambrrdge Fiord is explored further. It, will be shownthat thrs techmque ¢an
'1 R ) - give lmportant mt‘ormatlon on plume cha.racterlstrcs Acoustlc backscatter amph-
| tudes are compared to ‘fine structure amphtudes m the temperature and sahmty
;ﬁelds in an attempt to relate sound scattering to turbulent lntensrtles A com-
) \ f. plete understandmg of the physrcal mechamsm responsrble for the acoustic -
'Q."' scattermg is very lmportant |f we are to galn ‘the l'ull beneﬁt from these remote‘.

sensmg techmques o P ‘ : Y

1.2 Physlcal descrlptton of 'study' nrea' . " °

. This study was a part‘of a multidisciplinary investigation of several fjords

‘.on the' East ‘coast of Baffin Island.."F_igure l.lt'shews B.aﬂin.;lsland andth) L
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‘ wmter WS conﬁrmed by a series of aerral survey photographs taken by the Royal :

' thrs polynya The groundwater dlscharge 1s beheved to be channeled througm\

' .ralsed delta. and enters thefjo’%near the east’ rD end ol' the beach

o N
. R i .o e e - R - L T UL PR UL O
[ R AP ol . - L IO I A N A A >
. - v . - . . [ . . e, .
- ” . 'L . She ' . . -': N - ' . I. * - . ', ! x
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Cambridge Fiord study area,. Statlon CAl marks the locatron of the submanne

spring experrment conducted in Septemb r of 1985. ‘The lJOrd reacha mland for'

about 100 km and has 3 low tidal range, prcally less than 1.0 meter.

Frgure 1.2 shows the mam features of the fjord delta system, and the large
scale” bathymetry. The head of the ljorcl is made up of two delta systems
separated by a 500 m h|g§. plateau To the northwest we have the Keel River

delta The southern delta consmts%f raised terrates’ up to 75 meters nbove sea,

level The front of the raised delta is lined _ y a Darrow beach A freshwater lake

of about 1. 5 km area is locatled approxrmately 3Pkm from the head of the Ijo d.
-

Thrs lake is drarned by)a seasonal stream trch has cut a- channel through he

L" ) 4

» i

_The e\erstence ol’ a' polynya about 50 m-in drameter at the head of this fjord-_’ :

9 -

was noted by Duhbar (1957) The posrtlon the polynya is shown as the sohd v

3

crrcle just’ msrde the 50 n lsobath The, annual lormatlon of thls polynya ln late -

Canadran Air Force‘between 1952 to 1057 and also reported by Inuit hunters
from nearby Pond Inlet. Flgure 1.3 shows a section of an aenal photograph of the
head of Cambrldge F lord showmg the polynya and a shore lead. Also shown is.

the seasonal stream channel in the lower hall' ol' the photOgraph Sadler and Ser: . -

: son (1980) suggested that a submanne spnng whs responsrble for the formatlon ol o

delta l'rom the lake shown in Frgure 1.2. The water level of tbrs lake was found to'

K

decrease by approxrmately l 0 to 2.0 m dunng the wmter runolf-free perrod as’ \"

determmed From exammatlon of sterro photographs and® commumcatlons with

lnurt Hunters 'This is, equwalent to a d;scharge rate ofOOB to 0.13 ms/sec assuml o

. ing a constant ﬂow l‘rom Septemher to May. A drscharge rate of O 14 m"‘/sec was .

K

determined l‘ rom heat loss consrderatrons through the polynya (Sadler and Serson, e

N
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Figure 1.2 Main features of the head of Cambridge Fiord,
the position of the polynya is marked by the solid circle.



Figure 1.3 An aerial photograph of the head of Cambridge Fiord taken
in April 1952, showing the polynya (taken from Sadler and Serson, 1980).
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1.3 Organization of the thesis

| L e

1 . . . - I

This thesis is organized int6 7 hapters. éhaoter 2 includes a dcscription of '
the ﬁeld programs and a summary of the data collectlon and data procmsmg ) -
methodology Chaptcr 3 dlscusses the. buoyant plume behawor and géometry in ‘
t;l‘lhe\contew(t of data collected in 1983 and 1085. Chapter 1 descnbed the ambient kS
emnronment dunng the 1085 expenment ‘Chapter 5 prwents the compansons . .

"~between dnll'erent. plume models and the expenmental data»\Acoustlc backscatter —

' and turbulent ﬁne structure m the temperature and sahmty ﬁel‘ds are dnscuésed m R
R Chnpter 6. The seventh chapter glves a summary and’ the conelusnons ol’ the A
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- Fielc!,progra.ma SR ' - .

v

' 21Thq1983 ﬂe'lq program R - | TSR ]

s

. "" B : ' ' -
ST Ty - Ne . '
Two ﬁeld progra.ms were carrled out. The first too(( pl@ce llj September

l

- N4

1983 aboard the C S S. HUDSON and the, sclentlﬁc launch GREBE The second
took p]ace in September of 1985 thh the PANDORA I and the submersrblc
PISCES IV The Shlp J Iaunch ORCA was also used extenswely dm'mg thls ﬁeld

program '{ , “ , "tf . _
s S S ~
“, . ‘.4_ ) o ".wk_ . . . ’ _l‘b. , ,

e
L J

A’Obsenration! were made I'rom the Iaunch whlle four-pomt moored over the
™

vent area Most- of the acOUstrc backscatter were recorded ‘on chart phper. A
‘W

\‘

n?rmal onenta.tlon but moved honzontally whlle at constant depth using 8 pulley

system iut'egral to one of the’ mooring. lines. Measurement's-were made for 1 to 2 3

. ‘minute’ mtervals at probe posrtlons separated by'l m. Vertlc;l velocltles were’ also _‘
obtamed wnth a currentsmeter mounted in a. honzontal orientation on,a lead: o
ba]ldsted l’rame held at ﬁXed ’depths ' . i \'
L S '1“ ' . . .
' ‘ T R
R - e S
Lo - o
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_ . 2.2 The 1985 fleld program¢

P . . By
f .

A current meter‘lnoormg and anemomete'r were deployed froin a hellcopter -

!

b o“*/ - ' 64' :
‘ f" s by pergonnel from the Atlantlc Geoscience Center i ln “early Aug'ust These mstru-'

ments were- used to. momtor the ambient env1ronment at the head of the l_]ord. o

LYo LN

durmg the ﬁeld program S i . -
. o We were on location at- the head ol' Cambndge Fiord: with PANDORA lI and N
> o ,' PlSCES w for three days Dur;ng y lfan?%dwes Were made to the vent™ - i

srte wrth PISCES day "3 consxsted ol' launch operatlons Measurements and .

\J-v" N

""" - obqervatlons l'rom the Shl_ps Iaunch were made dlﬁ'icult by' waves generated by

i persnstent lhgh speed up lnlet wmds.. ,We were restrlcted to WOrklug dayllght
. . . ,~\' = M T . f R . -
hours only, for safety reasons '
.1

' A The plume was easxly located from the launch ORCA usmg an acoustlc .

sounder Navrgatlon by PISCES was made posslb]e by acoustxc dlrecthn ﬁndln

wrth a pmger deployed by ORCA at the vent Measurements dee w1th PISCES
. mcluded vertlcal ‘and honzontal veloclty compon\ents sahmty, temperature and

, - sterea bottom photography u’smg 8’ Photosea 2000 camera system Also 15 water -"- x

B samples l‘or laboratory analysrs were taken usmg the submembles rotary Water L
Y A
/ f sampler In addntlon tb these méasurements photographlc and v15ua‘

[

bserva'tlons R

o - were made from wrthln thesubmersrble s Foo o
The moonng llnes used to l’our-pornt moor the launch. over the vent whlch

' . had been deployed in 1983 were draggéd for an recovered m 1985 wrth lltt]e :

f e . dlﬂ'lculty The launch wrth the ald ol' the Shlp s lngatable boat Was used?o set up

s shore transponders for a mlcrowave posrtlomng system Near the end of day 2 the

‘ ‘ Q plume 'Was mapped by runnmg 23 acoustrc soundmg Imes On day 3 the launch l, r

R was used to map the plume wrth a gnd of- 23 CTD statlons Frve more soundlngs N

hnes were also made at the end of the day




2.3 Instr-uirhe’nttran’d.rx_iethods S ' B .

> "'

’l‘fe)posmomng system used was a l\lotorola Mrmrangg—-\qth al rated

O Lo

h racy of 1.0 to. 2.0 m The posrtrons «of the | mlcrow.ave transponders on: Te beac -

in l’ront ol' the delta l’ace are marked ;V'solrd squares in’ Flgure 1.2. The b-rsclme

- .
b A

— dlstance between the two transponders was, 220 m. Thrs was measu red uslpg an D

ml‘rared 'l‘opcon DM A" .distance measurmg nnu Acoustrc sc)undmg tr'msects

. spaced at’ approxlmately 10 m mtervals ‘were conducted by executmg c,rrcular arcs ,

.,."

L aroumd each shore transponder i the general area of the plume L T :

4y . H ‘_,- o

The bl‘acklsh water plume l‘rom the submarme sprmg w:us mappcd from the

lalmch uslng an acoustrc souhder [‘he sounder ‘was a commercral prqtotype bullt

“..‘ l l
PRI

: or 800 watts 'rms the r'ecelver had a ser‘s;tmty ol' 0. 65)( 10‘B V over a bandWldth

[ .."'a .

resonant I'requency ol’ 192 kHz The beamwrdth the angle between the h.nlf poWer
pomts ol’uthe mam lobe, Was estrmated to be 2 3" (Hay, 1983) The souhdcr Was
operated wrth a pulse length ol’ 0 5 ms gwmg a range resolutron ol' approxlmately

-10 cm ’I‘he pulse repetrtron mterval of. the sounderawas 270 ms The :malog

\ .

\
acoustlc backscatter srgnals and the trrggbr pulse were recorded on separate ‘FM

channels bl‘ a Racal Store 4 mstrumentatlon tape recorderr J:he recorded srgnal

l

" \vas the envelope oT the £nll wave rectlﬁed IOW pass ﬁltered echo._ ,

RS

: x' (e

The backscattered srgnals were momtored in rea.l trme on. a Teal(tromx model

. ¢ S

'- cm/sec I‘or whrch the recordei-s frequency\response was ﬂat from 0 to 5 kllz 3
dB it 8. 2 kHz and 20 dB at 10 kHz The rms tapenorse level st approxrmately

-43 dB at 3 kHz. Each analog tape wa.s calrbrated ;-by recordrng the 3 DC levels

from the recorders calrbr‘ator output The analog slgnal whs drgltlzed on ‘a. HP

l\‘ - A . . . l ‘.:

.r"

: by Ross Lnboratones, Inc The transmrtted output PO‘Wer was 400 V Peal( to-—Peakf' i

4658 portable oscrlloscope The recordlngs were made at a. tape speed of 38 l' g

4 ol' 5 kHz. The transducer consrsted oI' 32 barlum trtanatc elements and had % SR

- e e e
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model 5451B Fourler Analyzer at an eﬂective rate of~g20 kHz by usmg a playback S
tape speed ol' 191 cm/sec and a sampllng rate of 10 kHz. The recorded trigger _‘
pulse was used to activate a- 4096-pomt d|g|tlzmg wmdow gwmg a samplmg
: mterval of 0 025 ms. The acoustlc data were processed on a VAX 11/785 and 4

llP-lOOO computer system False color rmagés ol' the plume weré constructed

l_. —

from the acoustic data using a. Norpak VDP 11 lmage processing system. Flgure S

= a

2.1 shows a block dlagram ol' the acou,stlc data acqursmon and processmg sys-

1 ~ v . . v - N . . .- . . - .

.
. D
. . . .
tcms . O .- . AR .. . o ;- e, : SRR - . P
PR M . v s . o . LN \' . - ' :
' . ! T .
v : b
FR

‘ A sccé/d aCOUStIc mappmg ol' the plume Was made in. conjunctlon mth a S
grld of CTD statrons whrle the launch was four-pomt moored The CTD mcas-' AFRR

. uremcnts werejobtalned usmg a, Gulldlme model 8770 portable CTD system The '.“ -'-I
analog output ol’ the CTIS deek unrt was reeorded .0n :an a,,udlo stereo cassette _.-_.‘1. gl

\

deck The analog tapes were drg|t|zed and translated usmg facrhtles at the Bed-' -

l_. '

l'ord lnstrtute of Oceanography, The trme lnterval between sudcesslve pressure!

) ' v

Ll conductwnty and temperature r&ords was 190 ms The charactenstlcs ‘of this,
CTD system are gwen i Table 1. Typrcal ascen,_and descent rates were Qf “the . BRa

order ol‘ 03 m/sec gwnng a: spatlal l‘esolutron ol' about 5 cm outsrde the nsrng
- ." - plume o T ST . ‘ :.. l',' - N . _
The Vertical Qurrent; measurements were made l’rom PISCES wrtlr,,a""l\lerlr .;‘-"-'

E N R

T Broun lnstrument Systems DRCM-" acoustrc current rneter The tlme rnterval

IR between successwe speed and dlrectlon measurements Was 05 seconds The -

spcclﬁcntlons ol’ thls current *meter are glven 'm Table 2 The current meter was

mounted on. the reniote mampulaﬁo‘r arm of PlSCES IV Measurements were

made wlule the submerslble Was srttmg on the bottom and the current meter

\ 0 .

mamtameda-m-a» horrzeutal pnentatmn usmg externally mounted spmt levels

U
The analog output- ‘of the DRCM deck unlt was recorded on an audlo cassette v ‘-"_
. . o , v _I ) . « 3 “-— ' . i
J ; “~ '~ ‘,‘ ”" \ ' \’.'- - ’ i
\ ; - Y A\l . . .-' \l
. i . @ .:'" . . ¢ ‘.! “.;
" ‘ RN _ 1 ‘ 2 ) x ' N Iz e
] . '_- . LY .‘\_ L e (14 [] X
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S - . | ROSS.LABORATORIES | -
e S | . 192 KHZ ’ :
e . a .l SOUNDER -t . e

- M . LN N ) o :/ ' ' R ) . .
. ) \ . . ' - . ' . ’ (\\— ‘
- - - i B . ALt R N - > :
N . * : ' i ’ ; '{

SOUNDER - |.| TEKTRONIX | [RACAL STORE.4
TEKTRO!

.. CHART = |~y - 465B.. - | . TAPE - [. ~.-
- RECORDER: | | OSCILLOSCOPE | .|. RECORDER . |. .

En
v . -y

) 2l = g '
. HP-5451B FQURIER|
RN "ANALYSER ' |
: .m —
ToHpodo . | o e | ovax nigmss |
. €OMPUTER -| » .- | COMPUTER | °
. T [N “ N--\ N , '1‘:.',1\‘-'\:"‘. ] ) ‘.-" - -

(_ . . . o i . . . ._ L \ 'V
e ' NORPAK. VDP-11 | |
' IMAGE PROCESSOR |~ o

T ey
s s . - .o . - v ’ i
_-*,:h Figure 2.1 -Block diagram of acétisti dat'ﬁ acquistion and p_rocgissj'r‘lg. e

7

¢t
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Table. 1. Guildline CTD Characteristics..
’ el e "Resolut,ion 'Agg_urag’ ' Response Time
; _. | Pressure - 0.123 dbars | £2.0dbar | <1 msec .
N -| Temp. 0.00512°C +002°C - ' 60 ms .
Cond Ratio | 0.000195 .40.004 60 ms \
Salinity 0.01 ppt =£0.04 ppt - oo
:‘. L
_ “Fable 2. Neil Brown Current Meter Speciﬁcat_ions. )
Lo N 3 Range ' . Accuraéy. . - "R'esponse Time
- IR Veloclty'_ﬁ 0-250 cm/sec | +1.0 cm‘/Sec - 0.2 sec,
N compass | '0-360 Deg. .| -+2.0 Deg. - - 0. 2 se,c
\ Temp. - {.3.0-327°C . [ +£0.05°C 10 se¢ .-
. .- |\Pressure . 0-100 psr | 05% L0 sec S
—_t - . ! »"-;'f. N K )
tape deck The senal output of the deck unrt on playback was standard ASC!I ;
S s characters which were dumped drrectly to the VAX 11/785 l'or fu rther processmg
a o 2._4 CTD-data pro,c'esing - R _ ¥ ,
oo, T s

' CTD data processmg was done on the VAX 11/785 eomputer system The -
I h prwsure time sel;}s was smoothed by computxng a shdmg 15-pomt least squaros '

_' . fit to a second ordcr polynomlal Thls ehmmated the small amplrtude random
.)_-_L;' .
e changes in the pressure anmg from the low resolutlon of the d)gltal output I‘rom . s

:

the portable system {0.12. dbar. per least srgmﬁcant bit) and noxse in the least
.' slgmﬁcant b|t of the pressure word Sahmtres and densrtm were then computed

usmg the UN'ESCO 1978 practlcal sahmty scale A ﬁrst edlt ol the CTD data was

performed at BIO when~ the analog tapes were ttanslated Any remammg splkw _

, . o . \

S . e -
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. in the data were manually edited .',on the VAX. Broﬁles of temperature s’alinitj

’

and srgma—t were then plotted for each cast CTD measurements made l‘rom

" ORCA and PlSCE.S wnth the ,probe at constant depths were plotted a’tlme series

l

The)gl\s ne structure varlatlons in temperature and salinity were computed

ol‘ temperature, salinity and sigma-t.

by hlgh pass llltenng the data The coefficients.of the ﬁlter are given by

PR l. sm(k:r&lf ] .
ra po= oL + cos” enkalf, (2.1)

.o . . .. .
~ »” , : : : - ' :

..../"'3

'.where k.is the lndex number of. each coeﬂ'icrent and nis the total number ol‘ o

E ~ﬁlter coe[l'icrents 6l is the samplmg interv al and fc is the cutoll frequency The' ,

ﬁlter can be\used 1n elther a hlgh pass or a low pass mode 'Phe vertlcal CTD

.proﬁles were treated as tlme senes The probe descent . rate of 10.35 m/sec was

",:"deterrmned l‘rom the slope ol‘ the probe echo in the acoustlc lmagm From the.

total number of scans per, proﬁle a samplmg rate ol' 5.4 Hz was determmed A

ﬁlter length ol‘ 21 samples or approxlmately 4 seconds and a cutoﬂ l‘requency ol'

-03 Hz was: used Thls ﬁlter length ‘and cutoll‘ l‘requency corrospond to spatJal

- scales of L. 5 and 1.0m respectrvely The square of the ﬂuctuatrons ln tempera-l '

' ‘~ture and sallmty were then block averaged over a time interval correspondmg to

: . -the range resoluthn of the sounder Thls lnterval was chosen in order to compare '

'the.rms ﬂuctuatlons in temperature and sahmty wrth the acoustic backscatter at

S . the same depth. :"-'- ,\ L '.f.

' .:Q.B'I-Acoustlc signal pro'cesslng "

v}

We wrll consrder a typlcal monostatrc sonar system m yhlch the same trans-

= ducer is used to transmlt and recewe Suppose that the scatterers are umformly_'_’

.

) drstrlbuted across the width of the mam lobe of the transducer antenna pattern,
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* which can be approximated by a cone. Then the incident*sound pressure ampli-

tude is given by
- -
' ZEe-erp 2y

: where r is the range, ry and p, are reference values, D is the directivity factor

' for- the transducer and a is the sound absor]rt'ion'eoeﬂ'icient. The backscattered
- amplitude of the sound pressure in given by ‘
oty . .
‘ ' S . D - ' S
SN . - o P, = Pi—E€ arF, ' ' ' (2‘3)
. N . . . . r . N .
where 'F s a coeﬂ'icrent repr(sentmg scattermg strength ol’ lﬂe tarvetq The""
N detected amphtude ol’ t.he backscattered ‘wave at the transducer for a partlcular
s spatlal conﬁguranon of scatterers in a gwen range cell (deﬁned later)
' LT _Pd = EP.,-@"‘" [ ¢ X |
N c c 7=l o - '
where N is the total nu'rribevr of p.articll.es in the range cell, and ¢J- -and p‘j_
. . the phase and amphtude of the wave from the ;th scatterer, ¢ in this case 1s:
" | : deﬁned as the \/_'_l' Tbe square of the magmtude of the- backscattered pressure ._ ‘
) level from any gwen range cell is given by e
’ Ipd |‘2 = qu '¢ ZP. -'h ) (2.5)
' . Jm=1 . v
which can be writter as %'
P4 I2 Ep., + EEP.,P. dha) (2.6)
‘ C o jeml IAE ' : B
The instantaneous pressure waves from a particular range for'a particular ensem-
© “ble of scatterers are. incoherent if the positions of the scatterers are random func-
G , ! ~tions of time. Therefore theinean"siluer’e*prmsure level at a ‘givén‘ra,nge for an
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'jw;*-:\'-.

¢ . T ~ 3
B . average over several pings is given by
| L) . "V n ‘
<lp[*> = ¥ p; S (2.7)
- . . J=l

\-

providéd that the ¢; ~ aﬁ vary randomly from ping to ping. The angle brackets '

> - denote the average over all possible configurations ol scatterers,

We approximate the main lobe of the transducer antenna pattern by a cone

and’ deﬁne ¢o to be the angle charactenzmg its half width. Then the detected

"

volume element or range cell is wntten as AN
'/ oot tET : : oo .
f f r sm¢drd¢d0 I - LT .(2.8)
0 * . . ‘ - . .

r -ecl-
44

og. t3

.here r is' the duration of the transmltted pulse ot pulse Iength and ¢ is the.'

' P

~

- speed of sound. The quanmy CE is thep the range resolutlon of the sounder

The eﬂ'ect,ive backsca‘t.teréd preésure at the transducer due to a large number
of randomly distributed scatterers .can be found by mtegra.tmg over thﬁolume

'element and using Eq. (2 3) and Eq. (2 7) to glve

- o “"v A ‘ r +.c—7- ' 3 . .
. . 2 do 4 o 2ar . '
R R < | P4 |~ =f[[ [ rzsinqs'drdquop,.?pzf—z_-pj,zn (2.9)
. , ' ‘0.0 . . r T
’ i1 ’ LA 2ot o .

« ‘ MY
. Assummg n, the number of pamcles per umt volume lS mdependent of r, 0 and
.¢ thhln the volu re element and substxtutmg for the mcrdent pressure P; from

Eq. (2 2') we obta a.ssummg the volume element thlckness is very ‘small com- *

: w ., . : .“*‘_.‘ . . - T,
.. pared to-_the range, 5 . ' cae
- . <|pi|%> = |apgiro®ec7F,%n jsm¢ D—~d-¢ (2.10)
'.. . . . . . "\‘ ' A . . ;’f“’:‘
. - kN . o
e : v <L "i ) «

&,
A S
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‘ The rms pressure level is now given by . ‘
‘ . | '\../"/ b0 "'z ’ : . \
. . -2ar
. _ <|pi|12>% = |nplrdctF,2n [singDid¢| £ (2.11)
g TFporocTrh, .
- ~ // ' 0 ' . .

. s
The quantity given by Eq. (2.11) is proportional to the rms measured voltage.

With the ddscussion 'le'adin'g to Eq. (2.7) in,m%_d the acoustic data profiles

--used in this thesis weré averaged over 5 consécutive plpgs and over the pulse

rme

- . length (about 40 cm) in the -vertical. The acoustic backscatter signals werqu
| corrected for spreadrng and attenuation & mu]tlplymg thc measured signal level
. : by the factor rexp(2ar1 accordlng to Eq. (2 11) The srgnal was then depth~ or- ' '
.' mahzed by dwrdmg thls corrected slgnal by the}lﬂor r exp(Qar') The tih". .
- _ , . ’l corrected srgnal is then grven by v = Vrn, F wgf,re F is gwen by g A '
: S ' . L F = -L,'_e'*"’(’ "")n-" o (2.12) -
. * T T . .
an'd v is.the~‘measured backscatter, aln'plitude, r! is one-half the total water

depth. - e, , .
o .

The attenuation af sound in-seawater cah be'attributed to viscous absorp-'

' tion by water molecules and the molecular relaxatlon of magnesrum sulfate and

bonc acrd The attenuatlon coeﬂ'iclent can. therefore be wntten as the sum of oo v

- three terms, neglecting any att‘enuatlon due.to the’ scatterers themselves.

a = 0F"*T-¢Mgso.'+ OfBon'cAcu S © . (2.13)

" The attenuation coeﬂicient in m~ m seawater at O°C and shallow water depths is .

' grven by (Clay and Medwrn, 1977) N

o ' e = 570 X 10'8f2 + 234 X 10" __g_rﬂ__z_ (2—14)
[ ‘A ‘
where j 1s the ((,quency of the incident- sound wave.in. kHz, S is the salrmty in-

‘. . . B - ) . Lo
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ppt and [,, is'the molecular relaxation frequency of magnesium sulfate ( 59.2
kHz at 0°C). The pressure dépehdéncts-axfd boric.acid contfibutions have been

1 - :
dropped since they are small for the depths and the frequeney of ‘interest. The

- attenuation coefficient at 0.0 °C and 31.0 ppt salinity was calculated to be

- Cs l ! -
597 X 107° m " at 192 kHz. . o - . ‘

Acoustic daﬁa profiles paiaflel ta the descending. CTD package were con-

structed from phe,data.' Thés..e profiles wére then block averaged ‘over the resolu-
tion of the sounder (§bou-t-_ 40 cfn)'anc'i,cofnpared directly with the rmg fyctua-
tions in tgn‘l.pél.;z.!.tl.lr.e and s'a]ibriity.over the ;amg dgpt.jx_il_;terval._ Z |

3 - ‘ o . ._5:.; L _— ‘.:.z":‘

28 Wind 'And_'c.'un"ei;'t méter.da.ta pqui:éss{ng o -

BERERC a2
t LY
RV

P S " The wind data were obtagn\e;i_ from: an Aandgraa'RWS. amémometer-mounted i :

1 % . . . i - . . . .
intervals from August 12 to September 21 1985. These data were translited and
édit_ed at the Bedford Institute of Oc‘ea.hograpb-y,'and suﬁplied' on 9 trgék 'mq:g;

: netic tape. The wind data were de'éompqsed into NNE and WNW.direc't:'ioné.

The NNE épmpo_ﬁent is aliéned i-o"lm'wit.h the fjord axis. The positive- down-

'-bo'sitiire cross-inlet -or .tr,dnsvergé" c,omponeq'tfblows towal:as ;He 302 degrees true

y- - direction. A’ magneti¢ deviation of -58 degrees was applied"to the wind direction. -

« . ~ Wind §peed and diréction were also obtained<from the ship's log for Sep:,tembnr,-.éo

an_d':"?l,' the period of the experiment. . . < s

" menitored during f.hie same.perio.d by ‘wo ,mooréd Aanderaa RCM qurreht_mqters._ .
- These inqtruments‘ were placed at 9 and '48'm d'ép'tb'i'n,about 50‘€n. of “water

A

" “on the raised terrace about 75 m above sea level. The position of the atié'r;.x-qm-eté}. '

is shown by the. Qi)en square in Figure 1.2. Recordings were made at 20 minute’

" inlet ‘or axial component blows towards tbg 33 degreés {rue directi_'on_ and-the . .

| . "'I‘h_e émbiénﬁ- cun;entsand water temperatures ai_ the head of the _fjord-wetq' ’
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L 4 ' .
approximately 500 m from the plume. The position of th@t meter mooring

is shown in F igure 1.2 as tBebpen circle. The current meters have a thieshold of

-~

LE i

-~ "« . intervals. Translation of -ther Aanderaa data into physical units was also per-

)

formed at BIO. The data were edited and a magnetic deviat‘io.n of -58 degrees

-~ . . £ g .

s ‘# was added to the direction channel at the time of translation. The current velo-

- ¢ity components were resolved in the same direetion 4s the wind data, je. paralle]
. e . . .

L
s

and perpendicular to the axis of the fjord. The wiﬁ&"»qnd current meter data

"
Y
]
o

‘ ~ were low pa‘ss' filtered using t.he ﬁ'lier. already described.

K ' . . g
' . . Lot K
'
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B U K4 .
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1.5 cm/qec. Current speed, direction and temperature were sampled at 10 minute
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' CHAPTER 3 PLUME AND VENT OBSERVATIONS

a

3.1 Bathymetry Co . N

Figure .'hl shows a rough bathymetrlc chart of the vent*area centered at
. about 21{;n oﬂ'shore This map was constructed from thé chs at all posltlon :

™~
ﬁxes for the survey. The solid squares and crrcles mdlcate ﬁxes lrom transects

i . - 'A ‘ centered on.the dlﬂ'erent transponders These depths were then plotted and the o
o :- contours were drawn by hand. The oll'shore dlstance is- perpendlcular to. the |
" - beach along the delta face and the alongshore dlstance is along the beach ina

: northwestward du-ectlon The bottom slope is about 10 degrew in the general

. area of the vent. The approx1mate posrtron of the vent comcldes wrtl?CTD cast |

“number 2 along the 47 m |sobath ‘The posltlons ol‘ all CTD s obtalned dunng the

. ' snrvey are lndlcated by the plllS S|gns The num ers correspond to the sequentlal
: )

- . . P ’

'3.2° Acoustle _tr.ansect _lmages of the'plum'e'. S o - ) e
The l‘alse color lmages shown in Figure 32 constructed from the acoustlc
oL . 4
R data were drsplayed on a No‘rpak VDP-ll lmage processmg system Each dlgr- E
o trzed ping was dtsplayed as 8 timeé serles in the honzontal The images were-_
)‘4 ' enhanced by both thresholdmg_ytld contrast stretchmg The rmages are made up

' ":.' S of 430 by 590- pnxels The signal range of 0 to 0.65 volts is ﬁrst ﬁtted lmearly to

7 ) . the 0 10 255 grey scale, A false color is then applred to thls grey scale with’ red

) » .. 'I, “ "
. . N . P
a N s . . . (R} K i R )

- : ' e . . ' . = . . ’ . '
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.. pings was not averaged in the horizontal.
~ t

Y

' interval of 0.27- secquds per ping and the minlmum speed of the launch of about

'.'-;V.' o : ’ ! : . . . . . ¢ L . . .
AN -24- . ) . ot

N .T o
‘e

representihg high 'slgnal level. The detector saturation level of 0.85 volts is S 3

) assrgned black and the background level is turned white. A typlcal lmage consxsts

o( tyo’tplngs or recoids each 4098 datp points in length. Averaglng over sets of 6
data pblnts in the vertical by 2 records in the horizontal was necessary to fit this

lmage to the avallable number of pixels. Any image consisting of less- than 600
. N\

\

The horizontal scale of these images is. determined by the pulse repetitlon

$

25 knots " The total length of the transect i panel A//ra about 188 m gmng a

horxzontal scale of approxrmately 75 m. per mindte. Panel A i in Flgure 3. 2 shows . '

L8 lalse color lmage of an acot}strc-transect acqurred while steammg over the vent. '

.)

as descnbed in sectxon 2 3 of Chap er. 2 Panel B shows a correspondmg image - ' ~

'l. —t

’ acqulred while steamxng over the - vent around'The opposnte transponder The- |

)

na ro *approxrmately vertrcal rrsrng plume can “be seen to overshoot its height of

, neutral buoyancy dueto its vertlcal momentum, reach its maxlmum hcrght of

) rxse at 15 to 17 m depth.and then fall back to spread radlally outward along iso-

Tise: are due to dlﬂ'erent amblent stratlﬁcatlon as swill be shodvn in Chapter 5

P
[N

{

- and brobably caused the near bottom gone of hlgh amphtude ;gscatter The

.f'e"\

pycnal surfacw at depths of 20 to 30 m. Sumlar images obtamed in 1983 show
the plume extendmg from the bo'ttom up toa mlnlmum depth of 9 m and spread-
rng ‘out honzontally between 12 and 20 m depth Thue dlﬁerences in herght of .
L)

The amphtude of the: acoustlc backscatter decreases wnth radial dlstanee from the
plume axxs. Large numbers of euphausuds were:observed from the subnersible e |
penodlc nature of this zone, partrcularly evident in panel A, is to the launch .~ -
rolhng in about 1 to 2 m seas. The appearance of ‘more than qne ¢ osely spaced

rising plume is probably due to. this ‘same wave-lnduced launch motlon, cgusing

“the sound bean{ to swing in and out Qf the nsmg plhme S o ,g‘

. s . _ -, . A

B L R B . R . o 4 L
ce R : . . oW ’ R T - :

. ey e . " . N . . .
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Flgure 3.2 False color lmages of gbe plume from acoustnc transects

| - : .Pa'ne_l A alioisii_i Al image obtained while atéaming over-the vent,

¢ o RS Co Panel B 1s the same as A but the soundlng transect is centered on
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PRI a _--'.-"-"'the oppbsnte transponder. L
Panel C shows aﬂ rmage acqurred whlle steammg over the spreadmg plume.
- Panel D shows a lmage acquxred whlle steammg over the ve—r’ne .day later.
Thrs unage wm recorded at a~lower recelver gam than Panels A to C.
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The image sl/)own in' patel C was acquired while steaming over the spreadirg '

plume. to 6ne _gi'{ie of the vent or rising plulr‘x,e axis. The plume appears to be.

spreading out betwee'n 20 and, 25 m depth' Tongum of plume water are'seen to
be' spreading out along-vertlcally é’eparated surfaces. Agaln we see the’near bot-
tom zones of hlgh backscatter caused bv euphausuds and probably other blologr-
cal orgamsms The lmage shown in panel D in Frgure 3.2 was acquired whr]e
stenmmg over the vent'one day later Thrs image was, recorded at a lower recewer

Al

gam than the first three An lncrease in Che maxlmum helght oI' rise o 5 .m is

i .

,'- seen m thls |mage s Thls 1s beheved- to be related to changes in amblent

. " stratlﬁcatlon assoclated wnth a redudﬁon m‘the speed ol up- mlet wmds It w1ll

~

..rl,
.

. ' ‘the'maximum’ helght of rlse e

- 3.3 M_aps'of--acoustlc bac_kscatté_r. amplifa_rde as a fdnction of depth -

ot Fxgure 33 shows typlcal acoustic maps of the spreading and nsmg plume in

_ liorizontal cross sectlon at selected water depths.. These maps were constructed

o from 9 consecutWe acoustlc transects by takmg honzontal cross sectlons averaged

-, over one meter in the vertlcal The first: two maps 'at-20. and 23 m depth wére

a.veraged over 2 m in the horrzontal whrle the la.st two at 32 and 42'm were aver-

':eontourmg lnterval is 0 1 volt thh the hlghest level contour at 0 5 volts around
'the center of the plume, on a, scale ol' 00 to 065 volts The average background

;level or 01 volt has ‘been removed The srgnal level hias been corrected for

Q . be shown m Chapter—5 how wmd-rnduced changes in amlnent stratlﬁcatlon aﬁ'ects

: ’.’agcd over 1 0 m. The contours represent dlﬂ'erent levels.of backscatter §|gnal "The -

: A has been corrected to take: lnto account the \vrdth of the maln lobe of the‘«trans—

¢

- "'attenuatxon and spreadlng accordmg to Eq (2,11) The plime wxdth at any depth '."
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cqual to the beam width at that particular depth. For example at 40 m depth

and-a sounder beam width of 2 3° the plume width would be reduced by 1.6 m

/on each side.-

, - .
The nlongshore extent of the plume at 23 m depth is approxrmately 80 m
_ and the offshore .r"xtent is about 45 m. We define a characteristic width of the
| plume as the square oot of lthe\area‘ enclosed by the l)'Z volt contour. The
chnracterrstrc width of the plume at 20 m d:pth ls about 10 m and at 23 m depth -
Y N

_about 34 m: . The characterrstrc width lncreases wrth depth to about 26 m after
“which it decrea.ses to 15 mat 32 m depth and to 68 m at 42 m depth. No plume

 widths below 42 m were calculated due to the near. bottom scnttermg zones merg—

4
)
-ing wrth ‘the srgnal from the plume 1tself Plume wrdths .were determrned from the
horrzontal maps in this way at 1 m mtervals from 18 to 42 m depth A plot of

plume wrdth versus . herght above. bottom is shown in Frgure 34 The plume

wrdth is. seen to be roughly constant in the first 10 m after which it increases

. almost Yinearly up to 30 m-dept.h. Ahove this point the plume starts to ‘spread s
\horlzontally and hence the widths rncrea_.se very rapidly. : o

3.4 Detalled bathymetry I‘rom interpolated poslt!ons
Frgurc 3.5 and 3.6 show detnlled bathymetrrc charts of the vent area
As in Flgure 31

K /-_\ obtalned from the acoustit transects around each transponder
| “ ‘the oﬂ'shore and’ alongshore drstance is- perpendrcular and parallel to the beach

rcspectrvely Bottom depths were selected from the drgrtrzed acoustic records

along eaLh_ transect. The bottom transects were then- edrted to Temov e sprkes

resulting rrom brologlcal scatterers Frna.lly the ‘transects were 5-pornt smpothed

"and sampled at 1.0 m intervals to Aprodu_ce the bottom contours. The  acoustic

transects are indicated by the broken lines: These lines were obtained by taking
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the average radius of all fixes for each transect. ~Again the approximate position

< ) .
of the vent is marked and coincides with the 47 m isobath.
Th_é differences in the bathym'etry.seéﬁ'in Figures 3.1, 3.5 and 3.6 are prob-

ably -due to the fitting procedure .used to map the transects, and it should be

noted -that this could also introduce artificial structure in the horizontal maps of

the acoustic backscatter amplitudes in Figure 3.3. Difficulties. were experienced

in mamtammg the lauuch at-a constant dlstance from. the pivot transponder.'

vaot transponder were not perfect cnrcular arcs Another ‘possible source of error

-7

could result from side: echo %peclally in Tegions wnth st,eep bottom slopes "The

. problem would : not senously aﬂ'ect the plume cross-sectxonal areas and w1dths

:

mferred from Flgure33 - N

- . This was also partmlly due to the rqugh sess. As a result ‘the paths around each’/
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Figure 3.5 Detmled bathymetnc chart of thevent area. The acoustxc |
transects tracks are shown as the dotted lines, Two CTD transects
" lsbeled A and Bare shown with the CTD cast posmons ,
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3.6 Atoustic ln_mg:;s of the plume at fixed points

Figure 3.7 shows depth versus-¢ime false color inféges of the plume obtained

while the launch .“‘fas four-point.moorgd over the vent. The echo from the CTD:

instrament package can be seen in these images as oblique traces dui-ing- ascent

)

. and\dwcent and a. h';)rijloptal trace at 42 and 45 m depth in panels E and F

A

-'where the CTD was held at ‘constant depth for approxlmately 1 and § mluut.&s
- \
respectwely Panel E i is depth versus time image of the plume corresponding to-

" CTD number 2 in anure 3.1. Tbls 1mage shOWs dlstrete scattenng structuras ris- ..

’A

'h'-‘mg from the ‘near bottom “zone -at approxnmately constant speed and then ,‘

dece]eratmg above 20 m dep&h Some“hat hlghcr ascent rates are ev ndent below ’

| 37 m depth as mdlcated by the. more nearly vertlcal scattenng structur@ Max- o

~imum asceut. rates’ calculated from the sIOpe of the: strmght Ime trajeclones of. .
these structurm in the 20 to 37 m depth range are about 32 ¢m/sec. Panel F

‘'shows a similar image rgcorded at a lower receiver gain corrmpondmg to CTD |

pumber 23 in Figure 3.1. These irﬁﬁgeé were obtdined one: day after the o

shown in-panels A’ and B in Figure 3.2. The previously mentioned increase.in the

maximum height of rise is clearly evident.

The scattering s't.'ructures are intermittent with an overall pear -periodi‘cii.y of -

ibout' 0,5 mmutw Tbe naurl-e ‘of the cattermg structurw is not. ful]y under-

stood andl is dlScussed Iater The maxlmum helght -of nse is very sensitive to the

vertical densny gradnent in the surround"ng ﬂund. The osc\llauons in the plume

hexght partxcularly m the image m panel - have penods of: about 3 mlnut.es

"+ These penods are typlcal of internal anes whnch could cause changes ip ambnent

- ;tratn_ﬁcahpt_x and account for the oscxl_latoryA behivior of the plume beight.

K14

N
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-‘ ‘ Figure 3.7 Dgptlﬁr_ers_ijs time false color images of the plume obtained while the

: ' - . launch was four-point moored over of to one side of the vent.
"Q‘ e ’ ' . . = ’ . - - ‘.‘ " ». . L L. .. ' :

Lo - ‘Panel E shows an acoustic image within the rising plume (CTD" cast 2 in Figure
. ‘_‘xv-f' . R . . .. L . . " L . .'_L - .
Aol - ' s l) o , L

_':-‘" o ., . Panel F shows another similar acousnc xmage wnhxn the nsmg plume (CTD cast

l

23 in Flgure 3.1). _ . o
. L 2 " -Panel'G is an. acoustic imagé of the spreading part Qf the plume (CTD cast 8 in
-._// ) S L Flgure 3. l) ’ ‘ - .
B ' Panel H is slmllar to panef G at a shghtly dlﬁerent locatlon (CTD cast 9 m Fig-

ure 3. 1)

-

I~
.

T ’ L]
L - AR 1
. [ ) g “ ‘s
i . ' EX
b
{
. o .
voe . . .
P * .



(NIW> 3WIL

N T ) !
i R 1))

-.. ”’ " _.wP. .055 a.u“
i 1t
._..ﬂﬁmdnp 2ty

L. MY -

"y t




~. the part of, the organisms involved. S e |

' emerger’ at about 20 'm depth. The honzontally coherent | struct

- 37-

'The false color acoustic imz‘;ges shown in panels G and H in\Figure 3.7 were

: bt'uncd wnb the launch four-point moored over the,sprea ing plume. Theédes-

cendmg CTD probe entered the top of the plume at ab ut 12&|m depth and

'brologldal scatterers seen below 25 m in the first 1.5 minptes of ttj’)mage in

panel G dlsappear as the CTD descends producing the r Iat.wely scatter free

reglon after the CTD has passed Thls is indicative of an a ordance respon!@‘\n

3.8 CTD me_aaixrements |

ing to- cast numbers 23,8 and 20, thé posrtrons of whlcff are shown ln Figure 3. 1.

4

res typical of

The rcmmmng CTD profiles are. in Appendix A. Flgures 3\8 and 3.9, cast

numbers 23 and 8, correspond to the CTD's in acoustic images l%‘ and G Figure
3.10 represents a CTD cast outside the spreadmg plume Temp rature; salinity

'Knd o, proﬁles‘iorrespond‘mg to the CTD cast in- acoustic image F in Figure 3.8

are typical of those taken in the Tis 3gdplume A brackish isothermal layer about '

lO m thlck wrth very hrgh sahmty and densnty gradlents is present [below the sur-
}‘tce Artlﬁcral spikes in the salm"ty and densnty profiles are seen at about 7. 5 m

" depth These splkes often oceur m hlgh gradient regions and are due'to the time

“constant szmatch ol’ the temperature and, conductivily sensors a d their physr-

cal separation. The top of the nsmg pfume occurs At about 11 m depth and is

marked by abrupt chang% in all three proﬁles The amphtude { fine structure

s "varlatlons mcreases with deptb below this ponnt Tbls ﬁne structure ig. clearly

* associated with the scattering structura in acoustic rma_ge F. Minimum sahmtr_es

= afe ab‘dt’it"?ﬂ.o'et 42 m deptb.",'Tl‘xe fluctuations in temperature.are smaller than

8
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- those in salinity, qu'ite unlike the revious .study'\in 1083 (Hay, _198~l),.whe_n the
; '."re'verse was true. This is discussed jn Chspter 4.
The temperature,' salin.ity and o, p'roﬁl:s correspondlng to' t_he O'l'D cast in
~ . acoustic image .G are shown in Figure 3.9. These profiles are,..t,yp_ic.al of those
taken ln' th'e spreading plume..A ain, we have'aaabrackish upper layet about 12 .m
thlck “with hrgh salinity and d nsity g;radlents The temperature of this layer
' .remams nearly constant except ithin the ﬁrst 2 or 3 m of the .surface. Artlﬁclal
'. 'sprkmg is. agam ewdent in-this region. Large*amphtudg vanatlons in temperature
-and sallmty occur 'where the TD enters the spreadmg plume at 12 m depth
'Outsrde the 12 to 200m depth ange the proﬁles are relatlvely smooth The thlck- :
-. " hess of the spreadmg plume as mdlcated by the ﬂuctuatrons in these proﬁles com-
. pared very \:ell with the thlekness observed m acoustlc 1mage ‘G, about 8.0 m.
- _ Below 20 m depth the water cblumn is' re]atnvely well mlxed with small gradlents' )

.' m both temperature and sahm}y

Frgure 3.10 show an amblent CTD profile obtamed away from the plume
area. These proﬁles do not show the large amphtude statically unstable l'eatures‘

that are evident within the plume.

3.7 Temperhtnre, aallnl_ty and slgm'a-_tf*_ﬁectlo_l'lfs L o

Twenty-three CTD proﬁles were obtalned around the plume area Two o

transects were selected from these CTD proﬁles Statlon numbers 2,78 and 9

J‘U

were selected for transect A CTD statlon numbers 13 to 20 wére selected m a :

dlrectlon roughly perpendrcular to transect A across the plume: for transect B (see N
'Flgures 35 and 3 l) Vertrcal sectlons of temperature, salinity and srgma-t are -
- 'presented ‘in Flgures 3 11, to 3 13 correSpondmg to - transect B. Transect A is |

shown m Appendrx C These contours were drawn after block averagmg the
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CTD. profiles over approximately 0.5 m. The presence of the rising plume is

c‘le‘arly' vislible:' the salinity at 40 m dept‘h near the axis of thg‘, plume is less than .
30.0 as compared to values greater than 30.7 just outside the plume area; andl
tongues .of low‘er salinity water' less.than 30.1 are seen to be advected upwards.

The top of the plume coincidés with the base of the pycnocline at about 10 to 12

R metcrs depth Temperature and o, contours at 40 m depth are 14°C and 23. 8.

respectrvely

"m depth A honzontal proﬁ'lezobtamed in’ 1983 through the. plume at a depth o[
', _ 33 m mdlcated a wldth of about 8 m (Hay, 1984). The vertlcal averaglng has'

B o ) ‘_~~.cllm1nated the varlatrons in temperature and sahmty maklng the spreadlng plume

‘dlﬂ'lcu]t to drstrngulsh in those vertlcal .CTD sections. Thls is qulte unlrke\the )

o acoustlc lmagas where the spreadrng plume is qujte visible. Thrs would seem to

mdlcate that the acoustlc backscatter is assoclated more wrth ﬂuctuatlons in tem- o . ‘

Chapter 8.

" 38 Horlzontal I:D time serles
F)gure 3. 14 shows two time series ol/temperature, sallnlty and sngma- 3

iacqulred from the launch with the CTD suspended in the nslng plume at 44 m

B and 215 m depth Both show a hrgh degree of lntermlttency particularly i in salnn-

at 44‘lm}epth The average ‘time interval between these features range from 0.2

to 0.5 mnnutw at 44 m depth comparable to the lnterval between the rising

' _.C\attenng featurm seen in the acoustlc rmages The’ time se'es at 21 5 m depth
h&temperature varnatlons whlch are comparable in size. to the sallmty‘

N W

< : : N
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- _ Thcse vertlcal sectnons lndrcate that the plume is- about 6to8m wrde at 40 ;

pcrature and salinity than with mean valies. This will be lnvestlgated further in

" ity. Parcels of fresher plume water are seen to be advected past the CTD: probe .'

\
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.' However_ thls is,not expected to be a problem in th

| speed is s',uﬂ'icie'nt to- fAush the cell.

3.9 Submerelble observatlons '

7.

fluctuations, qurte unlrke the time serm at the greater depth. Thls is probably ‘

due to the fact that more amblent water has been entrained into the nsung plume

by- the time it reaches the shallower depth. Also in this time series the penod of

“the larger variations are of the order of 2 minutes, much longer than those at 44

m depth. These measurements are different from the ones made in 1083 when

the temperature fluctuations were much larger than the salinity ﬂuctuatrons It

should be noted that CTD measurements made at constant de are ngt

expected to he as accurate as ofies made l'rom desce drng probes. This is particu-

: , ’larly tiue of sallnlty srnce rnadequate flushing ol' t e conductwrty cell is likely.

nsmg plume since the flow

.ir'
§

- Observations in the vent arca from the submersible included water property

‘-measurements, water samples, current measurements and photographrc, video

and visual observatlons ‘The panels in Figure 3.15 are 35 mm photographs of the

' vent area. The photograph in Pane] A was taken with the Photosea 2000 camera

and shows the yent ar'ea The main source ol‘ discharge water flows up around the

Iarge rectangular rock whrch has dimensions of . aboyt 1.0 m by 2.0 m: This
' ,,'dlscharge mrxture converges and combines wrth several other smaller drscharge

,plumes to l'orm one large plume of brackrsh water approximately. 1.0 m above the

bottom The honzontal extent of this plume is between 2 0 and 4.0 m. Panels B,

‘C and D were taken l‘rom wrthrn the submersible. The blurring " effect seen i

these three panels is due ‘to the Iarge vanatrons in the optlcal refractive mdex

'caused by ‘the mixing of the l'reshwater and the ambrent water The p]ume-hke

~ behavior of the ﬂow is evrdent in these photographs The l‘reshwater is seéen to

1
1
. .
[} s
-,




-Fxgure 3.15- Thlrty-ﬁve mm photographs of the vent area taken from the sub-
mersxble PISCES TV.

-

Panel A was taken wmh the Photosea 2000 camera, it shows the large rectangular

rock covermg the vent area. Thxs rock was about 1.0m wxde by 2.0 m. long.

«

Te

" Panel B and C weré taken: from within ,thel'shbmersib]e_, they show the colored

' L. ,Fé.neniones, kelp and other biological org‘anisms fbund'around the vent area. The

blumng effect caused by the freshwa;tfr dlsgharge is easxly seen. These anemones

are about 10. 0 ¢m across.
Panel D shows a separate plume of freshwa;ter‘auppﬁx_imate'ly 2.0 m from the
main source. : I e ) .

]
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seep from the bottom with virtually no initial momentum. All panels show the
bnlhant]y colored anemones, kelp and. other— blologrcal orgamsms found on the
rocks bathed in the discharge plume water E]sewhere away from ‘the vent the
bepthic fauna are sparse. Panel D shows a separate pIume of dlscharge water
ﬂowmg from the bottom about 2.0 m from the main source. The;}observauons

mdlcate that the submarine spring systenr supports a blologlcal commumt) “hrch

is hlghly productlve relatlve to the |mmed|ate vrclnlty

A total of 15 &ater samples for chemlcn,l analysxs wete obtained around, the

i."

vent a@ea These sampla] were obtained wrth a hose attached {o the remote mam-h :

pulator arm of the submersrble and connected -to a pump 'I‘he samplc jara were '

-1 >
2

gpshed before b sample was: retmned The sallmtl&. of these samples were}déée& |
L

mined using a Gur]dlme model 8400 Labqratoryl Sahnometer Sahnltl@ rangcd

i

-

from 17 to. 29 for Nanous locatlons in the. dquharge water and 30.9 to 31 6 a short

distance from the. 1act:ual dlscharge, conststent wrth the CTD measurements mnde

from the launch (Flgure 3.10).

Y

Flgure 3.16 shows a typlcal time sénes of temperature, salinity ‘and sigma-t

obtained from PISCES wrth the probe over the vent at about l\g m above the

bottom Appendix B shows additional time series obtained near the vent. The.

' mean temperature' and salinity from -thls time senes is 0.8°C and '25.0 _respec-
trvely Note the large fluctuations, partlcularly in sallnlty Mlnlmum sallmtles of
less than 20 are prwent Thme\mlmmum salinities are comparable to the value of

| 17 determrned from -water. samplw taken a few centlmeters above the bottom
Agaln we see that the fluctuations in sahmty are larger than those in tempera-

/ture The mean time mterval between these ﬂuctuatlons is again of the orde? of

t

0.5 minutes, comparable to Flgure 3. 14 at 44 m depth

- Time series of horizontal and vertlcal velocrty components obtamed from the

-
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. .
f-ubmerSIbIe are shown in Flgure 3.17. Appendix D shows additdonal time series.

The Nell Brown acoustic current meter mounted on the remote mampulator arm

of the submersnble was oriented to gwe vertlcal speeds in the X- component chan-

nel and honzontal speeds in the y channel of the current meter. The measure-

ments were made at the vent location about 1.0 m abo}jwthe bottom. The hor-

N

izontal components seen in Figure 3.17 ﬂuctuatefg:round zero. Fluctuationg of the
order of 10 cm/sec are observed,twith'an average .of about 1.0 cm/sec. Any move-
ment of the submersible "during the méasu'}elﬁenh would contribute to .these

ﬁuctuationé The vertical component fluctiatés around 3& em/sec after the

=
LI

&
current meter’ probe was mserted ‘into the rising plume at 02 minutés relahve
- . [

time. These measured speeds compare vex;y ‘well to the near pottom value of 32  °

a~

. - em/sec calculated from the acoustlc lmages . ) ._..-,.- TN

1,
i

-
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CHAPTER 4 OBSERVATIONS OF THE AMBIENT = '
[ A ’ 4 o . . . o ._ . " ~
R LT ' ENVIRONMENT : o YA
._.: . . + L ; 5\.’

Pe ,.2‘\" i " } ‘ I . . - - ‘ :
',_ - R - «Measurements of ambleut condltlons were made with. the anemometer and .

e ; i current meter moormg, the lacatrons of whlch are shown in-Figure 12 ln addr-

oty . ! L R4 Vv |
: tlon ambrent currents water temperatuges ::nd snhmtles were made‘durmg the}' . .
L . . . . et o v . .' )

R . '.",'-. expenment from the sublhersrble and the ]aunch The dnrectlon conventlons for '3-‘ ;X
T both wmds and currents are equrvalent for the data presented in thls chapter SN

R that |s, .axwl components pf wmd nnd_current ’are posmve down-fjord nlong 32

’e - degrees true, transverse cgmpqnents are posntlve cross—l‘ jord along 302 degrem
- ~ 6 - < N ‘.’.‘ e
- - -, LA ' EI : ‘ N s N
W B . Loof E N i ' ho®,
‘ X ' e AN '~‘ . .o :r"- v’ .‘.‘ L -" R ’ .o . St ’ ’ - ' ' S, ... r,‘ Y .
AT % | ,‘Anérigel‘i_xeter-"srld mopred current meter measurements .’ c . LT -
.. ‘ ‘:\ J ' ’-’ _ ._' P ‘..;.“‘ ..- . " “. '._-;"‘_ N o . U v .'.‘ -’_ s Lo -:',\ . . . vl y .' .: L ‘~: :‘ ".l' '-,.\ . ,-“ . -."‘_ . .

f-’::-; o Flgure 4:1 shows the amblent currents and temperatures l'Qr the penod of

P : thé plume observatrons. The dom’mant trdal constltuent m thls fJOTd 15 Sem‘d“"' . .~

i nal wnth -a low but unkhown ‘range‘ | However these cllrrents do not appeztr to be

g txdal The pbsntron of the,eurrent meter at the head of the fjord rwulted m 8- SRR
LR 5 l-‘.\nl,e |' .“,“ “ "
" ';_.'measuremen\t of hoth an’ axral and transverse component whrch were approxl- SRS

: '3‘_,'.mately equal m maghltuder Cur_rent velocltles \veré genel‘ally ]ess than 5 cm/sec
dunng the plume observatxo,ns Fqgllre- 4 2 shows the wmd speed d‘lrectron and N
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oo Flgure 1 l Tlme series o[ axnai and transv .rse currents and
SR ftemperature at.9.m, and 48. m depth for the pen d of the plume survey
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mately 270 degree fluctuations in the direction occur at about 2.0 hour intervals
while the winds fram the ship's log for this period were from a NNE 'direction.‘
The ship obs’ervations and experience on site place the direction record in dou (
. The intermittency in t‘he 'direction of these winds is .prob'abl,v due to eitber a mal:
functromng compass or topographic eflects on the wind near the anemometer
location. Some conﬁdence however can be put in the measured wind speedﬂhe‘
maximum wind speed measured by the anemometer was approximately 12.0
rnfsec compared toa speeld of 12 to 18 m/sec'obtained "l'rom"the ship’s log. By |
Juhan day 264 the up-rnlet wind speed had dropped oﬂ' consrderably, whlch is
c\onsrstent witlh what ‘was actually%bserved ‘These’ strong up-mlet wrnds dunngt
the plume experrment did not appear to have mrtrated any strong currents at"

lea.st not durmg the same, perrod

et

o

v

Frgure 4.3 shows the - axla] and transverse currents and temperatureg for the . I'
perrod of September 1. to 22 1985 at 9 and 48 m depth Flltered axral and
transverse components for tlns perlod are shown ln Appendlx D. .T he ﬁ]ter had a‘:_.‘_i _
- cutol]‘ perrod of 4.0 hours There are two promment. features in. thwe records*One ._ }
- ” is the warmmg tr;end in the latter part of the record fron‘r the&e’ép mstrumecnt

rthe other. is the several aerpt 0 0 to 3. 0°C decreases in- near surface temperature .

whrch persrsted for about a day and then abruptly reverted to prevrous values

for the same perlod Whrle it is temptrng and probably rea.sonable to ascnbe the'_

¥ .
- im the data Thrs is hkely due to the apparent problem wrth the anemometer Lo
s However the strong up—rnlet wmds expenenced from day ‘262 to 264 clearly drd

]

- ‘ FlgureM 4 shows the axial and transverse, unﬁltered and ﬁltered wrnd data

observed temperature ehanges to wrnd l'orcrng, such a relatronshrp rs not obvrous._ .

‘ result in a lurther rncrease in the bottom water temperature from 050 to 1 O"C;"_I '

Thrs Wmd mduced change ln the water temperaturm partrcularly at depth'- .
. . Y . _-.. S A R

\.
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o 'proﬁles were obtamed l’rom the launch a short distance from the plume The . :

b , . -80."
-l . -y
~)

: ~'¢
resulted in a decrease in the temperature drﬂ'erence between the ambrent and
plUme water. ln 1983 when conditions were calm the ambrent water was about

one-half a degree cooler than the discharge water. As a result the flactuations in

temperature in 1983 were much larger than in 1985.

4.2 Submersible and launch observatlons

The ambient cuirents, temperatures and salinities were also measured from

“the ‘ubmersrble near the vent locatron at about 47 m depth Ambient CTD

current and CTD mensurements were obtarned wrth the DRCM—2 acoustrcj

. : .current meter and the Gurldlme CTD ‘as d15cussed prevrously,, ,

. " '{)',x
2 .

The ambrent currents obtamed near the vent were very small qurlng the \

plume observatroﬂs. Trme serles of horrzontal and vertrca{l currents shown rn

-Appendrx D has ﬂuetuatrons of the order of 1 to 5 cm/sec These measurements

'were made on September 21 at 1115 and 1149 local trme, about 8 hours before. ‘

" the acoustrc rmagos in Frgure 3. 2 were obtarned

|
\.

Time ser_res of temperature and sahnrty also obtarned near the vent from the *

| . -".'sulilqnersrble range from 31.2 to 31.7 and 0.4 to 0. 7°C respectn\gly These tem-

' ,perature measurements agree. qurte well with those made at 48 m depth by the"

'. moored current meter The CTD proﬁle shown 1n Frgure 3. 10 was obtarned from o

'.-,the launch about 30 m from the plume on September 22 one day after the acous-

tic soundrng transects were conducted The strong up-rnlet wrnds had subsrded_
somewhat by thrs trme The fresh upper la.yer seen in this proﬁle was probably‘
' thrcker by about 5 r on September 21 as lndlcated by the drﬂ‘erences in the max-

.; imum herght of rrse ol' the plume on the two days




«momentum A srmple\ plume is the turbulent fHow generated by a continuous

L;/
g

CHAPTER 6§ PLUME MODELS

6.1 Background. o

' A simple jet is the turbulent flow generated by a continuous source of

t

:source of buoya.ncy such as caused by a steady release of heat A turbulent ﬂow
' " 'that 13 generated by a contmuous source of buoyancy and also of initial momen-

'tum is referred to as. a buoyant jet) or forced plume [F an, 1987) A snmple plume

ha.s no- m|t1al momentum, but due to the actnon ol\ buoyancy the mOmentum

' mcreases thh herght Plumes mcrease in wndth w1th herght through the process

- of entralnment of amblent ﬂuld by large scale eddlw of -the turbulence. In a

stably strat|ﬁed ﬂund pluma wrll not rise mdeﬁmtely since they will eventually

become as denqe as the amblent ﬂuxd In thls case the plume réaches a maxrmum

_ height ol‘ rise al‘ter whlch the turbulence decays rapidly as lt spreads honzontally -

o
There are three basrc methods whrch have been used to obtarn solutrons for

"-'the behavior of Jets and plumes One method consrsts of specrfylng relations for
‘ the turbulent \transport terms rq,‘th‘e conservatlon equatlons for mass, momentum

. and tracers Another approach has,been to solve for the mean ﬂow p{opertm ,

from dnmenslonal asymptotlc ana]ysxs (Frseher et al 1979). Thxs method tries to

: reduce the number of mdependent variables charactenzmg the ﬂow The t'd;rd

ethod is the so-called mtegral method of Morton, Taylor and Turner (1986)
Thls npproach conslsts ol’ speclfymg the shape of the concentkt}on,-densnty and-

<7



l_"_[ollows (F 1scher et al 1979)

velocity profiles and integrating the conservation equzftions across a section nor-
mal t6*the plume trajectory.' Several other simplifying assumptions are needegﬂo

find the solutions. _This.has been the most widely used and accepted method. A
. . SNy

niimber of numterical models have been written to solve the general conservation =

v

equations for buoyant jets and plumes in density stratified amblents using the '

mteg;ral method.

6.2 Dimensional annly'slo without stratification™

The number of independen‘t’ variables that, 'must be-"con'sfdered can be

: reduced by consrdermg the eﬂ'ects of momentum and buoyancy separntely The .
analyms here consrders vertrcally dlscharged ﬂows ifi a lmearly strahﬁed ambient -
ﬂurd The flow is. conSIdered to- be lully turbulent. so- molecular viscosity- can be

'. X neglected\'l‘_he Boussrnesq approxrmatron is used that is’ the density drﬂ'erences_

are, rmportant only in combxnatron with gl:a.vrty, N "
. &1

Close to the source plumw are usually controlled entirely by the initial con-'

dltlonS' exit geometry, velocity, densrl.y~ differences and the ambrent flow. The

‘three most important parameters governmg the plume motion can be defined as-

. . . ‘; , .
Vg = -}nnﬂuo‘ 7 L (s1)
M- %w?ug' | L (52)
. \ . . . - \ .
B =-a—AJ’fQ T k)

Where Q M nnd B are the volume, momentum and buoyancy ﬂux, D is the

plume drameter, Uy the outﬂow velocrty and Ap is. the densny drﬂ'erence between o



the ambient\and discharge fluids. The dimensions of these three yariables are

€ . ‘ : »
: L3 )
Q1 = == ~ o (5.4)
™ = _’7% / (5.5)
. : . Y . '
R | : B] = % ' (5.6)

Where L and T denote length and time’dimensions respectively. These vari-

ables can be combined into ‘various length scales that ch'aracter_ize a particylar L

aspect of the flow.,

'I;h'e buoyant plume under s't.udy» here is surrounded bly -a—scratiﬁed ambient ,

Sy fluid. We therefore consrder length scales assoclated wrth the buoyant plume vari- -

ables and the square of the buoyancy frequency, S o . i

'é_—gdp e
N¢ go T » : ) (5.7)

The quantity [71--‘;—5] is the characteristic length scale. associated with the
oo . 0 . . - : . :

_ stratiﬁcation
* )

We wrll now consrder a point source’ of specrﬁc buoyancy “Alux B drrected ‘
l_vertrcally upwards. The effect of thrs buoyancy flux and assocrated momentum‘
* flux wrll be to carry buoyant. water upwards -where the densrty drﬂ'erence and -

hence buoyancy becomes smaller Therefore a terminal herght of rrse must exist

in the 'fluid provrded of course the tota] ﬂurd depth is suﬂ”rcrently large In the
'asymptotrc lrrmt that ls as M —-»0 the buoyant Jet, can be. consrdered as behavrng

lrke a srmple plume wrth specrﬁc buoyanéy flux B In this- case the termrnal

L,/ ¢ '_ ';herght of rise will depend-only on N?and B, and is given by .' L

ST . . f f N . . . ,' coon
Blass -7 o o St coe Yo . [ T PR PO
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. -84
— - *
¥ .
~ Bl/‘ -
: hg = NI (5.8)

the coefficient of proportionality C, was determinéd from exberimehtal data by
. N >

- - » L3
S T
G Aty

Morton et al. (1958) to be about 3.8. The length scale hy is the total distance -

required for the density stratification to remove the initial buoyancy from the
— '

plume.

\Simil'arly if we consider the other asymptotic limit as B—0 the flow will

‘approximate a simple momentum jet and the terminal height of rise in this case

is given by g

SR IV U S
by = c,[M] o - (5.9)

(N*

A s

.

: ,am:s a SImllar mterpretahoﬂ*o hB The ratno o|' t.hese two- length scalcs _,_’;_M_
. . : B .’

ralsed t.o the elghth power can be cons:dered to bp the definmg parameter for E

.5.3 Buoyant plume calculations - - -

5.9.1 'Dc'schargc Conditions . - o - R l

s : . ' T r - o)
11 ' .

ObBerVatlons from the submerslble mdlcate a large megular dlscbarge,repon_ .

thls is not a good cand;date to be modeled by snmple round Jeb dynamlés in t.he

!
mmal regmn Thls suggwts that the flow will be plume—llke a short dnstance from"

the actual dlscharge pomt

)
<7

F i

(5.10)

‘ buoyant jets wnth density stratlﬁcatlon It is gwen by - ;- _ B L |
& = M NT .
VY . 32
- ’ . . s Y

at least ‘2 m in honzontal extent with very. llth]e lmtlal momentum Obvtously'.'
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qu,volume rate of discharge will be calculated as the sum of the fmhwat.er '

mduscharge and the salt, water entrained lnto the dxscbarge in t.he prodelta and near'

v, the bottom,- Both typés of entramment must. exist given the porous nature —of the

-

'delta sednments and the cobbly matenal and large rocks around the vent ares.
Y/ . Furthermore we were not able tg o}:tamed a bottle sa.mple of sahnxty Tess than 17.

\ .. even ata few cent_lmeters-from- tAhe bottqm. The mltml sallmty of . the dlscharge . '
‘mixture'can thenbe expressed.in.the form. - L -

: LA ' / G b IS .. Coe
B AL e
S R S P/Q/ +p¢Qe I =

M ’ . . , .
! . : Co

4 o -

BER whére S, y pC and Q, are the 5ahmty, densnty and dlscharge rate of the entramed \ T
v e water and P , and Q 7 \are tbedehsnty and (1_.1?544111'“{8 rate ot the freshWater ’Ijo i - N
:".:I‘ ! : I ' vcry good -appl‘OXImathﬂ p[ Npg the!-efdre o ‘ 'l ,,.,‘\_.-. :' ;‘.:;'-!‘- 1 _“,:.,,.. ""' . - . , .,"‘--’ ~—-“ ..: .
T "' - -""’ IR : . ’_ N . EIRY . ~,' T ).. ¢ ‘\l'_' ; ,.“.,,‘ ’, N L " ,'.:?',~‘-’l . '_; f s '-," K l:_
..: “. Y .' ..'l ,..:: - \:'; ',."’:‘ ..2, :‘, _.’\ \‘ . S Q L ‘»‘.‘ ’. -’l.. R ;’f'.a.. _’\
. I L - Sl v.e W ot o . S .(5.12)_,._ TS ,‘

P [ Yoo e A -S PR ’, : N R T
-..‘:.‘:.. :- ." Sy N .l.'-'!-' .’ ::'.._' Q/ + Q¢ " .'_. . . ._“A & . ) _" ..:' . .'....-'

, : K ! ) ‘ - ’,-' . . - , ’

st ’l‘he totnl dxschange rate can now be wntten a.s "‘7 Lo T e

oLt e T . R b i-,“ M '. .o = ._ .—__...|_|. . A-.__ . 5'13 e T T e

LN REE T P SN Q’ lS =) A B T
.‘:'o;.:'. ‘ ‘:.\‘ " 'l' ." "- . , . ‘.’ ~‘.. o ' .“ Lo ) . '.‘!. . _‘.~ PR . E '.‘.' ..

':;; el o Thc effectlve dlameter of the dnscharge regxon was calculated from the total

e, . .

T '_‘_-f _' dlscbarge ra:t.e gwen by Eq (5 13) and the mltnal d:st:harge velocxty The '. 2
G dlschnrge rate from any rbund source m glVen by S Ty e ST e
. ’.'g\' o R : - .-‘_ . '. ".'.‘. K .\‘.- ’ RS . . '2 . Lo, n,.‘ : » e ;’. . ‘ - - ‘ .. : PR .-‘ .', - 4

S et T : ~D
IO, X ' T == 8"

. ., . X . [ ;oo
‘e . . oo 'S . e . .
Wt . J L \t’ Sres L el e LT . . - Y A PR V. O LT e e
vy - . AT . . . LR 2 SR u" B ._--.-H—' v ,.{ v Pl ... '\‘ s ',.- . .-.‘~ e . .
. RN ' v i , I . - N : P
v vyt A e [N

T Flgure 51 shows total dls,charge rate Q atld dlameter vers‘us mmal sahmty as' "'i":‘.ﬁ._i":,'.'-

"...:' . ; calculated from Eq (5 13) aﬂd (5 L4) The freshwater dlsclrarge raie was ﬁxed at,

0 10 m“/sec, wnbm the mike esumated from the drop m t.he water level of the

,,l_‘:"‘ Lo ‘I“'

; .-‘ s ‘;ake. The entralned sahmt.y\,used Was 31 8 whjoh repments Lhe mean sahmty
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obtained close to the bott:om a..sho"rt distanc;z/from the plume. The initial velo-
,ci_t’.y‘ wgs. set equa! to 30 cm[s‘ec fromlFig;ture 3.17. ?Boosing a discharge salinity
of .28.0 as an overall averaﬁ from Fighre 3.18 of sect.ion 3.9 we+see from Figure
5 1-a calculatéd diameter of approxlmately 2,0 m, roughly cori'espondlng to the
observed honzontal extent of t,he dlscharge regxon This corresponds to a total
combmed'dlscharge of entrgined and frmhwater of approx:mately 102 m 3/sec.
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- Figure 5.1 Discharge rate'and diameter versus nmtnai‘sal_imty
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Ambient densrty proﬁles measured in 1983 and 1985 are. shown in Flgure 5. 2
- The proﬁle labeled a correaponds to 1983, and proﬁle b rep,re’sents a llnear ﬁt
~This linear 5t also approxlmates the 1985 pro_ﬁle labeled ¢ belov{ the pycnohne.
The buoyanéy frequency - of the hnear densrty proﬁle 1s 979x10‘3.,ec The |
' ambient densrty at 46 m depth from this lmear ﬁt is 1025 28 kg/m3 From Eq |

It

(5 10) the stratlﬁcatlon parameter can be written as '

e S ceuEN L E
L es—;f = ——2—- RN S (L)

. . s o d . (g Ap) 'l":‘ .;‘ Ny ;{\;. L ) o

: : & > |
Taklng ‘a typlcal dlscharge sahmty of 28 and an lmtlal drscharge veloe'ety of 30"

-y : -
cmfsec and using N from the llnear amblent deq?uty proﬁle we gét S cqual to"
HY . :
0012 Slnce S L1 we conclude tbat the plume is dommated by buoyancy at
)
) about oné meter above bottom. Thls conﬁrms the, vrsual observatlons made from - -

the submersﬁlble. .

- 582 Term:'nal he,s'gh‘la,l,'df rr'a.g, . \ - v

o

The tcrmlnal helght of rise" for a buoyant plume, Eq (.’i 8), can be expressed.,' ., E

- "

in theform : e R ,..f S el
. ~ v e Y : T ;

oo hp =38 [M—}-ioi] D'/’N"/‘ o ‘-.(5.16_)

'o" - 3 . ‘-', : . . . 3 . w

Termmal helghts of | rrse llB for p range ‘of salinities from 24 (o 30 are summarlzed

|n Table 3. ‘The density gradient used in theseacalculatnons was the lmear fit ,to / v
-

the 1983 amblenPdensnty proﬂle The lmtlal discharge velocrty and dlameter were,

a

-,

03 m/sec and 2.0 m’as above. We see that, the terminal herghts of rfse mcrease

From 38.8 to 59, 4 m As the |mt|al -salinity decreases the buoyancy flux increases

and hcnge the i mcrcase in the maxlmum height of rise The maximum helghts of

“rise I'rom ‘the sound{:r records of 19 //range from 37 to 41 m nhd 34 to 36 m for o
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the 1085 records

. bbscruatxons are probably due to the hnear apprommatlon to the ambxent densxty

¢ e N

Some of the difference Between -these c:{lculatioﬁs:"‘ali&-'the' '

N

proﬁle, in partlcular the absence of the fresh upper layer.

v -

-

a -

' .-Tﬁble 3 Terminal héjgl;’té of ﬁse calcu!ate&, from Eq. (5.16). :

N N
| | . So - Pe JAP 5 hp
- |k, 8 kg/m«- .S o mo
-+ |[36.0 ['102425 | 1.23 ‘| 0.082 . |-36.8
. ] 29.5 | 10238.65 1.63 ‘| 0.035 41.4
\ 21 20.0 | 1023.25 [ 2.03 | 0.023 | 438
1 48.5*| 1022.84 || 2.44 | 0.018 45.8
. 4 28.0 |.1022.44 | 284 | 0012 | 476
. - | 27.5 |.1022.04 3.24 - | 0.0089 |.49.2
- : . | 27.0 | 1021.84 3.64- | 0.0071 | 50.7
< "126.5 | 1021.24 4.04 0.0057 | 52.0
A L 26.0 | 1020.83 | 4.45 0.0047 | 53.3 "
\' 25.5 *( 1020.43 4.85 | 0.0040 | 54.4-
- 25.0 | "1020.03 5.25 | 0.0032 | 55.6-
) ~ 1245 | 1019.83 5.85 0.0029 | 56.8
24.0 | 1019.23 6.05 |.0.0025 | 57.6.7
S " :
o _
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. of motron and basrc assumptlons employed in the model. -

% 3 -70-
~ .
' ‘5.4 Numeérical model for ntrat_lﬂe;d ambients - N o A

V'S N . . ’ @

'
4 : ' . i

In. thls scctron we wrll consider the squtrons to the conservation equntrons

by usmg “the mtegral techmque oI Morton, Tayler and Turner (1958) For an’

:-'arbltrary densrty proﬁle the equatlons must be solved numencally We will use

_stagnant stratlﬁed ﬂuld to determme the gross behavlor of the plume under study ) ‘.

7

* here. Aﬁ‘brent Cross currents are not consrdered i this model Thls is probably a".

"'em/sec as’ shown rn Flgure 41 The model is apphcable to. honzontal vertlchl

rd
and inclined buoyant jets ., wrth mltrally posrtwe or negatlve buoyancles m

'stratlﬁed or uniform ambrent envrronment Frrst “we will consrder the equntlons

-
A

5.4.1 General a_ésumplio'ns and equations af m.oh'on

- " Frgure 5 3-shows a schematrc dragram of a buoyant plume in a stagnant

A

envrronment with an arbrtrary, densrty gradlent The ﬂow rs assumed axrsym-- o

ecoustic images A 'and B in Figu‘re 3.2.

. The. general assumptlons und,erlymg the analysrs o[ buoyant jets are now

grven The fluids are incompressible and’the ﬂow is steady in' the mean/The flow

s fully turbulent all terms in the equatrons of motlon are wntten as the sum o[ a

. ‘ the numencal model developed by Dltmars (1969) for a round buoynnt jet m n{

..yahd assumptlon smce the currents are small in Cambndge Flord less than 5"

1

. metnc about ik -axis’ with radial c_\oordmate r« This is pertlnlly conﬁr_med by..

o A:i,. &

’.

mean add 2 ﬂuctuatrng component (e.g. U = [, o+ u' ) Also’ the moleculnr :

. ambrent fluid and the buo

The Boussrnesq approxrma&ron is used, ie. thjdenslty dlﬂ'erence between the

term, where they occur in the combmatron y _E. A linear re]atlonshrp betwecn '

Lo - : 4" po ,'.'_ ' ¢

".' ik transport terms can be neglect wrth respect to the turbulent transport terms S

ant ﬂurti wrll be neglected except in the bUOyancy ,.:

i

T e
5 Satdu. .=



=71 -
— ~e
densrty, temperature and sallmty is assumed Thls assumptlon is nccmsary to

write tbe conservatron of buoyancy ﬁdensny deﬁcxency equatlon Justlﬁcatlon oI'

this assumptlo‘n is presented in the next sectlon Fmally the \elocrty, concentra- :

\ )‘
tion, and buoyancy proﬁles are srmrlar at all Cross- sectlons normal to the,plume

'.trajectory Thus the anal)ﬂs apphes only to the zope of establrshed ﬁow where" '
"l ' "the proﬁleq are fully dcvelopcd In. general therefore he |mt1al condltxons must Be -

o \ L adjusted tor take into account the zone. of ﬂow esta Ijshment (Fan and Brooks,' o

s ,1969) Sl .f“'»f' AR

4 .
Consrderlng the above assumptlons the stream-\\wse and cros&stream com-,’ '

. ponents of thc Navner Stokes equatlons in cyhndrlcal coordmates can, e’ greatlyr-

—

- | . qlmphﬁed We use. the same dlmenswnal analysis as Tennekw and Lumley (1972 Tl
'p.. 108), that rs, the width ol' ‘the plume is small compared to its ver'trcal length'_ |

‘scale. The mtegr/ated cross-stream momentum equatlod is then used to substltute

I‘or the pressure gradlent term, the st,ream-wrse or. ver\tlcal momentum equatlon x

“then reduces to B - S,

-

e e -aU'z-‘l'_ gy g e
. o . U; W + U,.a—r = ¢ —?—(r I U“.‘) (517) ,

o

i 5 - | o,

| whcre Py isthe amblent densrty) the pnmes denote ﬂuctuatmg quantltles and the

' ovcrbar a:time average The contmmty equatton is
B 1/A
az

1

-.'+ ——(rU) =0

'Slmnlarly the equatlotfs for conservatron of salt and- hoa. are |

AR R 95 Ly S Ls g e
R Ui “:.+ O oF = a'_'(I.U_ ’,.S’)' . o (5a9)
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Assummg densrty varlatlons are caused by linear changm |n temperature and salt ‘ R
o \ : : S
' concentratron R oL . L '
o - al(s 5)+02(T -'r) s L
R Po .ﬁ - A Co " Lo e
_ -"nnd combmmg thls wrth Equntrons (5.19). and (5: "0) we can wrlte the con:ervn- '_ _'

O '. ) tlon of buoyanéy or densrty deﬁclency equa‘tlon as T

L : o P~ Pa) (P p¢ S ]_ 8 gr—-——-—-—T Sl
s U: Jz [ *—] + U, a,[ }-— v 3, [ r(p70s) (_5_,-22): SR

. ~Po :.Pol : Po
» veoas : . .“‘—,

"I“‘he solutldns to Equatlons (5 17), (5 18) and (5 22) cannot‘be I’ound wrthg%

'specxfymg some of the terms smce there are too many unknowns for the number -

),l

I _ "of equatrons, One approach would be to specrfy constxtutxve relatlons Ior the tur—

= -bulent transport terms U' U',., U’ T’ and u! S' We wrll consrder the

' . "'.|ntegr;1ted conservatlon equatrons '8CTOSS, the plume trajectory and assume the,.' v

: turbulent transport terms vanish at large distances from lhe plume axis. 5
“ . . , o . . . . ‘
] . -
: 5-.'1{.2 Equah'on' of statc
. . P s 4 3 s
5 e . . T

o

. As, mentron{ad prevrously densnty vanatrons are assumed to be lmearly_-"

: related to changm in temperature and sa]mlty Ap analysrs of . the equatron of '
» i ‘ X
K state at low temperatures is made here to determrne the lmportance of the non-

, .

v Ilnear terms. !"‘ [

The UNESCO equatlon of state expresses the: densrty of senwater as a I’unc-

_tmn of temperature, practrcal sa.llmty and pmsure in the form

p(s TP)—p(s To)[ —-—”——] _’4;'.-',(5-'23)‘;7

. K(S,T,P)
. ' , v . - e )
eé JRLALM where K(S T P) is the secant bulk mod lus Thrs equatron is vahd for § = 0
I : ‘i . L ‘ i i J‘ ‘
o L - \ . ) '
' ‘ . L 3 * L
. ) | L l},“'i - Q ) R '
e ¥ b - .
o ‘ t BT S ' - ; .



to 42 T =-2 to 40°C and P = 0 to 1000 bars (Mrllero et al 1080; Mrllero and
1
Porsson. 1981) In Cambndge Frord where we have a water depth ol‘ 50 m the
' non-hydrostatrc eﬂ'ects ol' pressure ol densrty are negllgrble The water densrty at ‘
T == 0 and S\-,- 30 can then bé wntten as (Glll 1982)
p(s"T'O) 1024 07 £ 0.8157 - 381X 04T - 7 07)(10‘3T" (5.24)
SR 3253&10*"7"5' +. 10*‘s'z+ 058 TR -
e, wher/e T" and S"are temperature and sahmty changes Jelative to 0"C and 30
reSpectrvely For temperature and sallmty changes of the order of L 0°C and l 0,
all non—lmear terms in Eq (5 24) except the T” term are at least an order ol‘

magmtude smaller than the lmear terms. Also the lmear salrmty term 1s more o

£ 7 important. than the llnear temperature term. ‘We can therefore conclude that the_ o

,} L \

- LA lmear assumptlon used to dernve Eq: (5.22) is acoeptable : .
I S 5.-4_3 -Spec'r'jic asstm'lph'orra i I ;!, o
i /’/' S Consrder a Vertrcal buoyant plume rssulng from the ongln The local wvélo-

c1ty and densrty U and p° are l‘unctlons of r and z whlle U and p are the -
characterrstlc veloclty and denslty at the center—lme or; z-axrs ’I‘he amblent den-"; '

srty p, 1s a functron of z only for vertical plumés

Further assumptrow regardmg the entramment ol‘ ambrent ﬂurd mto the'
plume and also the shape of the velocrty, denslty and concentratron proﬁles are.'.' |
3 requnred to close the set of equatrons The proﬁ]w are assumed to be Gaussran in : ..
| shape that rs the center-l fe values are related to the lgpl values by a Gaussran , .
functron Top hat proﬁles can also be us‘Ed that.i ls, the valuee ol‘ the plume vari-?-" '
5 - ables are assumed to be equal to the ambrent values for radral dlstancee greater. .T

. | . than the radrus of the plime and are equal tb a8 constant across the wrdth of the
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4
The classmg entramment e.ssumpuon of Taylor (1958) is used to desctibe

:‘the ﬂow of amblent ﬂmd mto the plume The entralnment rate, which is equal to

»}5" S the rate of change of the volume flux wnth respect to z, is assumed proportlonal

‘ _~plumc to a radlus b( ) and assummg U, —»0 as b (z) becomes Iarge
: [ 4 . . .

: d..- '_ r—ob(z)

_ Taylors entramment hypothws then lmphes that

dz o r=b(z).

~ where Q is’ the volume flux across the plume'cross—section ais théentrainment

‘ coeﬂ"lc!ent and. b is a charactenstlc length scale defined by the GauSSIan veloclty -

N proﬁle in Eq. (5.26) below. Expenmental studnes by Fan (1967) have shown that
o a is equal to 0082 for buoyant jets and plumes and 0.057 for sxmple//}ﬁomentum

jets. The nominal half-width of the- plume is commonly defined as, two standard

devmtlons from the mean of the Gaussian dlstnbutlon or V2b.

t '., C The veloclty proﬁles ar assumed to be self snmllar and Gaussnan wnth no

nngular dep endence.

. ——
- - »'.'. . . . -3

I3

N U(zr)_U(z)c“ SR ” (526)

Ajso the proﬁhs of densnty deﬁclency or buoyancy are assumed to be slmﬂar at -

all cross-sectlons with no angular dependence Ina densaty stratlﬁed envlronment .

" they are gwen'b_y : 3 | o e

‘ . ,s..." ' . . . . 'f P
-’_..".‘-'u'l o - L :." ' © LY ' ) '4 ‘?‘- ' T ‘u":l . ’

I'p.(z)—p‘(‘z!.’r)a.; p.(Z) p(z) (X,b)’

t t . . _IV - \ ;
I S L L P Porc
. . . « / D 4 . . LI

'to the mean center-hne veloclty Thls is found by lntegratlng Eq. (5 18) over the 4

9y orrU, = 27ebU - (5.28b)

C The .{efe'rei_'i’ee'ded{i'ty po is t_.ak_en as the value of the ambieht densify at z =0,

3 S B l_, . dQ = lim 21rrU ' T I"(5.12'5a)‘i':. '-

I

.’ ) T, -

)
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Nt 1959)~usuggmted-'th'at A, Be set equal to 118,

‘ tmmty, momentum and buoyancy

. I . L RAENES o . L . . St N
S . . . o . .

- 76- .

The turbulent Schmidt number z: '_in Eq. (5.27).is defined as the rat'io of the

¥ .
width of the.density profile to the width of the velocity profile. It is a measure of

the plume's.ability to disperse density relative to n‘iomg’ntum. Studiés'bj Morton

o
S
Q.

Equ:itio'n's (5.25) to (5.27) are s&bé‘muted into Eq'q (. 17), (5.18) and (5. 22)

"
o

“'\l -
DO
S

. 'and mtegrated w1th respect to r to give, the followmg set of equatlons for con- )

' ,'V—(U.bf) = 2alb i (5.28)
ey y - )
2,2 ' )
i[ Ut _ gx,ﬂ*b?(”‘ P) (5.20)
Po .
i-[Ub’z(' -')] = l“‘zbzud”‘ '(5-50)
dz ‘ pl p - X'z . dz .. . .n
We now have three equatiéhs in three unknowns namely U , by and p, - p, which

~ (5.30) can be snmphﬁed and combined to gwe the rollowmg set { ﬁrst-order ordl-

.nary dlﬂ'erentlal equatlons

29 A02 (pa

. ", : d ’ - -
P fp)

1+Xkdp, . 20

S b(--p)

(5.'33)_

[

",untll the maxlmum helght. of rise has been renched or, in the case ot vertlcal :

" are functlons of the vertical center-hne coordinate, z only. Equatlons (5. 2;) to -

| dU P) 2Ua . :
dz. U opy b ~ (5:31)
e @ o ;9;""(1" .' p) ‘ .
e - . 2 (p. - o
e ) - 5.3
a . dz g 2'a ,Uz Po ( 9

.:These equatlons are then mtegrated numencally by Runge Kutta Gl" methods o
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L the initial vo]ume flux is gweh by -
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plumes, until the vertical velocity vanishes or becomes very small.

¥

_ The diameter.D as calculated from Eq. (5.14) is the top ‘hat value deter--.
" mined from volume flux considerations. The numerical model calculations a‘.ssur_ne'
-_fully' develépe"d Gaussién .'p'roﬁles of veldcity The nominal plume )yicfth is then

deﬁned .as four standard devnahons of the. Gaussxan profile. Tt, 13"therefore neces-' :
. : 3

-:snry to convert ‘the initial top ‘hat plume diameter to an initial plume/w1dth'_ '

/- .
, based on thls definition. Usmg t,he Gaussxan veloclty proﬁle deﬁned by Eq. (5. 26) '

Y,

“» .
¢

’ "r

Q' '= 21rU°fr e ar _ " (5.34)

'Equatfng the above equatioh to the top hat volume flux Eq. .(5 1), weobtain,

bo = D/2. From the deﬁmtlon of a Gaussmn proﬁ]e and companson to Eq.

(5.34) we obtam az-— bo/ V2. There{ore the ‘initial plume wxdth (40) is equal to_

. VED. . o . L

e
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5.4.4 Numerical results

- . t ) [ ]

The model described above has been used -to calculate the gross behavior of ‘
the submarme spnng plume usmg the data collected in 1983 and 1985. The ‘model

‘was run l'or a range of initial dlscharge sallmtres and l'reshwater dlscharge rates.

measured value at ope meter above the bottom fro'm’the'sdbmersible" A “range of
mltnal velocltm l'rom 15 to'40 cm/sec was trled but it- was found that the model‘
results were 1nsensnt1ve to this range of dxscharge velocrtres except 1ﬁ the initial

few meters of the trajectory.

i “ .
The numerical model was first checked against the dimensional asymptotic
.

: model used m‘sectlon 5.3. Flgure 5.4 shows a plot of the asymptotlc results ol'

Table 3 and numencal calculatlons for the same linear denslty gradient shown in
Figure 5.2. All other lnput variables (mltlal velomty, diameter and dlscharge rate)
were the same. Both the asymptotlc and the numencal results for the maximum

helght of rise decrease with increasing initial dlscharge salinity. - For an initial

dlsclfarge salinity ol' 28 there is about a 4 m or 10 pe?lcent dxll'erence in the max-

>
lmum height of rise between the two models. The agreement between the modols

_imcreases with decreasthg lmtlal dlscharge sahmty However even Tor mntnal salini-’

tlec above 28 the agreement is acceptable. ' B . <

Flgure 5 5a shows the model results for a range of discharge salnmtm from

'26 to 30. The 1985 amblent densrty proﬁle was used ln these calculatlons The‘

numencal calculatlons start at L0 th nbove the bottom and extend up, to the

, maxnmum henght of rise. The lmtlal plume wrdths calculatcd by the model are of

the same order as observed from the submersrble Plume w:dths mcrease linearly
|

.up toa hexght ol‘ 18 to 30°m for mltlal dlscharge sallities ol‘ 30 to 26 after which

they increase very rapndly as the plume spreads honzontally At the maxlmum

e
T

vThe mrtlal velocrty nsed in the model was 30 em/sec representing the average - .
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W|dths are \meamngless We see that the |mt|al plume wrdth mcreas/es wrth“

\d

increases wrth dlscharg,e sallmty as seen ur—Flgur\e\‘l The height o/‘ma'(lmum 5

v 1 '
w1dth appears to approach An asymptotlc lrmrt wrth ﬁ;crca.smg bum ancv flux,

“This is due to the presence ol' the I'resh upper Ia.yer,. which - essentmlly caps thc

——

< vertmal ﬂow ' . e P o \ | l'..»\

Presehted m Frgure 5 5b are -model results l‘or an lmtml dlscharge salrmty of =

\

29‘0 and a range ol‘ I'reshwater dlscharge rntes from 0. 0& to 0. 15 m"/secr Agam.'

the wrdth mcreasa lmeafly up to 20 to 30 m l'or these dlscharge rates The igi-

tlal widths and also the helghts ol' maxlmum WIdth decrense wrth dec“psmg
. P

l'reshWater dlScharge N e T

\|' . ‘Q‘f

‘widths l'rom the acoustlc maps “atid the model results lor an |n|t|al dlscharge

almlty of 29. 5 and a l' eshwater drscharge rate of 0.10 and 005 mﬁ[sec The

results of the acoustlc survey were obtamed ohe day before the amblent densrty S

proﬁle was me_egured The acoustlc lmag'es A and D show a.dlﬂ'erence in max-'

mcreasmg drscharge sahmty Thls is expected smce\he d|scharge//dlamcter -

Flgure 5 6 shows compansons between the expenmentally deter med plume R

mum helght of rise. of about. 5.0m. Thls s.beheved to be related to changes in

a amblent stmwz as outlrned in’ sectl n 32 Based on this, analysp the -

g amblent densnty profile: was artrﬁclally modl ted as shown by trace d in F igure.

5 2 Essentlally the proﬁle was lowered approxrmately 5 m."

IEN
‘ ‘ ‘

~ \

‘\

: mcrease in wrdth ‘ls approxrmately llnear up untll the. plume spreads out hor'ﬁon- o

tally, after whlch |t mcreases ve}y raprdly The herght at whrch thrs.occurs 13

The experlmentally determmed curve I'or plume wrdths m Frgure '5.6a. show

\s)mxlar varratrons wrth vertrcal drstance to those predrcted by the model The ‘:
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‘. freshwater drscharge'as shown in FlgurehS .6b. Here the drscharge sahmty is the~

R o T
. i ' y\ / - . \. -r "_}"_".'.

“abo 25 percent hlgher for the model. results. If however ‘we use the m&dlﬁcd \

amblent densrty\proﬁle this dlﬂ'crcnce decreases to approxrmately 18 percent The

,
model tends to approxrmate the experlmental results more closely w|t7h decrcasmgr .

v

Tsame’ but the ‘freshwater dlschargg_‘rate was decreased t0f005 ma/scc Thc

' dlﬁ'erences in the widths for t.e two density proﬁlcs are‘decrcascd but the hclght

at which the p‘lume spreails out honzontally approxrmates the expcnmcntal result

~ more. closely, to wrthln 12 to.15 percent in this casc Thls lea(ls us $o- conclude "

that the freshwater dlscharge iate is somewhat less than that estlmated by Sadlcr

v /and Scrsgn probably between 0 05 and 0 10 m3/sec Also\the agreement between

\

' for the 1983 and 1985 data The maxrmum helghts of rise of the plume in 1983 as-.

4
the evperlmental wrdths and the model results,mcrease ‘with i lncreasmg dlscharge

’ ,\‘

sahmtles The average sallmtles measured from the submersnble approxrmately

‘ro rrrfrom the bottom were in the range of 27 to 29.5 for dnﬂ'erent trme scrxes e

.).

N o,

. determrned from_the Ross sounder records were between 37 to 41 m and 34 to 36

1

m-in 1985 The maxrmum herghts of rise predlcted by the model for a d|scharge

- sallnlty of ‘790 were 33.3 and 300 pofor 1983 and 1985 respcctwcly Thrs rs

.,wrthm 15 percen“-of the helghts measured acoustrcally The, plume herghts were

lower"rn 1985 due to the fresh upper layer ‘as opposeato the relatrve'ly less-~

. A

" ocers at approxnmately the same depth -a8 the break in the densrty proﬁle at 12
.m depth Frgure 5.7b are the model predrctlons for maxrmum helght of rise as a

_~ function. of freshwater discharge for. 1985 The: max1mum helght dccreases below ‘

v Q, 0 05 ma/sec but does not approach zero,. untrl Q, becdmmaless than 0. 01

. ‘F“J-,

3/sec ‘

PN

l\stratlﬁed water column in 1983 We:see in Flgure 5.7a that the maxlmum height -
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Flgul;e 5 8 shows vertlca] veloclty proﬁlw predlcted by the Tnodel for a r‘aj,ge

i
i

‘ . of mrtlal salmrtres and-drsq]rarge Fates. Imtrally the. ﬂow accelerates in the ﬁrst 2 -

‘i(‘ Jneters of the trajectory and then decreasw approkrmately lmearly "There P '

\ R ' T:‘some evrdence orthrs hlgher veloclty in acoustlc xmage E on page 36 near the
- v s . o o
- / bottom as, seerv by the almost v\emcal sca.ttenng structura " The verucal Velocxtm

{ obbamed from. thls acoustlc'}mage in the 20 to 40 m depth mter\r‘al appear to

- /.
/ - '..- ] /[; remam almost constant at. around 30 cn‘i/sec, and then decreases above 20 m

. \ depth However ‘the model results decrease almost \lmearly m thls ﬁepth range. :
ﬁ"r' ‘;".;"."‘: These results mdlcate ‘the vertrcal velocltnes predlcted by the model are of the
, vi - / | same order as thosevxgnferred from the acoustrc lmages ,but there are dlscrepancna

o | 7 AR .between the predrcted and'% observed vanwons of velocrty wrth helght |
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' and. densrty mlcrgstructure( Munk and Garrett 1973 Haury )et al., 197Q F armer

mternal waves have been attrlbuted to scattermg erther from bl loglcal scatterers . P

'.-often found in. assoclatlon wnth thermoclme or pvcnoc~h‘p/e zones - or. l’rom tur- L

‘ 4

b

: ‘bulcnt ﬂuctuhtlons in: ‘the’ acoustlc rel'ractwe mdex assoclatedwlth temperature n ‘

o 2

."-_and Smlth 1980) S A, - S mf\.

-

l
'

l '..;"detectable levels

' -'where |1?|

o, both l'or atmosphenc ando oceamc spttermg Goodman anﬁ Kﬁmp suggest that -

\

«®
Qeveral_theor,etmal_studres (_Batchelor %957 Tatarskl, 1061; Goodman and

' 'I\emp, 1981 ) have produced expressnons for the acoustlc scattermg cross-sectnon

N

» o

N
in the ocean temperature ﬂuctuatlons are capab]e of generatmg backscatter at Y

The usual expressron obtame for. the oceamc scattenng cross-

‘-«.‘__

given by_ s o R :-‘ S

Lo = 27rk‘¢(1?) : \\,(6.1) N N
) ) - Il%lﬂ o _ . L
‘,2k sm—, 45(1? ) is the wavenumber spectrum of. rel'ractwe index

- *ﬂuctua/tlons, k = 2T the wavenumber of the mcldent sokwave ahd 0 is the

"\-' " -. : h . ’ ' ,'. . t - to " 4 3

R ,:'I,":':
B h.ﬂ«"d



{ S, A N e, )“ ‘ |
~scattering angle Equation (6 1) can. be written' in dlﬂ'erent forms dependmg on . *

n L L the spectral model u%d Sound speed ‘luctuations arise pnmanly from tempera-
S : ture ﬂuctuatlons so wec n write ( Goodman and Kemp, 1981‘) AT ) Co
1lﬂ ' o e VAR
S, 1 [ de ) . ’ ' o
R - "¢(Rl/=\, = ﬁl ¢7(R) 2 -
' . Eq. (6.1) can now be.written as. o | ~ - e ~—~ " '
' ' ' 2n k‘ 1 ] I ] ¢T(1?) “ (.6.3) :
AR We see t‘rom thxhpressnon that the eﬂ'ectwe cross-sectlon l‘or scattermg at the' e

. v i E
S a{gle o depends only on.spectral components of the turbulence wrth wave number e
o ' e - . -":.','._:
L ,\ ' K = 2Ic smg That is,. the contnbutlons bo\the backscat&r 1htensnty l‘or exam- Y 4 -

. l

- - ' .' ¢ ‘ ! Y e o.
3 ." ple come fronLthe vﬂlabrhtyt’in the K drrectron of. scale srze %l- or- }/2 Slmllar

_expressnons l‘or scattermg cross—sectlon due to temperature ﬂuctuatrons m the ‘

. 'atm,osphere lnclude a cos20 factor, as the only basnc dlﬂ'erence

— L™

v Promrand Apel (1975) calculated acoustlc cross-sectrons usrng the above
\ | e\cpressmns l'or scattermg from layered temperature ﬂuctuatlons They obtarned- o : o
T g

kHz Goodman and Kemp.
-63 dB for o. Munk and-_

B --a = 2. 8)(10‘7 rn"' or -66 dB for backsca:tter a

~(1{]81) srmllarly obt med a value Gf 5. 48)( 10/ m: -1 .0
. ‘ -beam spttermg ol' -60
'.'to -40 dB Typlcal observed blologlcal cross-sect' ns ar abou

-90 dB daytlme'
° N - Te R i E \ ’ .
S o and about -70 dB at mght o . DR / -

—t—

The turbulence generated by a self-propelled ob]ect was clearly observed'~ o

'acoustlcally by Thorpe and Brubake} (1983) and also by Pelech et al (1983) A "
~ :

e 75 kHz sounder operatlng w1th a pulse lengtll of 0.1 ms ylelded scattenng 1ntensn-- N al
. tm well above the background for extended peggdg;{t tlme They calculated a

' 7'\ ) :" U ’ '. . o‘

Mg

Lt . . ) ] c N Lo . .
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cross-sectlon (lf -44' dB wlnch cqmp red very well to thelr maxrmum measured
)J lval‘ue of -39 dB Cross-sectlons of hese magmtudes are comparable to c}m;\_’ B

seotlons from o \tural blologlcal scatterers and dre detectable wrth prwent dny

- acoustic systems \X :

p.

S ) _',' . spreadmg Plume l‘alls oll ra 1dly w1th radlal dlstance l'rom the plume axis. ?i—e!en

RN - «_'ln acoustlc'fmages ’A. and B : Ch pter 3 Thls is. to be expected since this reglon

o s, I;emoved l‘rom the‘zone ol‘ t rbulent kmetlc energy productlon Thuus also. con- ~_' ' -
I . - l AR ki
L ,_) '.Slstent wnth the observed 'adxa\d cay of temperature and\allmty ﬁne structure S

- ln the CTD proﬁles

.-
’

- ® . ) N . o ) & . ' . i
T ; e o R
v, L . e a . -
¢« 6.2 ,’,Ifurbulence_scales ] _
. , . . ! _I\ltn . " . . ) . L3
/Turbulence ongmates when a laminar flow becomes unstable as the Reynolds

4

B nuntber lncreases ‘These lnstﬁl)llll,TS ate a complex lnteractlon of the v1scous and o '_ .

4. B

inear’ terms in- the equatlons f motron A buoyant Jet becomes turbulent l‘or

no
U © . Re?molds numbers greater than 5000. T\he Reynolds number’ l‘or the buoyant
| ‘ pl’ me under lnvestlgatlon here i calculated to be UL /u~ 10x10° usmg a-

nean yelocity of ,;:!0 cm-/sec ‘a'\nd; 8 y_pical plu‘{\ne width 'o[ 50m. -

A turbulent ﬂow ﬁeld consrstf of a speclrum of’ eddles ranglng in size from .
’ the wrdth of the ﬂow dov?n to: the Kolmogoroy mlcroscale, to-be deﬁned below -

-

- :Kmé‘trc energy from the main ﬂowll is- transferred from the largest ‘eddies to the o - R'b

. ..h' _— . . . -y ",.'\_.'
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' smallest‘ where it is dlssrpated by visecpsity. The main- parameters governmg the .

o

small scale mo’tlons in turbulent flows are the dlSSIPatlon rate ¢ ‘and the

’ .kmemat|c v1scosl_ty ¥, lrom which ge.can forth length an velocnty, scales as~
I' . . ° i . X I \'Q . )

' R 1/4 -, o . .
n—(—l .'=,.(v"e)‘/“ N (6.4

Lt
v

: Those scales are referred to-as the ol\olmogorg,v mlcroscales of turbulencE‘"TlT

’ .
B

the sma

l

>scales of the order of )\/2sm-g- FOr our echo sounder operatmg at 192 kHz and

l

| &Lynold{s}number l'ormed wrth these scales 4 is 1.0 md1catmg the vxscous nature of
1

scale rpotlon The Kolmogorov mlcroscales are a mgpasure of the smal—

Jest. snz(g, ﬂuctuatnons that. exist in a turbulent ﬁow In’ the steady state the supply

_.

' Lrate of energy from Iarge to small scale eddies is equal to the dlfsmatlon rate €. In R

| the s_teady state th_ls can be estlmated_ tnom the mean ﬂo_w to'b

* - . . N A . S

L= l S

.

~

- where U'is the mean ﬂow speed and L is the scale size of the largest eddles ’

U/L is proportlonal to. the rate of supply of kin®tic energy to the smallest eddres —
( Tennek& and Lumley, 1972 ). -The value ‘of pe ean therel’ore be estlmated for
statlstmally steady turbulent ﬂow by con51der1ng the length and veloclty
the largest eddles in the fAlow and usmg Eq (6 5) If we take the length

.scale ol' the larg&t eddla in"the nsxng/p‘rume to be about 5'm, and a measured

veloclty or 80 cm/sec we ﬁnd that pe i3 approxnmately 3 W/m

Acoustlc backscatter as meﬂtloned bel‘ore 1S'due to ﬂuctuatlons Wi spatlal

LI
.

\ ’ ‘ t

for scattenng at 180" then these/atlal scales are about 0 38 cm Thls condltlon

2,

".is t\rue*prowded the turbulent ﬂuctuatlons do not decorrelatflz durlng the passage

;of the acoustrc pulse If we lnvoke Taylors l'rozen field - hypothesrs of turbulence,

K

‘ thls means inour case that the.tufbulent field, w1thm each range cell movea ‘only-

\ ‘ . .

L



. -than sa,]t concentratlon Furthe}more he showed that c w1ll be more mﬂx}cnced

- equally HQweVer in the T

than the temperature ctuations. Wlth thxs .In mmd we will consxder the_ Lo

‘ than the klnematx / vrscosnty, ls gwen by (Tennekes and Lumley 1672 ) - S

.,gl‘. . , / ':4._“. S

[ : - 4 . : - ! e

a small fraction of the wavelength X- during the passage of the incident sound

“pulse. For ve.rtrcal plume velocities of 30 cm/sec and a pulse length of 0.5 ms the

* “Ruid moves 0. OQ\cm, whrch is ‘small compared to thé sounder wavelength- ol’O 76 ‘ y
) em . " v v .4
The refractive indew fluctuations- are associated with* changcs. in the salin\itv’ ' /“'J
and temperature field. The rauoh)f the sound speed Auctuation ¢’ to the mean "’ \
I : Y
speed ¢y at 0% and a sallnrty of 30 is given by e
. 2 o ;/'\—7—-....\__ . . )
) ’ , " . : . |
KIPN 3.2x1o- T'+9.2X1075" - 3-7><-10'"5T' . (8.8).

Lo o ‘/, s , S

‘wher% T! and S,,.'are the temperature and sallnlt?’ﬂuctuatlons (Mackenzre 1981)
We see that the ?Wny contnbutlon is somewhat smaller than that of tempera—
\and the T 2 terms are neghglbly sinall, Batchelor (1957) also concluded that

ﬂuot tl,ons in sound speed anse /amly ﬁ":)m ﬂuctuatlons in temperature rather

L T
than densrty by changes in t?\‘perature, whlle chang(s inpalinity aﬂ'ects ¢ and p SRR
‘7 ng

plume the sahnlty ﬂuctuatnons Aare much. larger' S l

n L.

"tmlcroscales for scalar. /contammants in analogy with the. Kolmogorov Iength scale

'--The scalar mlcroscal for Vel ¥, that 1s the dlﬂ'usmty ol the contamlnant less -

[ ' ~ ' (6.7')
‘:and v, afe rmpectwely the mlcroscale and dlﬂ'umv;ty l'or the scalar'

m'f' ant, For seawater the dllIuswmes ol' heat and sa]t are 7p = 1 ox 1077 -

m2/s ¢ and .'ls = 1.0X 10 mz/sec respeetwely. 'Usmg these val;pln Eq. (8 7)
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} - R o nr =_0-3'7 r— v (68) _ r(""* h
.. . 5 ns = 0.03n - (6.9) - I
] S .a . o' . 4 . ) ’ .h .

Now the. temperature and sallmty mxcwscales can be e*pressed in terms of -the

dlSSlp atlon" rate and the kinematic viscosity: )

— . v
. ’
: 14

: 0y .=‘0,3l%l' . | - .(5_10).,.

: - : /4 .I o . 7 ’
t o - ' "’75 003[ ]J ) (6.11). '
. o - S . v

B u
.
. ‘

. /‘\ , : ' ' ' S
Consrdermg a minimum mlcroscale of one-hall' the acoustlc wavelength (X/2 = . .1

-+, 038 cm ) we find that pe has to ‘be’ ol' order 10”7 W/m“ l'or temperalﬁureqnd Lo i B

1071 W/m for-salinity. However we found that pe is of order 3 W/m 3 for 't/he
- rising plum //a factor of 107 to 1011 greater than the reZuired minimunm. T o ‘\
W:c:;n therefore conclude that the estlmates ol'- the tempe‘r\ature and szhmty S
mncroScales sa.tisfy the scale—to—wavelength condltlon for acoustic backscatter to
" oceur. The presence- -t'h‘ese small scales is conﬁrmed by the vrsual observatrons
made from the oulgmersrble | “ S - o . .
. 03 .Ba._ckse';.tter versus tempernture and shlinlty fine s'tructi.(:e‘_ :
A plot of- relatlve acoustlc backscatter versus depth through the spreadmg ’
'plu ? is shown in I'lgure Bl Thxs trace is the average of the backsca.tter srgnal
' l'rom successxve acoustrc transmxssrons The large amplltude sxgnal in the ﬁrst 4

fn i is nearﬁeld clutterr Theflflgh sngnal level between 8 to 20 m is from the spread-

: ,mg plume The. echo from the doscendmg CTD prob; is seen at about 390 m

| 'depth ‘The bottom echo is'seen at 47 m wrth some near bottom scattenng from

44to47mgepth A L e

Rl . N B P &
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F |gure 6.1 2A typlcal 5-p|ng average of, aeoust;e—backsgp.tt'er amplrtude
through- the spreadlng plume Typlcal scatte’hng features are mdrcated

.q

ln thls sectlon ‘we wrll compare the retutive acoustlc backscatter amplltudm ,

M
to the ﬁne scale ﬂuctuatlons JIn temperathre and sallnlt)} for the acoustlc lmagm

and corrlspond«ng CTD S shown in F‘lw 3.7. The ‘time interval between succes- ;

I

swe temperat\lre and salmlty measurements with our portable CTD Bystem was

190 oms The rated response tnme of the te 3perature snd cond’uwty.ﬁensors is. -

about 60 ms. The speed ol’ the da;cendmg «TD. probe was approxlmkely 30
L n ) - ’y

n.-—’_"
cm/sec the plume was rlslng at about the same rate, this gny_es a- spatlal resolu-

o acoustrc backscatter results from spatlal scales of ~less than 1 em. Therefore the

o

CTD probe was unable to resolVe the- m:crostructure at the scale of mterest

lnstead We look for assoclatlons between hlgh arnphtude turbulent ﬂuetuatlons m

r,

the ﬁne stale measurements of temperaturc and sallnlty and the backseatter

v . B N . .
. . N - .. ’ .
[ L . . ' .o . v . L P o
. . . 1 . B
"

. tlon of approxlmately 15 oy in the rising plume However as drscussed above

.
»
4 .' 'A,
- .
oA
D -
w .
." -
'-l"4
»
"
.
’
‘!
‘A
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amplides. LT -
The temperature and salrnrtv data examrned below were high-pass ﬁltered as
dlscussed in Chapter’ 2 The ﬁlter had a cutoﬂ' at about 1. 0 m and a length of 1.5
m. This means that all spatral ﬂdctuatrdns of 1. 0. m and larger were ﬁlter%d out,.
The rmsl values ‘were then computed by block averagrr;g the square of the high' . .
requency temperature and salmrty data over a time interval of approxrmately 1. 3 8 RS

- ., \
seconds or about 40 cm in the vertical. - . . o e

The adoustrc proﬁles showr} in Frgures 6 2 to QS were selected by averaglng -
' %3 acoustrc transmrssrons from®the drgrtrzed data parallel to’the descendrntr CTD' |
‘ probe seen m acoustrc rmagqs EtoH. Kl'ter bemg corrected l‘or attenuatron and _ S
spreadmg the data were block averaged over. a depth mterval of 40 em, whrch
corresponds to ‘the vertrcal.resolutlon of the sounder (c r/2 ~ 40 cm )- The data_f."' )
~ °~l)elow also show the percentage ol acoustrc :eturns that saturated the detector l'or'
each block average mdrcatrng those reglons where the backscatter is- too strong;_-
to ‘be measured at that partrcular garn Hence the actual srgnal level in these:
reg_ons can be expected to be somewhat hrghertthan that measured The stan-'-..
dard devrat‘ron ol‘ each block average was also calculated provrdmg an. estrmatfe

ol‘ the degree of s&atter in the measurements

. The rms ﬂuctuatrons in temperature and sahmty are shown in Frgure 6.9
{

and 6. 2b ror the CTD cast shown ln"acoustrc rmage E ol‘ Figare- 37 through the

rrsrng plume The correspondrng block averaged acoustrc backscatter srgnal is

shown in F 1gure 62d and srgnal saturatron level in’ Frgure 6. 2c The 1ncreased |

', 5 rms ﬂuctuatrons in’ salmrtybbelow 27 meters depth are assocrated wrth 8 large

-«

"
rncrease 1n the backscatter In this regron of the rrsrhg plume ‘the- sahnrty ﬁuetua—
W .
- trons are mueh larger than t.hose ol‘ temperature Thrs is clearly seen rn the CTD

M _‘.-’..1 proﬁle shown in. Frgure 38 As a result the acoustrc backscatter seems to:"
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correspond more closely to salinity fuctuations than to temperature fluctuations.

C'ross correlation coeflicients of 0.29 and 0.14 were ol?\talned between the acoustic

backscatter and the rms fluctuations in temperature an\l salinity respectiyly.

. . A -
. Figure 8.3 shows the corresponding results for the é%D cast through the ris-

—

.ing plume in acoustic ima‘ge‘F of Figure 3.7. The bigh mmplltude rms ﬁuctua'—

tlons in temperature &nd sahmty at approxlmately 8 m depth correspond to an .

mcrease |n the acoustic backscatter at that depth. ln thls reglon of the p]ume the

' ﬂuctuatlons in temperature are of the same -order as those in sallmty We also

_—1___4—

‘ :'have 88 before mcreasmg‘ rms ﬂuctuatlons in. sahmty below 24 m depth.'

M

correspondlng to lncreasmg acoustlc backscatter In thls proﬁle the rms values ol' -

' temperathre ﬂuctuatxons also lncrease wnth depth below 30 m, although not as

E .»slgmﬂcantly as sahnlty In thls case the cross correlatlon coeﬂ'lclents are’ close to

"y

.";_ zero Thls could possnbly be’ due to the spatral separatlon of the acoustlc back-" ,

.i'

. ;I{catter proﬁle wnthgrespect to the: temperature«and sallmty proﬁles. ‘

| '_sprcadmg plume in acoustlc lmage Gin Flgure 3. 7 The- 1n¢reased acoustic back-j :

scatter beglnnlng at approx1mately 12m. depth is clearly assocnated wnth the Iarge, :

»mcrease in the rms values of temperature and sahnlty at the same depth Cross

\corrclatlon coeﬂicrents ol’ 0.76 and 0 45 were calculated in thls case between tem- '

perature, sahmty and acoustlc backscatter

The‘results for the’ C'lLD cast in acoustlc image H in Flgure 3 7 through the' ‘
e -.spreadmg plume are shoWn ln Flgure 6. 5 Again we see a large lncrease in the rms
. values ol‘ temperature and sahmty and corrapondxng Jncrease ln acoustlc back’-'i.‘ .

: 'scatter occurrmg at a depth ol’ 11 m' where the CTD probe ﬁrst enters the spread-' B

_.'.' l! \
o 1ng plume Agaln the cross correlatlon coeﬂ' cients between temperature sahmty

and backscatter were hlgh 0 70 and 0 65 respectlvly

t v : ! i

. . . ©
vl M ¢ . . : .
M N - ‘ n K

"The rms ﬂuctuatlons show,n in Flgure 8. 4 are l‘or the CTD cast .tthugh the' '
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~ and acoustic impédance in.the spreading plume are p]otted in Figure 6.8 [or CTD'.
. 8 and}9.corresponding to acoustic images G and H of Figure 3,7. These d,ata.’ were .~
obtained over a depth. rdnge of 8.0 to 20. m. 'Thesé plots :indi'cate a general .
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Inrly"f'or‘ tem_perb.t.ure anci sound speed, gliﬁo’ugh there is a. bigh degree of scatt'ér' |
for all four quantities. - Some of this scatter is probably due to tbe.l')igh amplitude
- t..;ag'kéclat'ter from biological scatterers, which was not r:em'ovgd from the.data.
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_also decrease wrth radra,} drstance

- 102-.

\
-
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6.4 Radlal deeay of 'ﬂn_e structurewand backscatter ‘in the sprea‘ilng -

plume -

°

6.4.1 O_’_l.);ac'r_v.atio;.g. o o R ' ..J\.‘,.

0

The decay.' of acoustic backscatter and_ rms temperatu're' and 'salinitfﬁ"nev
structua with radlal drstance from the plume axls is sho\ﬁn in Frgure 6.72. This
plot was obtarned by takrng avi‘ages over the vertrcal extent of the spreadrng :

_plume of all three quantrtles for CTD transect B through the plume center

-

°a

'.tance from the pIume center The rins temperature and sahmty ﬁne structure s

IR

K

.'l'rom the plurfre axis at a depth of. 26 m in the spre ding. plume, it was con-' '

64,2 Product{on'dn;i digsipation r'ir'th‘c apreadc’ng plume

‘structea from three acoustic transects tbrough the plume One of these transects

. corresponds to acoustic |mage Ain Frgure 3.2. The radral drstance from the

plume center was calculated for each position’ along the transect. The. backscatter

Frgure 6.7bisa plot of acoustlc backscatter amplrt/ude dversus radral dlstance .

CTD’s 15 and 18 are at the center of - the plume The dashed curve is - the baok-
"scatter amphtude, the error bars represent Ope standard devratron from the‘--.

, amplrtude means We see a. raprd dr0p o[l‘ in the acoustrc backscatter‘ .wrth drs-

amplltudes were then\w'ew: vertical over: 1 m mtervals cente“red at a

.depth of 26.0 m and finally block averaged over 15 polnts or about 4 min t.he

' ks
horlzontal Aga.m the error ‘bars represent one’ sﬂtandard devratron from the amplr-

w axis for dlstances greater thAn 100m L _ ..'

q

~In a shear flow such as.a horizontally spreading -plume, it has been shown

. tude means. The rms backscatter falls off raprdly wrth radral drstance from the ‘
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that,in order for turbulence to be maintained the gradient Richardson number .

“hasto be less than 0.25 (Turner, 1973, p. 97). The gradient Richardson number is

given by ’

™

Rs ] (6.12)

“where U is the borizontdl velocny As shown by the sketch in Flgure 6.8, the
honzontal veloc1ty in the gpreading plume can be estimated by conmdermg the
total vqume flux at-a plume height above whlch l'urt.her entramment is unhkely.‘

B .Ve;tlcal deénsity gradlents at both the upper and lower boundanes of the- _sprgad- B

ing plume Wére'dbtained from t;he'CTD profiles. The gradient Richardson number”

“con then be estimated 'as-_

o ) Lo ,. . ' . I . ' .' : ._ 2 .. . .'.‘ .A
w0 R = Ze8pdz . S (813)
L P Uz

'nssummg uml‘orm flow in th spreading plume and zero honzontal veloclty above

"and below.

| ._ A For a vertxcal veloaty of 30 ec and a plume width pf 13.0 m at appraxi- ~° - :
fmately 20 m above bottom we gmolume transport Q@ of 40 ma/sec ‘The , -

: "honzontal velocity is then U : Q/27rrh , where r is the radial distance from the .

plume axis and h is the plume thick néss. AH'ori;onta.l velocities of - 26 ana 15

) 'cm/sec were calcufated oF adlal dlstances of 6 and 9 m and plume thxckness&e of e

6 and Sm respectlvely which are the Values correspondmg to CTDs 8 and- 7. ’,

Typlcal values for Ap and Az obtamed [rom CTD proﬁles at the plume boun-'
. danes were 0.83" kg/m and 0. 92 m I‘or a radlal dnstance ol' 8.0 m and 0 26 kg/m

' anq 0. 77 m for a. dwtance of 9.0 m, giving gradnent Rlchardson numbers of 0.18 .

~ and 008 Rlchardson numbers were calculated m thls way for several CTD

profiles_using both the up-cas!, and(,the down-cast aqd gradxex_xts at both the top

»
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and bottom of the spreading plume. The estimates range Irom 0.03 to'0.18 with
; :

‘an overall average.ol 0.09, for a range of radial distances between 4 to 9 m.

‘ ( corrésponding to -(‘JTD’s 7,8, 9 and 17. The Reynolds, number (Uh Jv) at radiall\

distances of 6,0 and 9.0 m are 8.6X10° and 5.4 10° respectijlely. " These results
n . . o ] - . "I —t

- -indicate that furbulence production oécurs in the sbreudihg plume for radial dis-

_tances up to at\least lO O m. The CTD proﬁles at radial distances greater than

*7<10.0 m dld nogexh

it a_sharp graﬂf’ent at the plume boundaries. The mean speed
U decreases*jlﬁz@ely with radral drstance rmplymg that the gradient Rlcbardson

" number increades as radrel dlstance squared, so for large drstances turhulent pro—
duetion W-ill likely cease. ©

———

- g Frna.lly we_consrder the time scale for: temperature ﬂuctuatrons at scales of

.the qrder of one—hall’ the acoustrc wavelength to be drssrpated by molecular
g '}z".'drll'usron Thls t,rme scale is ngEn by t —(Az)2/77- whrch is ppprommutely h

} o 1000 seconds for Az —1 0 cm m seawater The maxrmum honzontal drstance

" these ﬂuctuatron‘can travel is found by mtegratrng 3’he radial velocrty l’or 1000
L seconds_. A max_rmum red_rus ol' 480 m was calculated. This indicates that it is
_ pp%ssil')leifor turbuleut ﬂuetuatiorrs-,of 10 cm scale. to exist inl the ahseuce-\qf pro--
"duction for radial distances up. to 48.0 m before being: dissipeted by vlscosity

/ ‘ 'Thrs is consistent with the maxrmum honzg}tal extent of the . spreadmg plume

obsepﬂpcoustlcally - o -

6.4.3 Conservation equah'o'nsgin the spreading pluhlc ‘

ce ' o . T he " conservation of volume in the -absence of entrainment s dhtainéd by
consrdenng the volume ﬂux through 3 small cylinidrical Bnnulus of thickness Ar
and herght h and droppmg terms d( rder (Ar)2 and hrgher, wé obtam

"} - _Fr-(wu.-);o.' o T ,(s.rq)':f.'

i



. PN
~
- e s s W e ap w m e

--——-.:—_c'-p..-z,- ——-1——_9 : -

12

x

7

" "Figure 8.8 .Schematic diagram of |
- parameters used for the gradient Richardson-number calculation.
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SR spreadmg plume Por an entramment veloclt

.q‘-. . » “: '. B 3 , I(.\. . X
. ~-- 107 - - T
- i \
| . AR
. - . \
. where the variables U, 'Kand h are defined in Figure 6.8. In analogy with Eq. |
>
(6. 14) we ¢an wr;te dowq the e(\uatlon ‘of conservation ol‘,«pomt, scatterers as . .
. | o _ _CUli DA
. - (CUh) T [6.15)
where C'(r) represents theascatterer .corl:cen,lratio'n. By oomb}\iihg Eqs. (6.14) and
(6.15) wegbtain °. ' - T
. . . '
Lot ocC - ) ’
—_ d = = o - 6.18) -

‘

o and therelore »conclude that the observed 'radial decay ol acoustic backscattér

\e

’ .
cannot, be explalned bv the spreadmg of conserval{lve pomt scatterers at leasp in

. the absenee of entramment "" _ : .' o

We no\\\v consﬁler the- Gbnservatlon ol scatterers w1t,h entramment |Z the.

. W, at the l.op and bottom ol‘ t,he

' spreadmg plume lhe equatlon l‘or conservatlon of volume becomes | "'. : -." l '
\ ."’ N .. o h' ., ) / h.
‘ . (Uh) ok aw, * 0/ 1)

- T

¢ A : )
- . . —2W C . ’ .
k 3 . A ac ‘(6:18)

R =/ LT

l R ' . ( . .
e now assume tha.t the entramment velocxty is proporllonal to the radlal velo—

"

clt"of the spreadmg plume W, = ﬂU where g is an ent.ralnment, coeﬂlclen},

K ayd t.hat h 1s constant ‘then the solution of Eq. (8. 18) is gwen by’
' N ; Ao . @ % . 3
. . _2ﬂ . . -

w R K : Y
o = Coc ' (6. 19)
! .
_+ where C,is the initial concentration of point scatterers: 2 .
¥ M ) a
: " , -",' . " I . ." °
¢ * N ¢ . .
K ' "' . - - . ., .
| "_‘ -, - L“-v‘. a
.. ! , ® : . .
- e . ', » ) X )
v . z" o Y

e

TN
: "ll"-lf;é
£l

4‘\'.'



s I. .. We now need to estlmate the 1mportance of entralnment by estrmatmg g
: from the overall Rld{/dSOD number of the spreading plume. ‘The overall , _
S Rlﬂc)ardson number R, is srmply Eq. (6 13) wrth Ar = h the thickness ol the . _"'

e T

: dlschmr_gc rate of 40 ms/sec we obtain Ry == 1.0, From )ﬁ'};enmcntal obsen a-

ime. With'h about 50 m at 10 m radial dlstanca Ap = 0.26 kg/m and-a
_ tions ol honzontal sd‘l'face jets by, Ellison and Turner (1959), the entralnment R
, ) : " coefficient B is- approxlmately 2. 0X10 3 for Ry~ '10., From Eq. (6 19) .the e -
) foldlng mdms h /2/3 for the decay ol' point Scatterera would then be about 1000 m . o ',;"-l
for a plume thlckness of 5. 0 m So |t appears from this analysrs that' entrarnment | |
o ls not srgmﬁcnnt at V{xlues ol' r. > 10.0-m, partlcularly srnce /?0 must |ncrease as N X

Therefore rt seems unhkely that the observed decay of~ acoustlc

N et

- T mcreases

backscnttcr rs due to srmple cyhndncal spreadmg ol' conservatrve pomt scatterers .

We wnll now - consnder the conservatlon of turbulent klnetlc energ;y m the R :,':"
y o S x. abscnce pf drssrpatron Usrng’l‘a.y]ors frozen ﬁeld hypothesrs of turbulence we o -
consrdcr the. transport ol‘ turbulent ve]ocrty ﬁuctuatrons through a small cyhndn- e
cal annulus and obtain e R ‘ D
" PR T N , R :
1 . .6-.,.-' 2 ~q Uh - . .on\ & . o
. —(g:Uh) = ~—Lonue : 6.20) C
6r~q '-). ’_ T LT ( ) o

/' ' whlch ha.s the same l‘orm as Eq (8 15) and therel'ore becomes usmg Eq (6. 14)

' Theretore in the. absence ol‘ drssrpatlon the turbulent Lmetrc 'energ'y behaves lll\e,'f

©a conservatwe scalar in. the spreadmg plume If hov)e

2

x .

3¢1
*Or

’

(6..21)1

ver we mtroduce dls*)atxon, L

whlch we expect to be lmportant on the basrs of the wtlmates xn sectlon 6 4:2

Al

i

and smce productlon is not expected to be rmportant there must be a balancé .

between advectron and dnssrpatnon l'or the turbulence at a pornt to be statrstlcally -
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stéady. That is:. :
Y ST '(.——"a.r ‘='€"_, N . : . (6 32)

This ha.s the same form as the energy budget for tnrbu{hce dec ym dow'q-'

f .

stream of 2 gnd (Tennek‘es and Lumlev 1972, p.. :2) wrth the downbtream dis-

t‘ance bemg, replaced by r Experrments in wmd tunnels haVe lndlcated that \el’o-

" city ﬂuctuatrons decay as one over the downst‘ream drstance behpnd a gnd

A \ .o, Voo _' !
to the square root ol' the mean square ﬂuctuatron ampllthde L -‘

;

When we have an |sotroprc scalar ﬁeld supeﬁm'posed upop the |sotroplc tur-.-

bulent Veloclty ﬁeld whlch decays as one. over the down stream distance, then .Y
frorh self-preservatlon arguments the decay ol' the mean square Scalar chncentrah-'r A
tron ﬂuctuatlons such as temperature and sahmty follow a l[r‘"’/' ]aw ( llmze, “ '

1975 p 301 ) Therefore the acoustrc bacl(scatter‘nmpl(tude resultlng l'rom these'

ﬁuctuatrons should drop oﬂ' as. 1/ r3/ 1 since backscatter amplrtudc is proportronal"f"f'

a
e

Frgures 6 9 an,d 610 show plots at 10 m mtervals ol‘ acoustte baekscattqr‘

amplrtude versus radral dlstance from the plume axrs ‘for- depths of 24 to 26 m ln' Lt

—-—

the spreadrng plume These plots -are oI' the same type as Frgure 67h plotted on a' -
log-log' scale Fi lgure 6 lOa for example is a log-log plot of. Frgure 6. 7b The rms_.; -
backscatter falls oﬂ rapldly wlth radlal dlStance from the plume axrs for dmtancw :: A
‘ .f: greater than lO 0 m The hrgh amplltude backscatter beyond 50 0 m range is. due .
: o brologrcal seatter.ers that Were not removed l‘rom the data. The dashed hnes on‘

these plots are 1/r3/‘ and the solld llnes are l/r drop-oﬁ' rates Aill four plots" SRR

.' "\_ -show a reasonable agreement between the seoustié. backscatter amplrtude decay 3

s,

rates and the l/rs/“ law d - o .»r‘, e

Frgure 6 lla shows a log-log p]ot of the backscat M:’r amplrtude in Frgure
67a :I‘he solld and dashed lines are agaln l/r and l/r"/‘ respectrvely The back-,

Sl
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' scatter secems to fit the l/rsl‘. drop-off rate rgasonably well even though these
data afe close to the plume axis. Figure 6.11b and 6.11c shows log-log plots of .
the rms temperature and salinity fluctuations shown in Figure 8.7a. Againythe
. 1 /r:'./4 drop-off rate fits the data reasonably_well. “These results support the argu- R
_ment that turbulence is an importafit n#chan-ﬁrﬁ in causing the observed acous- '
*"tic backseatter. .
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CHAPTER 7, SUMMARY AND CONCLUSIONS

This thesis consists of three main parts (1) analysis of the observations of \j

the Buoyant plume and arfibient environment from the CTD, current meter and a

acous_tlc backscatter data, (2) comparisons of numerical model results of the -

s plume geometry and vertical velocities with the acoustic backscatte’r observa-’
'\\' o tions, (3) lnvestrgatron of the acoustic. backscatter amplrtudes versus the ﬁne

* ﬂ

g structure in the~temperature and sahmty ﬁelds '
. | The buoyant plume was mappéd by an-acoustic sounder at 192 kHz and a’
mrcrowave posrtromng system The acoustic soundmg transects were- spaced at

'approxrmately 10 ‘m rntervals over the plume area. ‘A’ second mapprng of the

' plume was made in conjunctlon with a gnd of CTD statlons while the launch: was:

o

four-point moored. In -addltron, -visual observations together with” CTD :and
current meter measurements were'mede at the vent location using the submersi-
ble PISCES IV. From these observations the geometry of-the risjing and spreading

< plurme we.ﬂe\ermm Also\the vertlcal velocrtre& of the rising plume can be

. estimated directly from th catterTﬁ% structures in- the acoustic -images. The. K

-results demon'strate'*t'he' edvantag& using acoustic remote sensmg techmques to

1

detect and- charactcnze buoyant plumes in {h

Two separ‘ate models were employed The first a dimens'ional asym'pto'tic
.model, the second was a numerlcal model l‘or buoya.nt jets_and pl’umes'. The .
- ' buoyant plume upder study here has very little initial ‘morentum. The main

_ 'dischurge region is 2.0 to 4.0 m in horizontal extent with several smaller points of

4 v . .
/4 . . .
. N i

R
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discharge nearby. The discharge water converges as it rises to .merge into one
Iarge plume-like flow'a short distance from thesbottom. The dimensional a;\alysw
in sections 5.2 and 5.3 together with’ the observatlons indicate that this flow is

buoyancy dominated at approx:sztely one meter above bottom. The m jlmum

height of rise estimated with thls model using the observed. initial conditions as .

\lnputs is about 42 m. This result is somewhat higher than that observed experi-

mentally b.ut wnthm 15:t0 .20 percent.

-

The numerical model uses the horizontelly integrated conservation equations

of mass,’ momentum and buoyancy with Gaussian profiles to evaluate the

v

mtegrals The_model calculations started oﬂ' at one meter above the bottom,
“where the flow,was found to be plume-hke The maximum height of nse caleu-

'lated numencally |s w1thm 15 percent Qf the heights: measured acoustlcally The

expcnmentally determmed plume wndths,as a function ol' height show vanatlons

i'snmllar to those calculated by the model “The model approximates the expenmen-.-
' "t.al rwults moge iclosely with decrea.smg freshwater dlscharge For a dlscharge rate.
of 005 m?/sec and a discharge sallmty of 29.5 we get the best ﬁt between the.
model and the observations. The range of freshwater discharge rates es.tlmated a
. from the 1.0 to 2.0 m’decr.ease .in the water.level ol‘ the lake was.‘g;tween 0.08 to
10.13 m3/sec. The results of ‘the ‘numerical calculations point to the. lower" end of
f'th'is range in contrast to the value of 0.14 m3/sec detelmined from heat loss con-

siderations by Sadler and Serson The vertical velocities calculated by the model B

are of the same order as those inferred from the.acoustic- 1mages but there are

'dlscrepanc1es between ther‘predlcted and observed variation of velocn‘ty with

height.
Several recént"studies (Munk and Garrett 1973; Proni and A‘bel 197$°

GOOdman and Kemp, i081 ) bave suggested that turbulent” mlcrostructure may'

, @
cause acoustnc backscatter at detectable levels It is concluded in thls thesxs\that

7
.
]

. : ?’L . |
- - \ ..' : |

e
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turbulent micMre is likely responsible ‘or the observed acoustic back-

scatter. This conclusion is supported by a number of experimental observations.
. . [ . i .

»

The discharge water at the vent appears to be clear and free of bubbles and

suspended sediments.”Comparisons of the acoustic data and the rms fine’ struc-

Jlure in the ,em’g;;mre/and salinity fields show some correlation. Estimates of .

the temperature and sdlinity microscales satisfy the scale—to—wgvelength condition
‘for acoustic backseatter to occur. Also veryﬁ_mall turbulént eddies made visible
by Iarge’:'anatlons inthe optlcal refractive index were obs'erved from the submer-
sible. Finally it was shown that the radial décay of the backscatter could not) be
explained by.simple spreading of e:nservatlve point scatters lt. was also sh wnI

that entrainment in the spreading plume is not 1mportant at lea.st l'or r > 100

N .

m.. B_y assuming a balance between :adQ.c::on and _d_lsmpatan as ‘in gnd tur-
bulence: we expect allr ‘drop-oﬂ‘ in. th'e' turbulenl veloclly lield and from self- :
prcservatjon arguments we get a l/r‘m’&lop off in scalar ﬂuctuatlons (Hmze’,
1975 p- 301) In section 6.4 it was shown that the radlal decay ol' the- backscatter— = g

* .amplitudes in the spreadmg plume fits a 1/r3/4 law reasonably well Also the -

decay of the backscatter and the temperature and salinity fluctuations from CTD

transect B through the plume show-;o\me agreement with the l/r3/4 drop-off rate

- although the number ol' pomts in this case are msuﬁ"lclent

N — =
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