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~~~~~~~~~~~~~~ ~~~~~~~~~~~~7 • In recent years the U. S • Navy ba~ ~~~~ttnto operational
( use increasingly coeplex sonar systems. - ent u~~ of these

• ~ systeme depends on a detailed ~~ovled,ge of vior . the
• acoustic energy contained in the under water Ic which

they eu~ loy. Once the behavior of the ac er a understood
then operational prediction in terms of . .  :. mental

r1i iT~~~t deal of research ~been devoted to I

obtainlntAan objective understanding of the the propaga-
tion of acoustic ener gy in the conver gence zone the surface

ci paths~ As this underst and ing has grown - re and more effort

~~~ t has cc ed to the prediction of intensit y elds .
~~~ 

Since the - 
-

propagation of ener gy -in the convergence zone and surfac~ channel D
paths is a con~ lex phenomena involving both acoustic s~id Jenviro -

ta]. parameters, this effort would not have attained th~ ~uccer~s fl (i~ 1PI1fl I1~has withou t access to and utilization of modern c~~~1~~3J fad •~~ : U
and tecbni~ues. 

~~~~~~~~~~~~~~~~~~~~ 
A~~ 3919 ~

presentation ~4-ll consist of three parts: a die- ini Lb
cuseicri of acoustic intensity program for estiu~t1ng’- gence ~~~~~~

‘
~~~
‘

zone propagation loss using ray theory; (2) ~—di.~raI•’ an F’
~~~~~ ,_ acoustic intensity program for estiu*ting propagati~ ~~IsOdi5tw&- --- ..

~~~~ 

.

~~~ with surface channels us noz~~l mode theory; and ~ iacussion .
~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ in or~~ an ~~ I~~~~~~~V :  ._._b#hic var- ~~.

iables pertinent to these intensity co~~utatians.

MY THEORY ACOUSTIC jj ri~ iISlT! PROGRAN. • input to the
L.L., convergence zone prop gation loss program Is point • rature and

• salinit y data taken from the surface to the bottom and the output ii

for a given sourc e depth . O~is~ nn ar ir r ~ ••
~~~~~ the propacation loss as a function of horizontal q.ietance and depth

• 
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The computer program complex consists of the six sub-program. listed I I 1T~~ :on slide 1. The first program compute. the sound velocity from pres- ~ 1
sure , temperature , and salinity after first converting depth to pres 

-

_________sure. The second program modifies the velocity-depth data points to
• correct for the curvature of the earth . The third program divide.

the transformed profile into ].ayers and fits an analytic function to
each layer such that the velocities and their first depth derivat ives
are continuous at the layer interfaces • The fourth program computes
ranges, intensities, and travel times using ray theory for surface-
reflected , purely refracted , and bottom reflected rays assuming a
flat bottom. The fifth program processes all the data co~~uted in
the fourth program for a given combination of source and receiver
depths. It interpolates, sums the intensities assuming random phase ,
converts to decibel loss, and adds in attenuat ion with the final out- .
put being the propagation loss for 100-yard range increments for each

• selected receiver depth . It also edits the data for plotting pur-
poses. The sixth prog ram plot s enough points to define the propaga-
tion loss contours • These six programs óonsiat of about 13500 corn-

-
~ t m.nds and constants .

This coii~utation provides a wealth of data on propagation
loss that can be presented in sany ways • Slide 2 shows a detailed
cu~~~z-y of the results of one computation for a 6000-foot source
depth . Propagation loss as a function of range and depth is contour-
ed for 5 db intervals . The degree of detail is obvious from the corn-

• plexity of the contouring. Slide 3 is a simplified presentation of
the same data prepared for a specific purpose . Only one loss contour
is shown. The shaded area shows where the propagation loss is less
than 100 db and the unshaded greater than 100 db. Additional pre-
sentatio ns can be prepared from the basic cosq utationa depending
upon the acoustic problem under consideration . The import ant point ,
however, is that the computation results in a degree of objective
detail heretofore unavailable . This detail is then available for
m.ny specific uses.

The preceding discussion has been entirely theoretical end
ccc might reasonably ask how well the theoretical results agree with
experimental observation. Slide i~ compares experimental and theor-
etical results for an acoustic experiment conducted off San Diego in
Jan~ary 1955. The sound velocity profile was obtained from measure-
mant of temperature , salinity, end depth mede during the experi ment .
In this experiment the source depth was 385 feet , the recei ver depth
1,00 fast, and the frequency 530 cps • The irregular line connects
t~~ experimental data points and the solid line shows the theoretical
calculations. flange in nautical miles is shown on the abscissa and
propagation loss in decibels on the ordinate . The two figures are
continuous in range . ~~ny additional experimental and. theoretical
comparison, have been eade for a variety of oceanographic and acous-

• tic situations with results similar to those shown in this slide .
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~ • - Those of you familiar with previous atte mpts to objective ly
describe the acoustic intensity field will recogaize that this corn-

• - ‘ putational procedure represents a real. advanc e in understanding the
t ~~ t r behavior of acoustic ener~ r being propagated in the conver gence zone

• path.
• N01~4A.L ~~~~ ACOUSTIC ~~izr~ ITY PROGRM1. The second con-

puter program complex that has been developed at NEL is based on
• - r normal mode, rather than ray theo ry, and. deals with the problem of

• . . 
~• • 

- computing the propagation loss in surface sound channel paths. One
of the important features of normal mode theory is that prop agation

- loss can be calculated to any range for sources and receivers below
the layer as well as in the layer . In other words, there are no

- 
shadow zones in the computed intensity field based on normal mode
theory as there are in ray theory .

• t The model for this co~~~tation is a bi-linear duct consist-
• ing of one layer of water having a linear sound volocity distribution

- 
r — ‘ in overlying a second layer eontaining a different linear distribution

of velocity. The inputs are depth and sound velocity gradient in
the first layer, gradient in the second layer , and. absolute value

- . of the surface sound velocity. The output is a plot of contoured
• propagation loss as a function of range and depth for a given source

depth and frequency.

The method is an extension of the theory treated by Furry
and l.~rsh . Early work by these and other investigators was limited

- because of computational difficulties which required gross mathe-
mat icai. approximations. These approximations limited the accuracy
and applicability of the theory to a marked. degree. Utilizing digi-
tal computers it is possible to avoid these approximations. This

j 
• • problem involves computations in the complex plane and consists of

about 6000 cosmmnds and constant s • Those of you acquainted with
normal mode theory and its applications are certainly well, aware of

• the mathematical complications associated. with numerical applicationa
of the theory. -

Slide 5 is a sample of the output from this program. Con-
toured plots come directly off the cc-line high speed printer and on
a CDC l6011~ computer take about two minutes to produce. Range in
kiloyards i~ shown on the abscissa, depth in feet on the ordi nate ,
and prop agation loss contoured for 10 db intervals. Th~ inputs for• this computation are surface velocity 1~%0 feet per secand, sound
channel depth 100 feet , sound channel gradient 1.8 feet per second
per 100 feet, gradient below the channel 33.3 feet per second per 100

-! feet , frequency 1.2 kil.ocyca.es, and sourc e depth 15 feet . This is- typical of a simple acoustic field . Slide 6 is a plot obtained by
- •
~ changing the layer depth to 300 feet and leaving the other variables

- 
•~ the same as for the previous computation . It is typic al of a complex

acoustic field . By varying the six input, many different fields,
exhibiting all. degrees of c~~~1exity, are obtained.
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~~~in one might ask how well these theoretical c~~~utatio ns ~ on I
• 

•‘~ agree with experimental observation. Slide 7 sumn~rizes results from
- an experiment conducted off the California coast • In this test the
~o ~~~ surface channel was 300 feet deep, the source depth 55 feet , the re-

• ceiver depth 50 feet , and frequency 530 cps. The dot s show the ex-
perimenta l data . The solid line is the theoretical calculation based

• on environmental factors measured at the source ship, while the
ed line is based on enviro~~~ntal factors measured at the receiving

- - -~ • . ship . Agreement between theory and experiment is quite good as far
• - -  as the general level of propagation losses is concerned. Note the

beat patterns that appear in both the experimental and theoretical
losses • These are caused by the interaction between norma l modes .

Slide 8 is another comparison from the same data but for a
- 

• - 100-foot receiver located about 100 feet below the surface channel •
— • The experimental data drops below noise between lII. and 15 miles and

• 
• ~~ beyond 17 miles • At 15 miles the experimental loss is some 25 db

- greater than for the 50-foot rec eiver shown in the previous slide.
t ;  • Note that normal mode theory pred icts this lar ge differenc e in levels

- r between in-layer and below-layer receivers and. also predict s about
: the proper decay with range • This contrasts markedl y with ray theory
• which predicts a shadow zone beyond 3 miles • This abilit y to util-

- ize the more exact normal mode theory, in place of ray theory, makes
it possible to obtain such more realistic computed. propag ation loss -

fields. •

ESTIMATION OF ~NvniONMEBTAL PARAMETERS. The two computer
program complexes just discussed define the environmental parameters
for which information i. necessary in order to obtain realistic pro- •

pagation loss infor mation for the convergence zone and surface chan-
nel acoustic paths.

• In the National Oceanographic Data Center are archived -

many millions of oceanic temperature and salinit y measurements made
over the years for a variety of purposes. This data collection is
the basic oceanographic data collection for obtaining the required
input information. During the past few years the Ocesnometric s
Group at NEL has been atte mpting to develop techniques and methods 

Iof su~~~~izing oceanographic information required by the Navy’s
acoustic prog ram. To illustrate this work I would like to review
the results of two studies .

• The first study deals with the problem of su~~~rizing sea-
• surface temperatu re observations . Historical ly such data have been

su~~ .rized by averaging over arbitrary size areas and time interv als
• • and the resulting avera ges plotted and subjective ly contou red . At

1IEL an atte mpt is being made to approach this problem from a more
objective point of view utilizing regression anal ysis concepts . Al-

• though regression techni ques were developed many decades ago they
have rarely been used by oceanographers because of the c~~~lexity 

~~

- 
• • • •

inherent in developing realistic models and the mageitude of the 
~~~~~~~ •

~~~~~ ‘~~
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arit hmetic task required to evaluate the necessary constants. With
the recent progress in computer development the arithmetic difficul - -

• ties are being solved with the result that it is now practical to
use complex models.

• I would like to present the re sult s of one such analysis
• 

- of sea-surface temperature measurements made in the four one-degree
-: - ~~- latitude strips shown in slide 9. The measurements made in these

four 8trips were treated as a single sample drawn from the area 300

~ -~ to 119 N and extending seaward about 700 miles and f~’ an 18-month
•: ~~~~ :- - time inte~~~l extending ~~ m 1 April l9~9 to 1 October 1950 . The

• total number of observations in each stri p and their distribution in
time and. space are also shown in the slide . In the shaded areas one
to twenty observations were made and. in the unshaded areas no obser-

• vations were made .

Slide 10 shows the regression equation that was fitted to
the observed dat a . Three main effects -- latitude , longitude , and -

day-of-year -- and three interactions -- latitude by day, longitude
by day, and latitud e by longitude -- were considered . This result ed
in a 22- variable equation with 23 constants to be deter mined by

• least squares .

Slide ll s~irm*~izea the statistical results of the analysis.
The number of observations was 807, the per cent of variance explain-
ed by regression was 85.7 per cent , the multiple correlation coeffi-
d e n t was 0.93 , an~ the standard deviation of the observ ations about
regression was ~ 

.9’F. 
-

• Slide 12 shows the location in time and space of 971 tem-
- perat ure observations made in. this area- during fiscal year 1950.
These observations were not used in obtaining the regression equation
but were used as a control to see how well the regression equation
could estimate independent ly observed sea-surfac e temperatures. ~ The
differenc e between the observed temperature and that computed froa
the regression equation was obtained. and the results are shown in
the form of a histogram in slide 13. The standard deviation of the
differences was 2.3 7 ccmpared to 1.9°F for the regression equation.
The close agreement certainly suggests that the two Bets of data are
drawn from the same populatic~ . 

-

Slide lii shows a sea-surface temperature chart for 8 Nov-
ember 1950 contoured from temperature. obtained from the regression
equation. It is noted that the regression equation faithfully por-
trays the main oceanographic feature, namely, the tongue of cold
water that is the result of upwelling occurring along the coast .

The second study I would like to review is concerned with -

the shape of the vertical sound velocity profile . This study was
based on an ex~ tinat ion of approxiii*t~1y 1000 hydrogra phic casts
made in the North Pacific north of 20 N in 1955. Al]. data were 

__
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• - ~. ~~~ t - : - - taken during the sumeer end are essentia lly time independent . Each
set of bydrographic cast data was converted into sound velocity and

;. ~~~~~ 
- 

• plotted as a function of depth . A study of these plotted data sug-
• • 

- gested three major types which were categorized as type A single
- ~~. minisium, type B double ther mocline, and tile C double minimum.

• Slide 15 shows the four single minimum sub-types. Sub-
• rt type 1 and sub-type 2 have a single minimum at about 100 meters with
- - ~~

• • sub-type 1 having a minimum velocity less than 11800 feet per second -

- and sub-type 2 havin g a minimum velocity greater than 11 800 feet per
- second . Sub-type 3 has a minimum at about 500 meters and sub-type

a broad , almost isovelocity, minimum deeper than 750 meters and
sometimes as deep as 1200 meters .

- - Slide 16 shows the two double ther mocline sub-t ypes. Both -

- sub-types exhibit a near surfa ce shallow thermoc line with a deeper
- 

- • thermocline at about 200 meters in the case of sub-t ype 5 and. at
- 

about 11oo meters in the case of sub-type 6.
- -

Slide 17 shows the three double minimum sub-types. In
sub-type 7 both minima are shallow with the shallowest minimum hay-

- 
ing the lowest velocity, in sub-type 8 both minina are deeper with
the deeper minimum having the lower velocity, and in sub-type 9 the
minima are still deeper with the deepest minimum havin g a much
lower velocity than the shallower minimum. 

*

After identifying these nine basic shapes each of the 1000
profiles were compared with the shap es and classified as to sub-type .
If a profile shape was different from these nine basic shapes it
was classified as transitional.

Next the shape numbere were plotted on a locator map to
see whether or not lar ge volumes could be identified as having the
same shape. The results are su~~~rized in slide 18. Profiles taken
in the white areas were of the indicated sub-type. Gray areas con- -

tam transition al profiles. There are three major tr ansitional
areas -- one off the west coast of North America , associated with
the California Current; a second in the western Pacific associated
with the westward drift; and a third off Japan where there is an
admixture of warm water from the ~ iroshio Current and cold water
from the Sea of Okhotsk . Thus this portion of the North Pacific
contains eight lar ge homogeneous volumes .M three transitional

• — volumes.

- To illustrate what ii meant by the terms “transitional
volume” and “h~~~géneoua volume” I would like to show two sections

• of profiles. Slide 19 shows the location of a section taken in a
h~~~geneous area . This 600-mile section is located in the sub-type
9 volume with one profile taken in the sub-type 6 volume. Slide 20
show, the individual profiles . The area to the left of the 11900
feet per second value of velocity i~ shaded . The almost exact

-- 
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— - r - taken during the s~~~~r and are essential ly time independent. Each
- - set of hydrographic cast data was converted into sound. velocity and

- - plotted as a function of depth . A study of these plotted data mug-
- 

- - - - - gested three major types which were categorized as type A single
m1niir~ type B double ther mocline, and tile C double minimum .

• Slide 15 shows the four single minimum sub-types. Sub-
type 1 and sub-type 2 have a single minimum at about 100 meters with I

~~
- • ., •  ~~~~~ .- sub-type 1 having a minimum velocity less than 11800 feet per second

•
. and sub-type 2 having a minimum velocity greater than 11 800 feet per

- 
• - • . - second . Sub-type 3 has a minimum at about 500 meters and sub-type

1~ a broad , almost isovelocity, minimum deeper than 750 meters and
sometimes as deep as 1200 meters .

- - - Slide 16 shows the two double the rmocline sub-t ypes. Both
- - sub-types exhibit a near surface shallow the rmocline with a deeper

- ther mocline at about 200 meters in the case of sub-t3’pe 5 and at
about 1~00 meters in the case of sub-type 6.

• ~- - - ‘~
--

- Slide 17 shows the three double minimum sub-types . In
sub-type 7 both minima are shallow with the ahallowest minimum bay-
ing the lowest velocity, in sub-type 8 both minima are deeper with
the deeper minimum having the lower velocity, and in sub-t ype 9 the -

minima are still deeper with the deepest minimum having a much
lower velocity than the shallower minimum .

After identifyin g these nine basic shapes each of the 1000
profiles were compared with the shapes and classified as to sub-type .
If a profi le shap e was different from these nine basic shapes it

• 
- ‘was classified as transition al .

Next the shape numbere were plotted on a locator map to
see whether or not large volumes could be identified. as having the
same shape . The results are s’im~~rized in slide 18. Prof iles taken
in the white areas were of the indicated sub-type. Gray areas con-

• tain tr ansitional profiles . There are thr ee major transitional
areas -- one off the west coast of Nort h America, associated with
the California Current; a second in -the western Pacific associated
with the westward drift; and a third off Japan where there is an
admixture of warm water from the Liroshio Current and cold water -

fr om the Sea of Okhotak. Thus this portion of the North Pacific
• 

•~ contains eight large homogeneous volumes and three tr ansitional
- volumes.

To illustrate what is meant by the terms “transitional
volume” .M “homogeneous volume” I would like to show two sections

• of profiles. Slide 19 shows the location of a sect ion taken in a
homogeneous area . This 600-mile section is located in the sub-type
9 volume with one profile taken in the sub-type 6 volume. Slide 20 - -

shows the individual profiles. The area to the left of the 11 900
• feet per second value of velocity is shaded . The almost exact
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;t ~~4 v- ; - st~11arity in shape over distances of hundreds of miles is quite ob-~ 1 • ‘
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-

• Slide 21 shows the location of a 300-mile section located
- in the transitional volume off the coast of Japan. The upper portion

of slide 22 shows the profiles over northern half of the section .
These shapes exhibit relatively small shape changes. The lower por-

- tin shows the pro files for the southern half of the section and
illustrates marked changes in profile shape occurring over distances

- - - 
- of 20 -to 40 miles -- approximate convergence zone dista nces .

- - - This anal ysis suggests three implications -- to operations —

it implies that in the homogeneous areas acoustic perfor mance should

~~
, 

be stable and predictable while in the transition ar eas it should be
variable and less predictable ; to research it suggests that acoustic

• - experiments should be conducted in the different profile volumes and
the transitional volumes before generalizations are atte mpted; and
to siarvey programs much analyses gives guidance as to area s that
should be surveyed .

P~~DIc’rIoN OP ACOUSTIC ~~~ 0~4AJCE. In the discussion so
far Information expla l ing acoustic results by means of theoretical
calculations based on oceanographic data taken during acoustic tests
in familiar waters has been presented . Our current abilit y to pre-
dict the acoustic field in areas siguificant ly different from I~ L*s
customary test areas is suggested by slide 23. Convergence zone
echo-ranging experiments were conducted at two locations -- area 1,

located in-a tr ansition region 300 miles west of Vancouver Island
and, area 2, located in the homogeneous region 100 miles south of

• Kodiak. In laboratory preparation for these tests , appropr iate
- oceanographic stations were examined end sound velocity profiles

forecast for the two areas . Predicted propagation losses were cal-
eui.ated for each of these areas . Three horizontal bars are shown
for each area. The upper bar shows the range interval at the first
conver gence zone over which echoes were experimentally observed, the
next bar the expected interv al calculated by using a sound velocity -

profile obtained from measurements made concurrent with the acoustic
experiments, and the lower bar the pre dicted interval obtained from
a predicte d sound velocity profile . I~nge prediction obta ined from
the predicted sound velocity profiles was not as good in the tr ans-
itional volume, area 1, as in the homogeneous volume, area 2, pre-
sumably because of larg e horizontal variation in profile shap e.
Novever, in both instances the agreement between the predicted detec-
tion range and the observed detection range is quite remarkable at-
test ing to the validity of the prediction approach.

I would like to conclude with a comeent on the possibility
of developing an operational acoustic perfor uence prediction tech-

- niqu. based upon the research X have just discussed. Prom what has
been accomplished so far it seems well within the realm of possibil- -
ity to develop a system for predictin g the sound velocity distribu - •
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- tin and its influence on various acoustic parameters, from periods

- •~ of a few days to a few tens of days; as well as to give the oceano- - 
--

~ ~~~~~~~~~~~ metric ~~~ectaticns for any time period in the ~~ture . It is not - - 
-

- ~~ - ~ i - - - very difficult to visualize a shipbo ard equipment where the analyzed I
historical oceanographic data and sonar equipment parameters have -

been stored; observations taken during the preceding few days or -

weeks introduced; and by entering the lat itude, longitude, and
~ 

- 
time-of-year obtaining a predicted acoustic field .
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