AD-A241 360
||I|l|\\\|l|\\Il\l\lllhlll\i\llIﬂllllilllll

NAVAL POSTGRADUATE SCHOOL
“Monterey , California

THESIS

OCEANOGRAPHIC AND ACOUSTICAL SURVEY OF
THE EAST IONIAN SEA

by

Radamanthis P. Fountoulakis

September 1990
Co-Advisor Robert H. Bourke
Co-Advisor Alan B. Coppens
~DISTHBUTION BTATEMENT X

" Apptoved for public release;
" Disitbution Unlimited

12525
I i\\\\\\\ \\\\\\\\\\\\\\ i 9y 1o s awo




Unclassified

security classificaticn of this page

la Rep/ort é‘ecurity Classification Unclassified

REPORT DOCUMENTATION PAGE

1b Restrictive Markings

_|2a Security Classification Authority

3 Distribution/Availability of‘ Report

_}2b Declassification’Downgrading Schedule”

Approved for public release; distribution is unlimited.

4 Performing Organization Report Number(s)

5 Monitoring.Organization-Report \Number(s)

; '623 Name of Performing Organization
-Naval-Postgraduvate School

6b Office Symbol
(if-appiicable)-33

B Ja-Namie 6f Monuoring Orgamzation
Naval Postgraduate School

‘6¢c Address (clty, state, and ZI1P code)
{Monterey, CA 93943-5000

7b Address (city, state, and ZIP code)
Monterey, CA 93943-5000

< 82 Name of Funding:Sponsoring Orgamzation

8b Office Symbol
(if-applicable)

19 Procurement Instrument.ddentification Number ~
> - “,__,...‘—-E‘*

[ e —

8c Address (clty, state, and ZIP code)

10 Source of Funding Numbers

Program Element No ] Project No ITask No I\Vork Unit Accession No

111 Tule (include securlty classification) OCEANOGRAPHIC A\D A

COUSTICAL SURVEY OF THE EAST IONIAN SEA

12 Personal Author(s) Radamamhxc P.-Fountoulakis

13a.Type of Report
Master’s Thesis

13b Time Covered

From

To

14 Date of Report (year, month, day}

| September 1990

15 Page Count
98

16 Supplememary Notation The views expressed in this thcsxs are those of the author and do not reflect the official policy or po-
sition-of*the Department ol“ Defense or the U.S. Government.

17 Cosati Codes 18 Subject Terms (coniinue on reverse if necessary and identify by block number)

“Field TGroup Oceanographic, Acoustic Survey, East lonian Sea, PEmodcl

Subg{oup

19-Abstract (continue on reverse if necessary and identify by-block number)

A-study was conducted im an area off the Hellenic west coast to examine the spatial and time variability of various oceanic
parameters, with special emphasis on those effecting ASW operations. Propagation loss runs were conducted using PE and
RAYMODE models The reactions of both models to different bottom morphology and sound speed profiles (seasons) were
“lexamined. Between the two models, the PE model was found to be closer to reality than RAYMODE. Results suggest that
{the application of these models can improve the understanding of sound propagation in the Hellenic seas. The bottom

modeling program, BLUG, appears to need improvement.

20 Distribuzion. Availability of Abstract
&8 unclassified unimited 0 same as report

21 Abstract Security Classification

O DTIC users Unclassified

222 Name of Respensible Individual

Robert H. Bourke

22b Telephone (include Area code)

(408) 646-3270

22¢ Office Symbol
ocCBf

DD FORNM 1473,84 MAR

" 83 APR ediion may be used until exhausted
All other editions are obsolete

securnty classification of this page

Unclassified




Approved for public release; distribution. is unlimited.
‘Oceanographic and Acoustical Survey of the East Ioﬁian Sca
by
Radamanthis P. Fountoulakis
Lieutenant, -Hellenic Navy

B.S., Hellenic Naval Academy

Submitted in partial-fulfillment of the
requirements for the degree of

MASTER-OF SCIENCE IN ENGINEERING ACOUSTICS:
from the

NAVAL POSTGRADUATE SCHOOL
September 1990

Author:

Radanﬁmhis P. Fountoulakié

Approved by: L)V/_% / 7/42/@/

RobertII Bourke, Co-Advxsor

//:Z%w

AnMonv Atchlcy,‘ irman,
Engineering Acoustics Academic Comunittee

ii




ABSTRACT

A study was conducted-in an area off the Hellenic west coast to examine the spatial
and'time variability. of various oceanic parameters, with special emphasis on those ef-
fecting ASW operations. Propagation loss runs were conducted using PE and
RAYMODE models. The reactions of both models to different bottom morphology and
sound speed profiles (seasons) were examined. Between the two models, the PE model
was found to be closer to reality than RAYMODE. Results suggest that the application
of these models can improve the understanding of sound .propagation in the Hellenic
seas. The bottom modeling program, BLUG, appears to need improvement.

iii

Acgession For 1

I NTIS oRARI &
DTIC TAB 0
Unannounced 0

Justification ——

By.
Distribution/

Availability Codes

Avall and/or
Dist Special

@\,l




TABLE-OF CONTENTS

1. INTRODUCTION ....... e e e e e IO |
A. GENERAL ............ e e e e 1

B. OBJECTIVES ....covviimnenennnn. e R e P |

C. AREADESCRIPTION ............. e e e 1
II. OCEANOGRAPHY ........ e e e e 6
A, WATER MASSES .. ivtitt i, e 6

B: CURRENTS ittt e e it i T
C. TEMPERATUREDISTRIBUTION ...........cccvun.. e 9
D. SUMMARY OF OCEANOGRAPHY ........... e e 17

. Winterseason .............. e e e e e 17

2. Summer scason. ...... S, e e e e e 17

III. DRATA ANALYSIS: ... it e e 18
A. SOURCES OF DATA . i i et e 18

. Hydrographic data (Temp., Sal.,, SSP vs Depth)  ................ 18

2. Botiom Characteristics ... .. e e e e e e T18

B. SEASONAL VARIABILITY ..ttt et e e iieenns 20

| Rt 1 Y <5 o O 20

2. Summer ............ @t ettt e e e 20

C. SPATIAL VARIABILITY OF DATA .. ot iiiniiaennnns 27
IV. ACOUSTICANALYSIS .............. et 34
A. ACOUSTIC MODELS +i vt ittt ittt ettt s i eneen s 34

1. GENERAL .......... e e e e e 34

2. RAYMODE ........ i ettt et e s 38

3. PEMoOdel ...t e e e 39

4., BottomLoss Models ................ . .0v.. e 4]

B. APPLICATIONOFDATA ... e 43

I. Sound Speed Profiles . ... s 43

2. Bottom Pathsand Parameters ...........cciiiiiiiinivnnns 44

iv




3. Source, ReceiverData ................. e U N 44

C. ANALYSISOF RESULTS ........ivvn. .. e e e 49

L. BLUG QUIPUL vt ettt et e st e iie e ine e ine e ennnnes 49

2. Path No 1: PE Model and RAYMODE ........ovvvn.. e 49

3, PathNo2PEModel .......oovvvuunnn e Y 1

4. PathNo3.PEModel ........c0cvv... e e e 58

5., Path No-4. PE Model and RAYMODE ..... e e 58

V. CONCLUSIONS ...t e e s e i e e e 64.
A. OCEANOGRAPHY ............... e e et e e 64

B. UNDERWATER SOUND .0ttt it ittt i e i enianens 64-
APPENDIX A o i i e e et e e e 66
LIST OF REFERENCES o vt ittt ittt et e s e tennnnnnns e 86
INITIAL DISTRIBUTION LIST ittt i i ettt i et 89

v




LIST OF FIGURES

Figure 1. Local:seas and basins of the-Mediterranean Sea . ........... N L F
Figure 2. The location 6 ASW prediction areas .. ....... e 4
Figure 3. Detail-of coastal.area Alpha ..... e et I 5
Figure 4. General circulation of the surface waters:in the Eastern ... .. e .8
Figufg 5. Transverse cross=section of salinity .......... R R 9
Figufé 6. The formation areas of the Deep Watersiinthe ............ S (1)
Figure 7. Wind-stress over-the Mediterranean Sea ..... e et e e, 1T
Figure 8. Surface currents in the Hellenic Seas ..................... s 12
Figure 9. Currents at the-surface and-at 200 mdepth ..............uutt. 13
Figuré 10. Seasonal Temperature, salinity and SSP in the lonian.Sea .......... 14-
Figure 11. Distribution of sea surface temperature (°F), (a) ........ e 15
Figure 12. Thermal surface features of the Mediterranean Sea. ............... 16
Figure 13. Annual and monthly distribution of used records ......... e 19
Figurc‘ 14. Bathymetry of the Ionian Sea.(from HSHN, 1988a) .............. 21
Figure 15. Bathymetry along the selected paths ........... R 22
Figure 16. Temperature profiles in arca Alpha winter 1982 .................. 23
Figure 17. Mean profilcs of temperature, salinity-and sound speed ............ 24
Figure 18. Winter temperature profilesinarca Golf ....................... 25
Figure 19. Temperature, salinity and sound speed profiles in areas ...... e 26
Figure 20. Temperature profiles in arca Alpha, summer ................... 28
Figure 21. Temperature, salinity and sound speed profiles inarea ............ 29
Figure 22. Temperature, salinity and-sound spced profiles in areas ......... ... 30
Figure 23. Synoptic temperature profiles in area Golf ............. e 31
Figure 24. Synoptic temperaturce profiles in.arca Bravo .................... 32
Figure 25. Synoptic temperature profilesinarca Golf ................ ... ... 33
Figure 26. Partition to wavenumber domains (RAYMODE) ............... 40
Figure 27. Simplified geo-acousticmodel .............. ..., 42
Figure 28. Soud Speed Profiles forarea Alpha  .......ccovvnninnennnn.... 45
Figure 29. Sound Specd Profiles for arcas Bravoand Golf ................. 46
Figure 30. Sound Spced Profiles in areas Bravo and Golf (Detail) ............ 47
Figure 31. BLUG output for shallow and deepareas ...................... 43

vi




Figure 32.
Figure 33.
‘Figure 34.
Figure 35.
‘Figure 36.
. Figure 37.
Figure 38.
Figure 39.
Figure 40.
Figure 41.
Figure 42.
Figure 43.
Figure 44,

Path 1, PE Model at 1000 Hz winter. . ......ocovviivvinn.n, .. 50
Path 1, PE Model at 1000 Hz winter same depth TX-RX. .......... 51
Path 1 YMODE at 1000 Hz winter. .. vvvevnvvinnveneenenn. 52
Path 1,. . Model at 1000 Hz summer. ................ e 53
Path 1, PE Model at 1000 -Hz-summer same depth TX-RX. ....... .54
Path 1, RAYMODE at 1000 Hz, summer and receiverat 60 m. ...... 55
Path 1, RAYMODE at 1000 Hz, summer and receiverat 10m. ...... 56
Path 1, PE Model with fully absorbing bottom. ........ e 57
Path 4, PE Model at 250-Hz. ......... e e e 59
Path-4, PE Modelat 1 kHz. ........... et e 60
Path4, PEModelat 1 kHz, ...... ... i, 61
Path 4, RAYMODE at I kHz winter. .......... e e e 62
Path 4, RAYMODE at 1 KHz summer. .. ....ovvvnvrnenennnnn. 63

vii




I. INTRODUCTION

A. GENERAL :

The Hellenic Navy (H.N.) recently established an underwater laboratory in order to
perform tests for underwater acoustical devices.. A number-of areas were examined in the
region of Eastern Mediterranean and some of them were found to comply with the
requisite specifications for low environmental noise and -a smooth-shallow sea bottom.
In the present study one of these areas was selected for examination of its acoustic
propagation characteristics. The-study area is located in-the Ionian:Sea , specifically the
region north of 37° 00N, a restriction to-avoid the sea lanes in the southern Ionian-Sea
which-cross thearea in-an east-west direction. A partition of the lonian Sea:into smaller
sectors, each-with similar characteristics, was made according to Chart No 30 published
by the Hydrographic Service of the Hellenic Navy (H.S.F.\,, 1988a). This study covers
-only the castern sectors close to-the west coast of Hellas (Greece), namely areas Alpha,
Bravo and Golf, names that will.be used.in the study hereafter.

B. OBJECTIVES

The principal objective of this study is to examine the spatial and temporal vari-
ations of the oceanic factors that affect underwater sound propagation in order that an
acoustic analysis and understanding of the sound propagation in the [onian Sca can be
performed. In addition, an evaluation of the acoustic computer models used by the
United States Navy is performed to examine their application to this unique region of
the lIonian Seca and the-Eastern. Mediterrancan in gencral.

C. AREA DESCRIPTION

The Ionian Sea is that part of the Mediterrancan Sea lying to the west of Hellas.
The geography and partitioning of the Mediterranean Sca into regional basins is shown
in Figure 1. This study covers that part of the southeast Ionian Sea from 37° 00°N to
38° 30"\ and 19° 30°E to 21° 00’E. The-total area is 20000 km?and is bounded to the
cast by the Iellenic Peninsula (Fig. 2). The arca can be separated into the coastal waters
lying between the mairland and the oflshore islands and the pelagic waters of the Ionian
Sca. The mainland is divided into two parts, the main Hellenic Peninsula and the smaller
Peloponnesos Peninsula. Between the two there is a sea lane of about 10 km in width

and 165 km long which connccts the Ionian Sca to the Acgean archipelagos via the




Strait of Corinthos. Area Alpha is located in the shallow waters between the mainland
and offshore islands of Kefallonia and Zakynthos (Fig. 3). It-has an overall arca of 1880
km?and a smooth sea floor with an average depth of around 120 m. The-other two areas,
Bravo and Golf, are located west of the above islands with Bravo to the north of Golf.
The area of Bravo is 4116 km? and -has bottom-depth which extends to 100 m over the
continental shelf and then falls sharply to 1500-m, eventually reaching-depths in excess
of 2000 m. Area Golfis 15000 km?in extent and has bottom features similar to that
of Bravo but-has deeper depths which extend-to 3000-3300 m.
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II. OCEANOGRAPHY

A. WATER MASSES

Oceanographic conditions in the study area are effected by the circulation of the
three major water masses present in the Eastern Mediterranean Sea. These masses,
Atlantic, Levantine and Deep Water, are separated by different depths which vary as
they move from their places-of formation towards other areas, being mixed by other
waters along: their paths. A number of authors such-as Lacombe and Tchernia (1958),
Wust (1961),-Ovchinnikov (1978) and others have studied the water masses and the cir-
culation characteristics of the Mediterranean Sea. In general, the Mediterranean can
be divided into a western and an eastern basin, the latter being defined as the-sca east-
wards of the Straits of Sicily. Malanotte-Rizzoli and Hecht (1988) state that the physical
mechanisms that determine the circulation patterns in the Mediterranean are still un-
certain. They, as well as El-Gindy and El-Din (1986), have reported on a number of
studies that have been done or are still under execution such as the POEM. (Physical
Oceanography of the Eastern Mediterrancan) -cooperative program (UNESCO reports
30, 35-and 44). Part-of the uncertainty is due to the complexity of the land. barriers to
the circulation ‘modeling, coupled with sometimes- conflicting reports which have ap-
peared since 1945.

The major water inflow comes from the Atlantic Ocean. This flow pattern results
fromr the fact that the Mediterrancan is a concentration basin wherein evaporation ex-
ceeds precipitation and runoff. Hence, Atlantic Water (AW) flows into the
Mediterranean in order to preserve mass conservation (Bethoux, 1979 and 1980). It
flows castward extending from the surface to 200 m and enters the Eastern
Mediterrancan by the Straits-of Sicily. In the vicinity of Gibraltar, AW has a temper-
ature of 15°C and a salinity of 36.15 psu (Lacombe and Richez, 1982). At the entrance
to the eastern Mediterranean-the salinity -has increased to 38.6 and continues to increase
eastwards until at the coast of Israel it is 38.7. In the winter the lower evaporation rate
and vigorous mixing destroy the upper layer quickly so the identification of AW is dif-
ficult. Frassetto (1965) reports that in wintertime some evidence of AW was observed in
the Straits of Sicily so the assumption-that this water penetrates as far east as the Jonian
Sea holds. Based upon geostrophic calculations (Nielsen, 1912), a cyclonic gyre is ob-
served to the west of Crete (Fig. 4) which carries the AW northwards into the Ionian




Sca. The identification of AW in summer is easier as the high insolation and evaporation
rate, coupled with limited wind action, create a buoyant warm-and saline layer at the
surface which preserves the low salinity influx water-found-just beneath the surface.

Beneath the AW is Levantine Intermediate Water (LIW). This water is formed in
the Levantine basin(Wust, 1961; Brvden and Stommel 1982) at-depths between 200-600
m and is present in-the Levantine Basin throughout the year. This water flows westward
(Wust, 1961)- and upon reaching Gibraltar enters-the Atlantic Ocean where it sinks to
1,000-m. It can be traced to the east coast of the- American continent by its salinity
-maximum (Lacombe and- Tchernia, 1960). LIW also penetrates into the Ionian and
Adriatic Seas. LIW is formed mostly in-the winter and can-be identificd in the Levantine
Basin by its salinity maximum (39.1) and a temperature of 15°C (Fig. 5). As it moves
-towards Crete, the salinity decreases to 38.9 and continues to reduce due to mixing as
it progresses westward. The salinity of LIW at the Straits of Sicily is 38.7; upon exiting
the Mediterranean at Gibraltar it a has value-of 38.4.

The Deep Waters in the Eastern Mediterranean are thought to be formed in the
North Adriatic Sea (Pollack, 1951; Pickard and Emery, 1982; Roether et al., 1983), the
latter basing their hypothesis on the results of tritium tracer studies. These wacers flow
to the bottom of the Jonian Sea and then into the Levantine Basin (Fig. 6). Some of
‘these bottom waters can also be formed-in the Aegean Sca but no evidence of flow into
the Jonian via the Kythera Straits has been identified (Lacombe et al.,, 1938). These

waters are characterized by a temperature-of 13.6°C and a salinity of 38.7.

B. CURRENTS

Observations of the currents in the Eastern Mediterrancan Sea have lead to con-
flicting results. A number of measurciments and models has been published (Malanotte-
Rizzoli and Hecht, 1988; El-Gindy and El-Din, 1986) but no coherent picture of the
general circulation can -be drawn. This is in part because-the wind stress in the Eastern
Mecditerrancan exhibits such strong seasonal variability (Fig. 7). The wind driven cur-
rents are expected to form a cyclonic gyre in the Jonian Basin which reverses in summer
(Moslalenko, 1974), a feature which -has been confirmed by numerical experiments car-
ried out by Malanotte-Rizzoli and Bergamasso (1988). The Pilot of the Ilellenic Seas
(HSHN, 1979) describes a relatively steady northward surface {low, with no seasonal

variability, atong the coastal margin of the study area (Fig. 8). More current measure-
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Figure 4. General circulation of the surface waters in the Eastern Mediterranean
(from Nielsen, 1912).

ments made by the Hellenic Navy (HSHN, 1989) confirm the northward direction at the
surface-and at 200 m with no significant seasonal variations (Fig. 9).

The Ionian Sea and its neighbor to the north,-the Adriatic. Sea, have relatively high
surface evaporation rates both in winter, due to dry strong winds {rom Europe, and in
summer, due to high insolation. Assuming that the deep water, formed from the excess
evaporation flows southiward, then mass conservation requires a surface replacement
inflow from the south (Atlantic and Levantine types). Thus a two-layer circulation pat-

tern of opposing currents is formed.

No frontal regions are located in the study area. The Maltese Oceanic Frontal Zore -

(Johannessen, Stobel and Gehin, 1971), located east of Malta in the region between 36°
00°N 17° O0’E is far to the west and does not aflect the study area.
The above water masses and their circulation produce the temperature and salipity

profiles seen in Figure 10 typical of the Ionian Sea.
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high salinity Levantine Intermediote Water at mid depth, and Deep
Water below (from Wust, 1961).

C. TEMPERATURE DISTRIBUTION

The temperature profiles found in the study area exhibit a strong seasonal vari-
ation. This variability is constrained to the-surface waters as profiles below 300 i show
negligible seasonal variability (Podeszwa, 1971). The annual sea surface temperature
(SST) distribution in the Mediterranean is shown in Figure 11 for four representative
months. The SST during the winter (February)-is about 14.5°C (38°F) while in sunmuner
(August) it warms to 23.5°C (78°F). In winter a mixed laver exists from the surface 0
about 30 m depth. The temperature slowly decreases from 15°C at the bottom of the
mixed layer to 13°C in the deep waters (Podeszwa, 1971; El-Gindy and El-Din, 1936).
Summer conditions are characterized by a very hot sea surface (23.5)°C wherc-insolation
and the absence of mixing prohibit the formation of a mixed layer. A sharp temperature
decrease then foliows to a depth of 150 m ( 15° C) followed by a slower decrease. Be-

tween 200 and 600 -m (L1W) the temperature-is about 15°C; in the deep water it is close
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Figure 7. 'Wind stress-over the Mediterranean Sea: a). January mean, b). August
mean (from Malanotte - Rizzoli, and Hecht, 1988).

to isothermal at 13.5°C. The difference beliween summer and winter temperature profiles
becomes negligible for depths greater than 400 m-(Fig. 10).

The transitions between these two seasons is-observed mainly in the depth of the
mixed layer, 10 m-in-spring and -about 25 m in the-fall. Acoustic conditions during these
transition scasons arc not examined in this study; instead preferring to concentrate on
thie two extrenie sezsonal conditions.

In addition to being influsnced by the above large-scale propertics of the
Mediterranean circulation, the local temperatu:« 2.1 salinity profiles can be affected by
meso-or small scale activities like eddies-(Mianotie - Rizzoli and Hecht, 1988). For ex-
ample, EI-Gindy and El-Din (1986) cite t possibility of deep warm eddies-in the cen-
tral Ionian Sea. Also a sateilite image-of the Jonian Sea (Fig. 12) shows the presence of

warm eddies in the area under investigation.
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D. SUMMARY OF OCEANOGRAPHY

A summary of the preceding hydrographic analysis is presented below describing
conditions present in the study area during the two principal seasons. Typical profiles
for the Tonian Sea:are shown in Figure 10:

1.  Winter season

The winter season, January through March, is in general characterized by

strong wind mixing and-convection which -produces a well-mixed surface layer to 200
m (T= 14.0° C, Sz 38.2). Beneath this layer and extending to 600-m is LIW which flows
northward along -the west coast of Hellas. The Deep Water from the Adriatic fills the
depths from'600 m to the bottom (T = 13.5°C, S = 38.7). The mean temperature, salinity
and sound speed profiles of Figure 10 appear to be representative of the entire region
of the-Ionian Sea. Small variations from these profiles are expected-due to localinfluence
and year to vear fluctuations.

2. Summer season

The summer season, July, August and first days of September, are characterized

by high insolation and limited wind mixing. This produces a hot and saline lid at the
surface(T = 25°C, S = 38.8) which overlies the low-salinity Atlantic Waters below. The
AW is identified by its lower temperatures and salinity minimum (T = 14°C, S = 38.2)
at a depth of 20 m to 200 m. Little or no seasonal effects are expected below this depth
of 200 m.
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III. DATA ANALYSIS

A. SOURCES OF DATA
1. Hydrographic-data (Temp:, Sal., SSP vs-Depth)

Two sources of hydrographic station data were used; from the National
Oceanographic Data Center (NODC) at Washington DC :(1989) and from the
Hydrographic Service of the Hellenic Navy (HISHN) at Athens, HELLAS (1988b, 1989).
Historical: sound speed- profiles compiled by Podeszwa (1980)-for the Ionian Sea were
also used for comparison, as they include more than 6000 records in this area. From the
NODC data file a total of 192 observations (Nansen and CTD) were extracted. The
majority-of them (180 records) represent synoptic data collected-in areas Bravo-and Golf
in November 1980 while the rest are mostly single records taken:from various-sources in
the study areas between 1970 and 1983. The Hellenic Navy data included 15 CTD
stations in the coastal-area, Alpha. Additionally the Hellenic Navy provided groups of
three to four synoptic records covering the entire area Alpha and representing all four
seasons. These-records were-used for spatial investigation of each group inherently and
for scasonal variation analysis, averaging records of the same group. The time interval
covered by the data from all these sources starts in 1970 and ends in 1983 and the ob-
servations are distributed over all the interested areas and seasons of the vear (Fig. 13).

Sound speed profiles were calculated-from these temperature-and salinity data
using the Chen - Millero (1977) equation. In selecting a typical SSP, more attention was
given to the upper 600 m as this was the depth range exhibiting most of the scasonal
variability. Records having some data points Iving outside the normal standard variation
were corrected by interpolation. If the number of bad data points was significant, then
the whole record was discarded. Plots and graphs were expanded to 350 m for the shal-
low area (Alpha) and to 3000 m for-deep ones, Bravo and Golf. The range 0-600 m is
also used to increase the resolution of the upper water strata.

2. Bottom Characteristics

The bottom depth in the area of interest varies such that it can be divided into
two regions. The coastal region is a part of the continental self with depths less than 200
m. The Ionian Basin is significantly deeper having depths between 200 m and 3000 m
and in some areas exceeding 3000 m. A representation of the bottom morphology can
been seen from three transects which pass over the continental shelf into deep water

I8
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(Fig. 14). The continental shelf is present from the mainland to the Ionian Islands; then
the bottom precipitately descends to the Tonian Basin. The selected study areas are dis-
tributed such that are. .pha lics above the continental shelf while areas Bravo and
Golf lie over the continental slope and the Ionian Basin, Based -upon data from the
HSHN (1988b and 1989) the sea bed is observed to be mostly mud with a small per-
centage of silt (less than 4.5%). This percentage increases. shoreward from 12.8% to
29.4% depending on-the bottom slope.

Data for acoustical modeling of the sea bed- were taken from the data bases
associated with the bottom loss model BLUG and NAVOCEANO charts (H.O, 1972).

Two HSHN small scale charts, No 22 (HSHN, 1982) and No 65 (HSHN, 1983).
were used to extract the bathymetry along ecach selected transmission path for later in-
sertion into the PE transmission model (Fig. 14-and 13).

B. SEASONAL VARIABILITY
1. Winter

In the winter scason (January through March) a total of 15 records were ex-
amined from observations taken within the study area. These observations were taken
over a time span of nine years. As-expected, wind and- convective mixing produce a well
mixcd isothermal layer below the surface. This layer in shallow areas, like Alpha, extends
throughout the entire water column. In area Alpha the winter is characterized by an
isothermal profile of 14.5°C (Fig. 16). The mean values from these 15 records result in-
temperature, salinity and sound speed profiles as shown in Figure 17, where a low sur-
face salinity (S = 38.0) is observed followed by a positive salinity gradient. The same
characteristics can be seen in the deep areas, Bravo and Golf, where the surface tem-
perature is 15.0°C and decreases slowly with depth (Fig. 18). At 300 m the temperature
is about 14.0°C; at 1500.m it is 13.5°C. The salinity gradient is also positive with surface
values of 38.44 in the deeper offshore areas. Salinity increases with depth until at 300
m it is about 38.75. This is true for both deep and shallow arcas. AW is hence observed
to occupy the upper 300 m, LIW the deeper waters (Fig 19).

2. Summer

In summer a total 5 of records from the HSHN data base were examined. The
principal features of the temperature profile are its hot surface layer followed by a sharp
decrease in temperature, The profiles for area Alpha (Figures 20 and 21) show the pres-
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areas Bravo and Golf the eaistence of limited mixing is evident as the temperature at fiist
decreases slowly ‘to 15 m, followed by a sharper gradient beneath. The salinity profile
in shallow waters (Alpha)-shows a nearly-isohaline condition witt a sharp increase close
to the bottom, evidence of the presence of LIW flowing on to-the shelf (Fig. 21). In the
deep water arcas, the salinity exhibits a minimum at 30-40 m (AW)-and then increases
to 38.75 between 300 and-500 m:(LIW). Below the LIW it slowly decreases to values
below 38.7-(Decp Waters) (Fig. 22).

C. SPATIAL VARIABILITY OF DATA

To investigate evidence of spatial variations in the study areas all the available
synoptic data were-used. -For area Alpha-these synoptic reccrds-covered all the seasons
of the vear;-for areas Bravo and Golf the only available data were limited between 2 and
23 DNovember 1980.

The compilation of synoptic recordsfrom area Alpha shows that the maximum de-
viation of each group does not exceed 0.5°C from the mean values (Figures 16 and 20)
for both seasons, winter and summer. llence, in arca Alpha, bathythermographic con-
ditions have negligible spatial variation for each o the seasons examined in this study.

For deeper areas Bravo and Golf, as noted before, the spatial investigation was done
using groups of records taken between 2 to 28 November 1980. Again the differences
between the records do not.exceed 0.5°C in temperature or 10 m in MLD.

The comparison between selected groups of records taken in area Bravo on 19 No-
vember 1989 and in area Golf on 11 and 26 November 1989 verify that area Golf is
usually 0.5 to 1°C warmer than Bravo. The differences are in the mixed layer where
(Figures 23, 24 and 25) records from Golf have a MLD of 30 m and a surface-temper-
ature 21.3°C-on 11 November. Four days later Bravo has a MLD of 30 m and a surface
temperature 20.0°C and then Golf on 26 November has a MLD of 35 m and surface
temperature 19.4°C.

The above selected records indicate a negligible spatial variation across the study
arcas. In addition the examination of single records taken in winter and summer shows
small differences between them. Records taken in these areas from the same seasons with
a five to nine year time span seem very similar and close to those compiled-by Podeszwa
(1980). Hence, the assumption that the spatial variations of temperature and salinity in
these areas are negligible is valid. Accordingly the SSPs in the study area do not have
horizontal variations, at least for the time period for which an ASW prediction is re-
quired.




U WC TTSe b 4wt

Depth (m)

0: 0

25

50

100
125

150

225
250
275

300

350

K-y
i

lill]Illl[[[ll|lll‘l|llll‘[llll'lll‘llllll[llll[}llll‘i”llhll‘l‘{i‘r]ll‘lﬂlull‘I‘Il

o

©

©

e
o
N

-12. 0

d
I

d

|
4
|-

|
1
$
{
I
!
?
|
[
!
o

!

[ S e o~ N \
LI N Y N e R R N N O A I O B O B

oedee 8 Aug 70 ot 18:.20

oeoeo 19 Aug 73 ot

14: 00

s>e+ee Mean values from -HSHN

) N S S U N U N S N |

| N N U NS I I A )

lllllllllllllllllllLlll‘l‘llllllIllll‘llllllIllllllllll\lllllll300

P

Figure 20. Temperature profiles in area Alpha, summer: The existence of a mixed
layer can be verified by the data collected during September 1973
(HSHN, 1988b).




ARER ASTHR SUMMER

SOUND VELOCITY (METERS/SECOND)

1SC0 1S0S 1510 SIS 1520 152§ 1SI0 1S35 1S40

1545 1550
o : : -
W] H :
o . : :
i N :
e : ; ;
0 e Vo
™~ : : : :
=7 i i i : :
P f ifreerey H H
4 : : [ H ;
- : 0 : :
1 : i I: :
o : Vi : :
~— Z ' ] T I
= : - 3 :
= i i la i
_— '-Q 5 [ M
= - H ‘
. ' i
[P t B
=% i ‘f
~ 4 [ 3
[T4] ',5 \
&7 ' HA
¥ N 2
o 1 t : \ :
I ? \resert
o H ot
4 H \
. 3 *
2 :
o ) :
o g 1
- : \
g Vet \
] i LEGEND
TEMPERSTURE
87 SELINITY :
] . -_;dz-ﬁgl--__-ﬁltzz-- i
3 ] i :
" n : . : et
10 12.5 is 17. 40 22 S cS 7.5 3 32.5 38
TEMPERATURE (DEGREZS C)
— ————r———r— ey R —~
37 37.28 . 37.53 '7 75 .:a '8 45 38 <0 28.7S 35

SELINITY

(PARTS/THOUSAND)

Figure 21. Temperature, salinity and sound speed profiles in area Alpha,

summer : In this season the formation of a mixed layer of 25-40 m

is more likely depending on weather effects.




AREAS BRAYO AND GOLF
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IV. ACOUSTIC ANALYSIS

A. ACOUSTIC MODELS

In this study the-examination of sound propagation was-performed. by using two
acoustic models available at the Naval Postgraduate School, the PE Model and the
RAYMODE model. These two models represent two-different techniques to calculate
the propagation loss in a given oceanographic environment. A number of runs were
compiled using both models and relative comparison performed.

Brief qualitative descriptions of the two models are.given below and the implemen-
tations of bottom interactions-into each modelis discussed.

1. GENERAL

The purpose of these -models is to provide attenuation for sound propagation

into the sea. Speciﬁcally they are designed to calculate or estimate a number of -propa-
gation- factors, the major ones being geometric losses (spreading and convergence),
diffraction, absorption, scattering, leakage and boundary effects (surface and bottom).
A number- of methods, mostly empirical, for estimating the effects of some of the above
factors in underwater sound propagation have appeared in numerous tactical publica-
tions in the yca.rs following the closc-of the second world war. Such methods were used
by surface ships and submarines to estimate, for example, detection ranges of the day
or best-depth to avoid detection.

One of the next progressive steps was the implementation of ray theory. An
immediate result of Snell’s law, raytracing is a-simple and. fast method for determining
sound paths either graphically or with the assistance of a computational machine.

Sound propagation in the sea can be expressed by the lincarized, lossless and
source free wave equation (Kinsler et al., 1984),

1

2
1 op
c {

1

Ray theory assumes that a-solution to the wave equation (Kinsler et al., 1984)

takes the form,

; T'(r2)
p(r,2) = A(r,2)e wl-—¢,~ ]
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where A(r,z) is the spatially dependent pressure amplitude and I' is a propa-
gation vector locally normal to-the isophase pressure surface; hence VI is the local di-
rection of propagation,

VI = 5( cosdp? +sin ¢2).

where ¢ is the local elevation angle of the ray path.
This-solution, when applied.to the wave equation (4:1), will result in:

VA  wp W2 ., 2 2
A T, VI VI +-¢ —J'E,,_('XVA‘VF'*'V ) =0.

The above equation can be simplified by a number of-approximations to provide
a-form known:as the-Eikonal equation,

VLV =,
where # is the refractive index,
) O
71(x,y,z) - C(.\',Jf;i') .

The assumptions and restrictions used in the derivation are that the pressure
amplitude A is significant within a finite aperture beam and that the speed of sound
varies little over distances compared to a wavelength, so

"

@2 2 [€))

and

L .re.

The applied assumptions will make this method fail in cases whe~: the pressure
coefficient A has to decay rapidly from the center of the ray to the-edges or the SSP has
sharp changes. Such conditions are expected in caustics, shadow zones and the boundary
between the occan and some type of sediments. In this theory no diffraction of the
sound at the edges is permitted as the acoustic energy trapped within a beam may not

leak out of it. In contrast to normal mode theory, ray theory easily accepts different

35




densities in the-sediment so reflection of the incident rays can be calculated. In general,
ray theory is valid and useful when the frequency is high-(short wavelength) and the SSP
changes slowly.

The -continued-improvements of passive:-detection in frequencies below 1 kHz
resulted in new theories and techniques, followed :by a number of complicated acoustic
models as electronic computing power became more available. Nonnal mode theory
provides a solution to the wave equation using the summation of an orthogonal set of
functions, each -one being a solution to the wave equation: Each of these characteristic
functions, called normal-modes, has its own attenuation factor for the given boundaries.
The final pressure field can be calculated after these modes have been combined
additively. This-solution-is formally complete but it is difficult to calculate and interpret.

A simple approach (Kinsler et al., 1984) to normal mode theory can be per-
formed by inserting a source term in the wave equation

2 1. °P 1 -
Vp—c2 2 0(r)d(z — zp). 4.3)

The solution for a sinusoidal wave propagating into a sound channel can be written as
the summation:

Plrz) = ) R(1Z,(2)

where :

d’Z,
dz*

2
+(—2——k)Z,=0
¢*(2)

and
Ry(1) = — jnd®' Z,(20) H k).

Forr > > 1 the solution will be :

. 27; 7 f(owt— K r4 =
plrzi) = —JZ\/ = Z, (@) Z(e)d ) (4.9)
n
n
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where the Hankel function has-been replaced by its asymptotic form, with-the use. of the
farfield approximation. The value of K, and the depth dependence of Z,(z) can be eval-
uated from the appropriate boundary conditions and the given c(z).

The above values must be calculated for the whole propagation space which,
due to the mathematical-complexity, makes the use of a computer necessary except the
most easy-cases.

An alternative method to the above solutions is an approxiration using a
parabolic approximation to the wave equation. The wave equation can be expressed also
as:

Vip+ k*p =0,
where
C
k=2 k=thop,n=—-.

In cylindrical coordinates and with an omnidirectional’ source the wave
equation 1is

Do+ (-;].— Yo, + Pop + k2in*p = 0.
Then the acoustic pressure, p, can be expressed as
p= u(r,z)Hf,z)(kor)
and use of the far field approximation yields
Uy + Uy 20K 50, + kg(n2 =1)=0.

Finally, the assumption that u,<2k,u, gives the form

Uy = a(kpyr,2)u + b(koyr,2)uty,

which is amenable to numerical solution.

This method was introduced by Tappert and Hardin in 1973 who used in their
work a computational technique called the Split Step Fast Fourier Transform (SS-FI'T).
The advantages of this method are that we do not need to solve for the entire ficld si-
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multaneously as in the normal mode case but given initial-conditions at some-range r,
(closc to-the source)-the solutions for larger r's can be obtained by increasing r incre-
mentally. This is equivalent to neglecting back scattering as the solution for any range
1 has no-effect on any previous range. 7

The disadvantages of:this technique are-errors introduced, if the initialization
of the problem is not correctly-selected, and if the requirement of SS-FFT for continuous.
functious of depth "~ are not met. The PE is inherently restricted to narrow spectral
angles. A number published techniques ease the initialization -problem by using
raytracing or a directional pseudosource (see, for example, a discussion from Coppens,
1982) and-a number of “wide-angle” PE Models -have been-published..(see, for-éxample,
Lee et al., 1982).

2. RAYMODE

‘The passive RAYMODE model, U.S.Navy’s standard acoustic model, uses an
integration. method developed in 1968 (Medeiros, 1985). A_number of-modifications and
improvements-have been added, such as-mode summation and low frequency paths into
the sediment. The model used in this study was the Passive RAYMODE, specifically the
1987 baseline edition. This model utilizés ray and normal mode theories in- an-attempt
to minimize errors and computer run time. Up-to four different paths of sound propa-
gation can be formed and the total pressure field is defined by summing the contrib-
utions over all paths. Boundary interactions are calculated by invoking a number of
other models, like BLUG.

The inputs to the program are:

Sound speed profile,

Bottom depth and bottom type (BLUG or NAVOCEANO),

Wind speed,

Source depth,

Receiver depth,

Sonar D/E angle-and vertical beamwidth,

Frequency,

Range span and range step.

The program will process these data to produce a piecewise SSP and then par-
tition it into areas of different wave number (Medeiros, 1985). These wave number do-
mains represent different paths such as the surface duct or the decp sonic layer or
sediment paths (Fig. 26).
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Based on the entered data for each path the model will calculate two parameters
: the-number of cycles that exist between source-and receiver, and-the number of modes
existing in each wave number interval. From these parameters there are four different
ways that the-algorithm will proceed. If the number of modes is less than 10, the normal
mode summation technique is used. If the propagation angle exceeds a computed limit,
then a bottom -bounce integration is used. For paths employing ncither -of the above
cases the original method of RAYMODE integration is used (Raytracing). Finally, if the
frequency is more that 3 kHz, a fast integration subroutine is used (High frequency
RAYMODE).

For each path absorption is calculated as well as the relative phase of each ray.
Bottom interactions are computed using models including the Naval Oceanographic
Office MGS -algorithm (NAVOCEANO charts), the BLUG (Bottom Loss Upgrade) and
a low frequency bottom-loss model developed by G.Gustave (NUSC, 1987). The surface
loss is-calculated according to a Surface Reflection CoefTicient Model. For the present
time no range dependency is assumed, neither for the SSP nor bottom depth.
RAYMODE at the present time uses only a flat bottom and a single SSP.

3.  PE Model

This is a relative new model based on the parabolic equation approximation.
It is designed to operate at relatively low frequencies as computer run time for higher
frequencies, more than 1000 Hz, increases significantly. The PE Model is not restricted
by depth dependency along the axis of propagation (range r) nor by horizontally
changing sound speed profiles. It is best used whenever a duct-like transmission occurs,
for example, in-the Arctic, shallow channels, etc., or where non-homogenities in the
water mass exist. The entered parameters in this model are:

Sound speed profiles,

Bottom depth (discrete depths),

SSP and attenuation profile in the sediment or bottom loss vs grazing angle
(BLUG output),

Source depth,

Receiver depth,

Source vertical beamwidth,

Range step (increment).

The surface is assumed to be a pressure release boundary with reflection coeffi-
cient -1, the buttom is assumed to be a continuation of the water mass. After the initial
boundary conditions have been specified the program will march the solution forward
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in:range using a -split - step fast Fourier transform algorithm (SS-FFT) until the entire
field has been calculated (Tappert and Hardin, 1973).
4. ‘Bottom Loss Models

The influence of the sea bottom in sound propagation is modeled -using two
different approaches. The earlier encompares the geo-acoustic models where the sea
bottom is assigned a number -which represents the observed acoustic behavior of the
sediment. -Such a representation are NAVOCEANO curves, used by the U.S.Navy for
high frequency operation (> 1000 Hz). Nine different loss curves are used to characterize
the:types-of existing sediment. These curves represent-loss per bounce (dB, bounce) for
only reflected rays. Type 1 is the-most reflective-and Type 9 the most absorbing.

For low frequencies, where both:reflection and refraction into the sediment have
to-be calculated, the Bottom Loss Upgrade (BLUG) model is used by most of the Navy’s
models. In the BLUG model a partition of the oceans is done similar to the
NAVOCEANO model, but instead of loss curves a total of nine geo-acoustic parameters
has been assigned to each area. These parameters are used by the BLUG program to
produce a-compressional sound speed profile into the sediment.as well as an attenuation
profile (Fig. 27). This will permit the acoustical model to incorporate the bottom loss
and refraction by using a continuous profile into the water and sediment.

The BLUG output is given in loss per bounce vs grazing angle for each fre-
quency and it is used, in this format, in the PE Model. RAYMODE uses an internal
subroutine-for the same task. The attenuation into the sediment is calculated from the
formula (Medeiros, 1982).:

a(zf) = ao(z) X fie

This first power relationship between attenuation and {requency was made after
the work of Hamilton in his numerous reports. Hamilton (1971 and 1974) derived this
relationship in an empirical way from the collected data over a wide but relative high
frequency spectrum, without any theoretical basis.

The density of the sediment is constant because any changes do not effect the
propagation significantly. Finally a theoretical thin layer at the surface (Fig.27) is used
to-remove_any discontinuities in the boundary between the water and the bottom.

The second and later approach is the geo-physical model where reflection, re-
fraction and attenuation into the sediment must be calculated by physical parameters for
cach area. Recently a number of authors (e.g., Kibblewhite, 1989) reported a number
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of experiments where the more fundamental analysis from Stoll (1980), using Biot (1962)
theory, seems to-be more adequate. Stoll (1980) cites a relation of the attenuation co-
efficient with the square of thefrequency for-fully saturated sediments.
. The BLUG model is undergoing reconstruction whereby the attenuation. will
be related-to frequency between the first and second-power, depending on-the bottom
; quality (type and depth).

B. APPLICATION OF DATA
1. Sound Speed Profiles

Two different sound profiles for both shallow and deep water columns were se-
lected to-represent the summer and winter seasons. Area Alpha is represented with the
profiles representing the averaging of the winter or summer records, respectively. The
main characteristic in the winter is a smooth positive sound -speed- gradient resulting in
a half channel propagation (Fig. 28). Hence only reflected surface reflected (RSR) and
reflected bottom refracted (RBR) rays will propagate. Higher frequencies will attenuate
more rapidly due to enhanced scattering from surface reflections (Urick, 1983). In the
summer a mixed layer exists to a depth of 20 m resulting in a slight positive sound speed
gradient, followed by a sharp decrease (Fig. 28). A weak sound channel exists with an
axis at 150 m but is bottom limited so that this will not be a viable propagation path.
Using the formula,

o2 ios
DY
to determine the low-frequency cut off in the mixed layer (Kinsler ct al., 1984) we find
a cut off frequency of 2.2 kllz, a transition range of less than 200 m, and a skip distance
of about 3.6 km. For both deep areas, Bravo and Golf, the representative profiles for
cach scason were selected from among the existing records in order to examine the most
significant cases (Fig. 29). The selected SSPs are comumon for both areas as no noticeable
spatial differences occur and are shown in Figures 29 and 30. In the winter isothermal
conditions will create a half channel. The presence of LIW will create a small “knee”
along the SSP between 200 and 500 m as the high salinity of LIW will increase the sound
. speed-in a small amount. In contrast, summer heating changes the upper 200 m, as noted
before (Fig. 22), and increases the sound speed. Hence in the surface the sound speed is
about 1540 my;s and a deep sound channel is formed with a height of 2000 m and an axis
at 150 m (Iig.29). In this channel the transition range is about 8§ km and the skip dis-
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tance 30 km. For paths with more-than 2200 m depth CZ propagation is expected at a
skip distance of 29.5 km with a transition range of 8 km. The-SSP used for areas Bravo
and Golf for winter and-summer can be seen-in Figures 29 and-30 (upper 600 m).

2. Bottom Paths and-Parameters

Using the appropriate data bases (BLUG and NAVOCEANO), all three areas
in this-study were found-to be characterized:-by a fast bottom-with a sound speed ratio
along the boundary (water to sediment sound speed) of 1.091 for the continental self
(Alpha) and 1.005 for the Eastern Ionian Basin. Area Alpha has a reflective bottom
(Type 2-for NAVOCEANO charts) for frequencies over 1 kHz. Areas-Bravo and Golf
over the Ionian basin experience significant bottom reflection losses (Type 8,
NAVOCEANO-charts). The loss per bounce for each incident angle and frequency, as
produced by the BLUG model, can-be seen in Figure 31.

A number of paths were sclected to simulate the most likely sea scdiment
morphology in the region (Figs. 2-and 14). The first path represents shallow area Alpha
and is assumed to be a flat bottom with a depth of 120 m. The second path is a com-
bined path which starts over the continental slope and continues onto the shelf in such
way that one third is in area Bravo and the rest in Alpha. Path three is also'a combined
path which starts at a depth of 3000-m and-extends from area Bravo towards the shelf
with a sharp rise. It is the only path were the depth at the source position exceeds 2300
m and for which: convergence zone propagation exists. Finally, path four is a sloping
‘bottom case which starts at a depth of 2000 m and decreases smoothly towards shore
(100 m) into arca Golf.

3. Source, Receiver Data
Three depths were selected for the source according to the MLD and bottom
depth along each path. For the shallow -paths (No 1 and No 2) these depths are 10 and
60 m. For the remaining paths 10 and 150 m were selected. The source frequencies are
defined to be 50, 250, 500 and 1000 Hz. The recciver depths were also set to 10 and 60
m. These definitions of source and receiver depth were made in-order to consider all the
available depth configurations with respect to MLD and DSC axis. A standard Figure

of Merit (FOM) of 80 dB was selected to produce relative results between seasons.
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C. .ANALYSIS OF RESULTS
I. BLUG Output
The calculated attenuation for-each selected frequency and grazing angle shows
a critical angle of about 24°for the continental shelf (Fig. 31). This'is in accordance with
the water -sediment sound speed ratio in the boundary (1.091). Rays less than this
critical angle suffer a-loss less than 2 dB per-bounce while those greater than this angle
experience a loss exceeding-6 dB. Similarly for the deep-area the critical angle is about
6° which is also-consistent with the 1.005 speed ratio as above. Because no other sources
are available to-verifv these sea sediment parameters, these data were used as input to
the two models. The BLUG uses standard values for this ratio, c,/c,, with no seasonal
variation. In shallow areas, where the seasonal variation-can penetrate the whole water
column, this ratio changes and some errors are expected as the sound speed in the
sediment will be less affected. For the most cases in this study the seasonal changes in
sound speeds in the water close to the bottom are small (Fig. 28) and errors due to the
ratio ¢,/c, are negligible. This remark is only for the PE Model as the RAYMODE model
calculates the ratio from the data given from the BLUG database directly (Medeiros,
1985).
2. Path No I: PE Model and RAYMODE
This path, a flat shallow area, is used.in order to examine both-models simul-
tancously in a shallow waveguide case. (RAYMODE always uses a flat bottom). The
results from-both RAYMODE and PE Model (Figures 32 to 34) in the winter show the
losses are in agreement within 3 dB for all the same combinations of receiver and source
depths. The big difference occurs in summer where the PE Model shows a sharp loss of
10 dB,km and then a number of refracted , reflected rays decreasing along the path (less
echo) (Figures 35 and 36). In contrast, RAYMODE shows a slowly increasing trans-
mission loss of about 1 dB,km (Figures 37 and 38). Also for the cases where the source
and receiver are at the same depth, the RAYMODE model predicts a decrease in the loss
from 5 to 10 dB (stronger echo). The PE Model shows no difference for this case in the
direct path but the group of RBR rays is more discrete. By neglecting the bottom inter-
actions_(fully absorbing), the PE Model calculated a loss similar to the previous runs for
ranges close to source (<5 km), which is the direct path source-receiver (Fig. 39). A
number of selected runs is included in Appendix A.
3. Path No 2: PE Model
In this relative shallow channel with anomalous morphology the PE Model for
both seasons shows a loss 80 dB in less than 5 km for the direct path at 50 Hz. A number
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Path 1, RAYMODE at 1000 Hz, summer and receiver at 60 m.
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Path 1, RAYMODE at 1000-Hz, summer and receiver at 10 m.

igure 38.
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Figure 39.




of bottom refractions occur at intervals of about 10 km. Increasing (manually) the losses-
into the-bottom, yields more attenuation of the'bottom refracted energy -and hence more-
loss in general. Also, higher frequency gives lower propagation losses in the winter for
the direct path. In the summer the 1kHz frequency wave attenuates more than 105 dB:
at 2 km and then caustics occur from the bottom reflections which occur-at intervals of
12 km. Selected runs for path 2 are also shown-in Appendix A.
4. Path No 3..PE Model

Results for path 3 are similar to those experienced for path 2. Increasing the
depth of both source and receiver increases the propagation loss. Bottom bounce rays
can be.detected converging every 30 km at 50 Hz for both seasons as well as refracted
energy {rom the bottom. Increasing the frequency produces-lower propagation losses in-
the winter. In the summer all frequencies attenuate rapidly and refraction occurs every
12 km. The higher the frequency the lower the refracted energy, due to the increased:
attenuation with increasing frequency (Appendix A).

5. Path No 4. PE Model and RAYMODE

The results for the PE Model arc identical to path 3 for the direct path (Ap-
pendix A) as the SSP is the same-and the depth below the source is the same. The first
bottom return is now at 13 km (Iig. 40 to 42), about half of the path 3 range. The same
SSP and a flat bottom at 3000-m used to run the RAYMODE model. The output (Fig.
43 and 44) shows a similar high loss for the direct path as PE but after that the loss is
almost steady at 85 dB (bottom refracted) and at 38 km the convergence zone appears

with an expected gain of 6 to 9 dB depending on the frequency used.
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Path 4, PE Model at 1 kHz.
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V. CONCLUSIONS

A. OCEANOGRAPHY

The oceanographic parameters in the-Tonian Sea affecting sound propagation in the
sea were examined. The results show that the study area is characterized by a seasonal
thermocline of 300 m with small spatial and annual variations. In winter a -half
channel-type SSP exists. In summer high insolation prevents the creation of a mixed
layer so a deep sound channel is_created-with an axial depth of 150 m. In areas where
bottom-depths permit, convergence zone propagation is possible.and detection- at long
ranges can be achieved.

The sea sediment is highly reflective in the coastal regions and highly absorbing-in
the deeper regions. The bottom morphology and the presence of land masses prevent
long range propagation-at all the frequencies examined.

B. UNDERWATER SOUND

The modeling of acoustic propagation results in the general observations for the
-area studied. Between the two models examined, RAYMODE and PE, the former is
adequate in presenting the loss for areas where the bottom is smooth, flat and deep with
respect to the acoustic wavelength. It will fail in coastal areas with .anomalous
bathymetry, a Situation common-to the study area-and to the Hellenic seas in general.

The PE model is better fitted- for coastal areas because-it can treat a variable depth
morphology but the implementation by the Split Step Fourrier transform will: create re-
strictions at sea sediment boundaries, especially in areas with sharp changes in sound
speed in the sediment.

Both the models calculate propagation loss in a vertical only plane. In coastal areas
like the Tonian Sea this will not permit interactions from nearby land masses. This can
be solved by three dimensional programs and by the implementation of better algo-
rithms.

The sea sediment models need improvement and a theoretical basis but the difficul-
ties in collecting data from the bottom on a global basis will postpone the appcarance
of such a model'in the immediate future.

In the study arca propagation at frequr s between 50 and 1000 Hz is-dominated
by bottom reflection and refraction. Bot scasons show relatively short direct path
ranges.




‘Due to the number of parameters that:can not'be defined or measured with accuracy
as well as the techniques used by the models, the results of such acoustic models must
be treated qualitatively only.




T HIYd 9NOTM SS01 NOISSIWSNBYI T1-V 3¥N9Id
: (W) 39NBY .
m,m, . O-w .. m.m. . {D-m. « .W—V, . e O-T. - .m.m, . . .D-n. . n .‘m-N. N .Q-N v .m.ﬂ N O.n. . » ..m-w . . O,,
, , : " . : s
-3
ﬁs
.
.z% W
5 =
L )
L=
< -2 &
, N
] =
a -8 5
& e
W : ‘ f:/. —
< -8
[
-3
) | e
H [
1 J w
93S/W. 0£5°80ST 033dS _ONNOS 3ON3¥343Y ‘930 000"01 HIOIM WY38) 4T
W/80,01%€¥6°1 4300 NOIIUNNILIY “WM 9S0°0  '¥ONI 39NUY ‘W 00°009 HIdJ3I0 d318M
7ZH 00°0S AJN3N03Y4 ‘W 00°08 HIJL3O ¥3AI3Z03Y ‘W 00°0T HIJL3Q 32¥N0S

66




Y3INIM NI T HIHd 9NOTM SS01 NOISSIWSNUYIL ¢-V 3¥N9Ld

(KWX) 39NBY

[

: (38 1] 2 5 ot

52 02 sl o1 s 0

Lt [] [] [l M t ., ] N | I v, .1 R | Lo, b,
n " T . " n —
: H H H H H [=)
: 3 ; ; i [ &
< H H H u
: . : H B —
Mseatesrsnsvidesntareen s asssenstoat s st atsdrsnatnaRinast e aarasss n.v-n--.--n ------------ msvseestsves . sesassescsadeanancnassuantsaniscattssanabosans b=
: H H H H L ©
: H H : 3
: : H H : : 13
- M . .. - w
................................... fenusescacsedncanssaffioceiscanncaanncfuoransrnrscfancnnnccncsiioriacnrnasajonncercacuagontsenrsncariennsorstsneniransscnnnnh o
B ! . . H : ul
: : : H H :
H : H H : A
............ | T Y I e
'Y . » . . . [on ]
: : : : -
H i H H
H .
: [}
H ]

s e
(80) SSOT NOISSIWSNBML

04

=t
[ >

59

T

[e23

W/80, 01%

J3S/W 045°80S1
¢p6° 1

4303 NOTIEANZLIY ‘WX £60°0
ZH €0°00S AININD3YA ‘W 00°09 HIJ30 ¥3IAIZD3Y ‘W 000l

03345 ONNOS 3IN3Y3J3Y ‘930 0p0°01
"YONI 39NEY ‘W 00°008 H1d30

/ (o=}

HIOIM WY3§f47uH
g31UM
H1d30. 394N0S

ot

67




¥AWKNS NI T HIMd 9NOW mmo,_ zoamzm%E €=V 39N914
2 EM_

cg a9 Ss, 0s Sy '0oF .
g

.a......,...........:_..;.

o

SOt

.\l"l
001

T

i
S6

LEE S B

4
06

T Tr=T

i
S8
(80) SSO7T NOISSIHWSNWYL

0s SL 0o

Ly Ly T T YT YT

S9

TPy

(2]
o

J3S/W_ 01 °CIST (03345, ONNOS 3INZYI43Y ‘930 ooo.o~ HIOIM WE3GYJ18H
W/80,01%1/4°¢4 3300 NOILUNNILIY ‘WX 9S0°0  "MONI J9NUY ‘W 00°0gt HIJ30_Y3iuM
ZH 00°0001T AON3NO3¥4 ‘W 00°00 HIJ30 ¥3AI303Y ‘W 00°08 HLJ30 3J¥N0S

68




d3NHNS NI T HIYd 9NOTY SSO7T NOISSIWSNBYL  #-v 3¥NII4
, { (WD {39NLY
mmL..O_w..m..._.»..Q_m_ ._“_v._...v..m.m ..O.”~. ..N..__”_....r_ m.ﬂ_..,o.ﬂ.... ..D
| 3
l%w
;)
! = .
o &
.nc,_ (§2]
L o
L =
Lo &
) o
;)
[ O
B g o
.rISO
2
| 93S/W 014°CIST ouumm\ ONNOS 3IN3Y343Y ‘930 o.uo.oﬂ HLOIM zcmm__ﬁmqmr
. W/80,01=144°4 3303 zo:c:zmH.E WX 9S50°0C "dINI JINUY .\r_ 00°0ZT HIJ30 43I1BM
hf | ZH 00°000T AON3NO3Yd "W 00°09 HILH3Q ¥YIAIZI3Y "W 00708 HIJ34G 33¥N0S




»
4

¥3INIM NI 2 HIHd ONOTY SSO7 NOISSIMSNYNL  ¢-v 3¥N9id

- ;mm

—

=J

o

=

&Q

: : : 3 g

: : : : : w

: : m m L 2

o

: : : : : : : : : i : w
eseaecmediecnaneeens AR R — S— e rereeee fereeereenas T —— e SR e - S
SRR N N S AU WU WS WU RO S SRS N SN SO 08
93S/W_08S"0IST  033dS GNNOS 3ONIY343Y ‘930 000°01  HIOIM WU3S |4TkH

W/80, 0T%€¥6°T 4309 zoﬂwwzzuhhc WX €6070  “YONI 29NUY ‘W 00°00S HLJ20 ¥3ILM

ZH 00°0S5 AON3N03Y4 ‘W 00-0Ol

HI430 ¥3AI203¥ ‘W 00°01 HL43A 29¥N0S

70




-

RN TR

YIINIM NI € HIBd 3NOIY SSOT NOISSIMSNUYL  9-¥ 34N d

(W) 39N
59 03 S 0s Sk ok S5 0g 74 02 sl

PRI ORS L S0 TR SR SN LINT ST S S SN0 LINC VRN TEALTURE L K WA SUE SUUN TR UK SO0 SR OO OC TONCTUR WL L TR YUUE UNC SN DU VA T SO VR SO S Y SO
- 1 " T

. « . . »
. . . H . . .
» .

.
N

o
R BT
o

ol

L.
:
:
:
:
:
:
¥
6

ot |

C o 23

............................................. LT CRE R .M
: Y]

H =

: ' w

Preeer .ﬁ..m.u,. o

4 —

: 2

. ....... ... -m m

S

URURTUOOU VSRR HUPUUUOPRNE JOPOPUUPIN: SUUOPOUIOS SOTORITUUOE FUPUUROURS NUPOUVTUOH SUUPUTPURINE SOVPUUTRPIOR NUTUIUPIRE A PO - NS
: : : c)

: : : : ! =

“ m M ” ] w m ...... ol S

S N AU TR O W U NN N N O W 8
J36/W 08G°0IST  0334S ONNOS AONIY34AY ‘930 000°01  HIOIM HW3g| 47uH

W/80,01%€%6° 1 4300 NOTLBANILLIY “WM €60°0  "HYINI 39NUY ‘W 00003 HLJ30 &31ui
| ZH 00°0S AON3NO3US ‘W 00°09 HIJL3I0 ¥Y3IAI3JIFY ‘W 00°01  HLL3Q 33¥N0S

71




mu:ZDWAZH,N HIYd SNOTIH SS07 NQISSIMSNUMI Nl<umzmhm
f (WX} 39NLY
oy b s |

sy Q ¢ og e 02 _

mw D-w 1 L} 1 L) 1
.
H H : ~
cveensenndiiaanainey Hebereasanseas IPPEIPPYPON AP TTTOPITY. TS TN TOUM RN, (LI IO Semserans =)
H H H H : : H ==
SRR NOSTIVOTINS STTTOTR TV S S R S T m @
: ; : : ." : m T TLTTIRVIEL Pt TSRO m
: i ; i i : : =
........... EAURURIRS USRS USSR SOSSIRUORY SORVIRTN SOTOOOS: SUSSRIOOS SOPRORS SO 5
, : SRR VRO NUTE SO SO, S N frenerene S S m ; ; 5
: : : : : { m L 2
SRS NS SUNTS NSNS SRS SO SR S SRS WS NN NS SO | 20
' S S SRR NS SR W I SR SR S SN SUUNS S
_ T R R
v,_ 3 : . I
| J3S/Kk 027°'2IST  (033dS GNNOS 3ON3IY3S2Y ‘920 000°07 HIQIM WW38 |4uH

W/80,01%g%5°T 4300 NOIIYNNILIY ‘WY €60°0 -¥OMI 29NEY ‘W 00°009 HLI420 821EM
ZH 00°0S AJN3NO3Y4 ‘W 00°00 HIJ20 ¥3AI303Y ‘W 00°01 HIJ30 30810S




YIWHNS NI 2 HIBd 3NOY SSOT NOLSSIMSNUYL  g-v 3¥NILJ
_ (W) 39N
Sk

0% 3 1]

N el T

s o9 I

g0t

H
:
H
:
H H
. : d : ;
\ H H : H H H
. 3 - . » o
- L] » - L] ) . ,u
........... L U SO T P PP PP PP TP PRTCTOIS: SEPEELE LRI R REE L "
) » » . " 0
. ) » o
* . - »
H : o™
........... .........-................-..........;........._....-..-.-...-m:-........h......-.-......-....-...-T--........"...-......-...--...... ls
- ) i
\ H H *. s
c

935/ 025 21ST  0334S ONNOS 3IN3YAS3Y 930 000°01 HIOIH Wy39 mwmn
74 00°0S AONZN03¥4 ‘W 00°001 'HL430 ¥3AI3I0N ‘W 00°01, H1430 32uN0S

W/80,00%€78° 1 4300 NOILBNNILIY ‘WX £60°0 ¥ONI 39NWY ‘W 00°008 HId3d

(g0) SSO7T NOISSIHSNUYL

73




Y3WWNS NI 2 HIWd 9NOTY SSO7T NOISSIWSNUYL 6-v 38NIIJ

E._ ﬂ __,,:__. (W) 3ONUY h
1) 08 .u.J \JG SV 03 et ot ce 14 Sl ot S g
,........___:._.., T Y L I Y L I T T (T e \ .
....................... 8 OO LSOO UG- UORS | G - FUUUOUE V0% UNY U SURUOUOE O SUUUUUUUON £ SUUUOUORE U WUUPE-A (NURRUR SOOI O I
m i : : m : : : i : S
M ........... 8 — Q ......... T - S OVUURRUNNE VOVOR DUONE (RPROOTS SO
m P : =
: : ‘i : : ; oy
: IR I | N AR SRR PR FUUN ) N ORI SRR IR TN [Py R YUY TR SRR I " B 5 ]
: : : : : i [© =
: : : : : : Y
: FRRINCE 12 f ACCIRC SRS (Y LY (ORICRHISIRE . O . v . “ .....w o
: : ! : " : =
: m e R R S 0 SUUEES SRR o o=
m : : m : R
w w m w u : -2
U DURRIN I 1 SAUUIOUN-NVRRIVIROR N PN I TR TR UV Ny | 198 ORURRIAR I 1-3 m.u
m " m : m : @
. H Seensens 2ee vaseateennnanent fu
: : : : : : <
m “ M ” m ........... M ............ FETITITTLES 3 l m.u—
Q
93S/W 02 21ST  (0334S ONAOS IINFUIIAY ‘930 000°01  HIOIM WY3IE) JuH

W/780,01*1/,°/ 4300 NOTIMANILLIY “WM £60°0 "¥ONI 3J9INGY H,z 00°008 HLJ30 d31BM
ZH C0°000T1 AJN3NO3¥4 “W 00°01 HLJ30 d3AI333y "W 00°01 HILH30 333N0S

74




YAWWNS NI 2 HIYd 9NOTY SSOT NOISSIWSNBYI 0TV 3ynald

(WYY 39NGY

S3 09 SS 0s Sk 814 St

SSOT NOISSIWSNBAL

(80)

J3S/W._0Zv 2ISt  B33dS, ONNOS uozwmumum ‘930 000" 01 HLIQIM Zcum JEH
W/80,00%¢v6° T 4300 zombczzuhhc ‘WY €60°0  "YONI 39INYY z 00°003 HId3Q J31un

ZH 00°0S AJNZNO3¥4 ‘W 00709

H1d30 43AI3334 ‘W 00°01

HLd430 333N0S

75




YILNIM NI € HIB4 9NOTY SSOT NOISSIHSNUML 1T-Y Jungry

(LX) 39NUY
s9° 09 ss 0S 4 oy <g o se 02 st at

PP N Bl T L N

N N I e

N

J3S/W 08S°0IST  (Q334S ONNOS 30M3¥343Y ‘930 000°0r  HIAIM HY38 JTUH

1/60,01%CE6° T 4300 NOILUNNILLY ‘1 £60°0  “MONI, 39Ny ‘W 00°000% HLJ33 331U

ZH 00°0S AON3NO3¥4 “W 00°0SI  HIJ30 ¥3N1333y “W 0070l

H1d30 33)3N0S

(EQ) SSOT NOISSIHSNUYL

76




Y3WWNS NI € HIYJ 9NGTY SSOT NOISSIWSNEMI Z1-V 3yn9ld

39NYY

I JHRT| (W)
€3 o.w m.m ' _m > ¢ o_m. m.m o.m m_N o.N m_~ o_~ m. Q
T : << N : : P RN 5
H . . . . H H m m : H 5 wn
SNV S IV VOUUUUURI: SRR | OOURRORe. IO O OO UL SUUUUR: U LS
m | O
: o
A
edaunsssssasatennaasecsliffanocann R T O B o]
s S ; m -2
: =
m H H N H } 1 w
SV SORUSR: SOVRRR R S S L B A -8 2
H . w
i f =
H : : : T
OO T ST TS e e S R A
H bt
L o
H F =
L reeemareedecasnenansnn feneennneen _ ........... R SN FO S ST r.w m
: ]
: s
SUSUURUUUNE VRO VORI IEVORIIHNG: PO YOV SRPIES SRSSITISTES TSRS SIRSPRD: PRI ORI LIRS S (B ﬁ.% m
LT @
[~
i o
" o
. | (93}
; i
: [2)
[ow]

- W/80,01%¢

93S/W 025 ZIST (02345 ONMOS 3INAY343Y 930 00001

$6°1 43209 NOILENN3LIY ‘WY £60°0
ZH 00°0S AON3N03¥3 ‘W 00°0St

HLI430 ¥3AI303¥ ‘W 00

HLAIM WY3E J4T6H
"YONI 3J9NBY ‘W 00°000%L HI43Q ¥31un

‘01

HLd43d 334N0S

77




muzzzm,zH ¢ HIMd 9NOTM SSOT NOISSIWSNEYL €1-V

JYN914

< W FBNBY | .
s 09 F S ol sz ||| o2 St ol S 0
] L, Ly . - 1] Lt [ Lf . [
| ] P : : s f
------------------------ w',.cn.unpc.-..m..-..-.--w-:-.--..--l.-. -uv.-..un- wenshaboct §as LY. 0 ----.-m.:.--.r-n-.m..-u.--.annn.,.w..-u.-c-uuc-m”..oo-. LYY hlm
: : i E : : H m i ; A

o e L . I : : : ; i : oo b .«

: : : : : i : : : : |
P S L : : ; ; i : Lo 29
i : : m : ; ; : : F 4
: : H H : H : H : H R . w
: : : : { : : : : : : . X
! : : i : : : : : : ! L 5
raseesecscsmicncacsncnes .. ............ . ........... ........... } ........... ........... ‘ ............ .......... r.% 0
. H N " H . . H H H . .”ﬁ Loy
: { : : : : ! : ! : o
: i : ! : : : : : : i =
S CYTSRRIERS RSN ........... _ ............ ........... _ ........... , ............ ............ _ ........... , ............ ............ n .......... -8 m
{ : : { { : ! : : : : W 5]
: : : : : : : : i : : . W
.......... CHNSPRRUROU: JUUVNRIOE SUPIUVURI SUNPURPONE SUUORPHN: UPRUUURIS. SORIPIOIN SOURIIIOI: SOUPIPOOPON APV FONPRIPHNY | B
: { : ! : : ; : i : i r @

.......... SOOI SUOSTRS VOSSO0 OO OPPOUO NAOTIOOS UNUUUOON SUUUURUOIE SUORING SRR SSORONN | X

: : : : " H : : : : H I

.......... SRRUROIOON NOTVUIUUR NOVOTOROY SURIRIOUIN NUURRPOTIOE UURRIIS SUNRPRI: SRIURON SSTRRRIS: SRSIONS SOOI 7

. - » » g

 03S/W 02 2181
Z\me 0Ix¢p6°T 4300 zo:m:zu,ﬂ,ﬁc ‘WX €600

0334S ONNOS. JONIHRS3Y ‘930

ZH 00°0S AON3N03Y4 ‘W 00°01 HILJ30 Y3IAI30FY

000°0T  HIAIM WY38 J1BH
"YONT JINYY ‘W 00° 0002 HId30 ¥3IUM

‘N 00°0l

HIJ30 39900S

78




JIINIM NI

" 0% Sy o &¢ og ¢z 02 sl ot

¢ HIHd 9NOTY SSO7T NOISSIWSNYYL ¥1-V 3YnN9ld
. (W) JONYY

Sul

SRUURPURE S ISR OSSO RO SUUTUNUUUE SOURURUBTE NSRRI SUTURUUUN FTUIUOUS. NUSPURU SRR SURORRT =
: : : : i : - ©
: AR SR MRS m ............ m ........... m ......... ﬁ%
: |
: : o 2
............................................................... m... ........",............l........... L W.O W
1. 2
: Co - w
. . ........ rl%S
i L O
g S r <
y it 8 C
_“ ” w
w
: . : I !
: : : : -l -a O
: : : : O
i N
. ; “ : ; SR S S L~
............ SORVURVEION SIOUNORON: SISV NEVRIPURRF SRR HOTPDIIS OIS SIS S : -2
m M n H n ;9

93S/W 08S°0IST  (033dS ONNOS 3IN3Y3J3Y¥ ‘930 000°0T xhoﬁzzcmm_LJGI

W/80,01%144°/ 4300 NOILHNNILIY ‘WX €60°0 "YINI 39NUY ‘W 00°000%

ZH 00" 0001

XON3N03Y4 ‘W 00709 HLJ3O ¥3IAI333Y “W 007 0T

HILJ30 d3I8M

HLJ3a 334Nn0S

79




e

_:

) @.%

|

¥3MWNS NI € HIHd ONOTH SSO7T NOISSI! _mzcm.u.

-

_

(WY 3 Z__..”;_
s ?E,_M&

ST-V3HNII S

|

—c

Y ad

A
ks

nit

LA e et

0ot

Soi

S6

............................................................. W,............w.....................................nT...........m............W.-.................... .,xﬁmu.
: : . m : il
m : : : :
: : : ,..ﬁ

» - » ,9

o

(80) SSO7 NOTSSIWSNWYL

80

a3 umm ONNOS 2ON3Y242Y ‘930 06301 HIOIM WBZg)|d74H
‘Wi £60°0 . "HONI 33NBY _..m C0°009 HId30 d31I4M
‘W 00°0S z_o_uo Y3AIZ03Y ‘M 00°01 HIJL20 329¥N0S

Jas/W_ozy: 1C
W/80,00%144°4 3300 zo:q N3LIY
ZH 00’ 89 AIN3N03Y 4




mesz zH v zacm wZDJc mmoq ZonmHzmszH 91~V mmD@HL
(WA) 3ONGY

PEL) 2 ! 3 ! i) it i ! ' ! LI | [
. M 1 ton ] ! . - " » —
N H . . . » . . H
H H N . . H . . . o
H H H . . . H . .
: : H H H H ' H H L v
" . . " . . N . .
. H . H H . H H H
‘. . . . . . . . . s
H . . . . H . .
H . . . . . . X
: H H H H : : —
............................................................................................................................................................. -
< N H - < : T » N
H . . . . . o
. . . . . H L
. . . H . .
. . . H H
H H : H v ] o
. . 3 3 . 3
. w n . " . -
H . . . . .
. . N . . .
» . . . . » o
H H . i H . w
........... T T Y
. . . H . . wn
. . . . . . .
H . . . . .
. . H : .
. : H . H 3
. . H .
. . . . .
. . . . » . o
H . : . .
H . N H H S
. . . .
. . 3 H w
Cassnssananurecsnssssascmeansennsaala Peasnsaanans vnseansesan arresnassnenn sesnacansens -
. . . 1 o
N . .
H . H
. H .
H H
.
N
H
H
H

J3S/W_08S°01SI 03345 ONNOS JON3H3 43y ‘930 000°0T HIOIM WY3g 47
W/80, 0114474 4300 ZOHHGDZUch ‘WA £60°0 "¥INI 39NUY z 00 0002 HLd43d 3l
ZH 00°000T XJN3N03¥4 ‘W 00°01 HIJ30 ¥3AI333Y ‘W 00°01 HIJ30 324N

(803 SSO7T NOISSIWSNUML

WH
"M
0s

81




¥IINIM NI ¥ HIHd 9NOTY SSOT NOISSIMSNY¥L £1-v 3¥N9id
CWM) 39NYY

(80) SSOT NOISSIWSNBYL

93S/K 08S“0ISI 03345 ONNOS 3
W/80,01x142° 4 4300 NOILBNAN3LIY ‘WX £60°0
ZH 00°00017 AJN3N03¥S ‘W 00°0Sl

IN3Y3434_“930 000°0I

“YONT "39NBY
HL430 ¥3A1333y

‘W 0001

HIOIM WY34
‘W 00°000¢ H1d30 ¥31uM

==,
0

J71EH

HL43d 334N0S

82




d3WHNS NI ¥ HIWd 9NOTY SSOT NOISSIWSNHYL gr-v 3¥N3aid

~=_ ,m T :Lﬁaem&=?$¢ ﬁ
S8 .09  SS i r sk o st g S )
e U e ey e el [ N ,,..._.., NP A N
, P Jﬁgclm i | i { I i - S
, : : : ¢ : : : i 4
RSO S S : : : TN LI S . L5
: m f L S
........... ERTURTIE OSUOPRI: NI U TV 9 CTURURE SOVRHOURIURN NOVUURON B UURRSHORHUNE JOVHIR P00 I
. ............ m..:.......w...........;...................:..::..:.....:::: [ 2% PON URTURIINE SerTrTrres 1Y 1 NN u. ........... ......... nmuu W
: { : : : S
:E:s$ ............ W ........... ws:E:E:E:E:E:E: .;.w ........... m ......... nmuw
: H : : H =z
........... ws:izw:szawz:iz .:%:E:iwi::.-mmm
: i : : : . v
s A O SRR EIN =
m m : m { D
OO OURION AU SUNOION. VYNV FATONOR WU VUV SV SO U SR S s
i : : : : : ; : : i : L
............ TP OVUROOR NVPRIIOS SOOI SOOI SIS SUURIPRE RSSSIRIS SRR SOSPIORS: SRROORS JOOR | |
m I N o
[

J3S/W 02k 2IS1  033dS ONNOS 30N3Y343Y ‘930 000°01 HIOIM ZQML J4H

W/80,01x1/24°Z 4300 zompczzuhhc ‘WM £60°0 "MONI 39NBY ‘W 00°000E HLd430 Y31M
ZH 00°000T XON3N03¥d ‘W 00°0SI HIJ30 ¥3AI303¥ ‘W 00°0F HLJ30 30¥N0S

83




W/80,.0

xuzz:m NI ¥ HIUd- wzogc 56071 zoﬁmwﬂzmzcxw 6TV 3un914.

.

o\ {

t :

Sg

\’wzxu

W = W

< < =
: «*

: : : ! { s

: : : i : =2

: : T : : =2

B : : : ' =

: : : H : : 152

i H : : : H -

H H H H H H —

: H : H : H w

: : H ; H : w

: B : H : : Vot

: : : : : : Q

: : : H H =

: : : : : : c

: : : : { { 0

i : : ; : i v)

H H : : H H w

: : : ; : ; : ]

; H | : : : : 5 W

N H H H H v H H i -
.................................... ; SRRSO SO SO | B
H : H : : H : o

| i i : i H : 5 i : ; : -

tecacessaend feeasessanens oeresnaanes [RRRRILIILEE Jrevranseanas Freseenenen Preesenneans frenreeennens Farernesnene Presesnnanns Perranaenaand Beseee SITERYS TESTCIROT 19
D

93S/W 025 21S1 83245 ONMOS

I%€¥6°1 3300 NOILBANILLY
ZH 00°0S XON3N03¥d

¢

‘WX £60°0
W 000l

30NJY343Y ‘930 000°0T  HIAQIM WY38 JTuUH

"YONI 39NP¥ ‘W 00°000C HL430 ¥3IuM
HI430 ¥3AI303Y ‘W 00°01 HIJ30 32¥n0S

84




YIMHNS NI ¥ HIMd 9NOTY SSOT NOISSIMSNUML 02~V 3ungrd

(WA) 39NGY

0e se 02 ¢l ot

T T [

=] ow m_m o.m m.m. o_v m_m

.
.
»

..............................................................................................................
......

et
o

: : ” =

: : : H b3 )

: { : R : )

: H H H H =

H : : : H o

: 5 H i y =

: H H H H r—

; ISP SOV : w”

e St teerasneeans U AT Trenseesenes : : s

H H H H : et

H i i : 3 =)

, : : : H H : =

' H : H : H :

............ L R PP [

: : H : H H Q

i : : : : : w

: H : : : w

.........-.:” ........................ m...........n“ ............ m .......... m ................................... m ................................... TTTTYYY FIS (we)

: : : : m : @

H H : H : H A
........... .....,.m,.,v Ji-a
1 " " [l . 4 n o 9

J3S/W 02Zh '2IST 0334S ONNOS 30N3Y¥3J3Y¥ ‘930 000°01 HIOIM WY38 JUH
"YONI 39NBY ‘i 00°000€ HIJ30 ¥3IWM

W/80,01%C¥6° 1 4300 NOILYNNILIY ‘WY £60°0
ZH 00°0S A3N3N03¥4 ‘W 00°0SI

HLd3Q ¥3AI1303¥ ‘W 00°0l

HLd30 323Nn0S

85




LIST OF REFERENCES

1. J.P. Bethoux, Budgets of the Mediterranean Sea. Their dependence on-the local cli-

mate and-on characteristics of the Atlantic-waters, Oceanologica Acta, Volume 2-2,
p. 157-163, 1979.

2. J.P. Bethoux, Mean water fluxes across sections in the Mediterranean Sea, evaluated
on the-basis of water and salt budgets and.of observed salinities, Oceanologica Acta,
Volumie 3-1, p.79-888, 1980.

3. M.A Biot, Mechanics of deformation and acoustic propagation in porous media,
J.Appl. Phys. 33, p.1482-1498, 1962.

4, H:.L. Bryden, H.M. Stommel, Origin of the Mediterranean- outflow, J. Mar. Res.,
Supplement, p. 55-70, 1982.

5. J.Chen .and 1.J. Millero, Sound speed in seawater, J. Acoust.Soc.Am. 02,
p-1129-1135,1977.

6. A:Coppens, An introduction to-the parabolic equation for -acoustic propagauon ,
Naval Postgraduate Shool, 1982.

7. A. H. El:Gindy and S. H. Sharaf El-Din, Water masses and circulation patterns.in
the deep -laver of the Eastern Mediterranean, Oceanologica Acta, Volume 9-3, p.
239-248, Jul-Sep 1986.

8. R. Frasseto, A study of the wrbulent flow and character of the water masses.over- the
Sicilian ridge in both summer and winter, p. 9-10, SACLANTCEN TM-93; 1965.

9. E.L. Hamilton, Prediction of in situ acoustics and elastic properties of marine
sediments., Geophysics 36, p.266-284, 1971.

10. E.L Hamilton, Geoacoustic models of the sea floor , Physics of Sound in Marine
Sediments, p.181-221, Plenum, NY 1974

11. F.D. Tappert and R.H. Hardin, Applications of the Split Step Fourier method to
the numerical solution on nonlinear and variable coefficient wave equations, SIAM
Review 13, p.423, 1973.

12. Hydrographic Service of the Hellenic Navy, Chart No 022 lonian Sea - Northern
part, 1982.

13. Hyvdrographic Service of the Hellenic Navy, Chart No 030 South Ionian Sea,
1988a.

14. Hydrographic Service of the-Hellenic Navy, Chart No 065 Jonian Sea, 1983.

15. Hydrographic Service of the Hellenic Navy, Pilot of the Hellenic Seas, Volume
A, p. 5-9-and 20-78, Athens, 1979.

16. Hydrographic Service -of the Hellenic Navy, RESTRICTED Letter F:303/75/88
to Lt Rad. Fountoulakis, Subj. Station Data, 15 November 1988b.

17. Hydrographic Service of the Hellenic Navy. CONFIDENTIAL Letter F:334,19,89
to Lt Rad. Fountoulakis FI.N., Subject: Thesis ar NPS, 8 Aug 1989.

86

-




18. O.M. Johannessen, F. Strobel and C. Gehin Observation of an oceanic frontal sys-
tem-east of Malia-in May 1971, Technical Memorandum No 169, SACLANTCEN
1971.

19. A.C. Kibblewhite, Atrenuation of sound in marine sediments : A -review with em-
phasis on new low-frequency data, J.Acoust.Soc.Am., 86, p.716-738, 1989.

20. L.A. Kinsler, A.R. Frey, A.B. Coppens, J.V. Sanders Fundamentals of Acoustics ,
3rd edition, John-Wiley & Sons, 1984.

21. H.Lacombe, P.Tchernia and G:Benoist Contribution of Atlantic water in the
Aegean Sea, seasonal and annually , p. 454-468, Bull Inf. COECX 10, 1958.

22. H. Lacombe, P. Tchernia, Quelques traits generaux de I'hydrologie Mediterraree,
in the- Meducrranea'l a natural Sedimentation Laboratory, edited by D.J. Stanley
and-others, Strodsburg, PA, 1960.

23. H. Lacombe, C. Richez, “The regimes of the straits of Gibraltar”, in
Hyd;oa'ynanucs of Semi- enclosed Seas, p. 13-74, Amsterdam, 1982.

24. D. Lee and J.S. Papadakis, Numerical solutions of underwater acoustic wave prop-
agation-problems , NUSC technical report 5929, 1979.

25. D. Lee, G. Botseas and J.S. Pagadakis Finite- difference solution to the parabolic
wave equation , J. Acoust.Soc. Am. 70, p.795-800, 1981.

26. P. Malanotte-Rizzoli, A. Hecht, Large scale pr operties of the Eastern Med: a re-
view, Oceanologica Acta vo]umn 11-4, p.323-335, Oct-Dec 1988.

27. P. Malanotte-Rizzoli, P. Bergamasco, Modeling of the circulation of the Eastern
Med , Part I, submitted to Oceanol. Acta, 1988.

28. Maury Center for Ocean Science, Mediterranean Environmental Acoustic Summary,
Long Range Acoustic Propagation Project, Report 104, (CONTFIDENTIAL),
1974.

29. R.C. Mcdciros, RAYMODE, Passive Propagation Loss Program, New England
Technical Services, p. 1 to 14, 15 July 1982.

30. R.C. Medciros, A Simplified Overview of the RAYMODE, New England Technical
Scrvices, p. 2-18, T November 1985.

31. L.V. Moskalenko, Steady-state wind- driven currems in the eastern half of the
Mediterranean, Oceanology p- 494-496, 1974.

32. J. N. Nielsen, Hydrography of the Mediterranean and-adjacent waters, Rep. Dan.
Oceanogr. Expedition 1908-1910, 1912.

33. National Occanographic Data Center, Letter to Rad. Fountoulakis, Subj. Station
Data, 18 August §9.

34. NUSC, Program Performance Specification for the 1985 baseline RAYMODE
computer program, INUSC, p. 1-1 to 3-14 and 3-100 to 3-240, May 1987.

35. .M. Ovchinnikov, The second {Mediierranean) trip of R'V Prof. Bogorov ,
Oceanology Volume 18, p.165-168, 1978.

36. G.L. Pickard, W.J. Emery. Descriptive Physical Oceanography, 4th cdition
p-104-168. Pergamon, 1982.




37. Ij\fI Podeszwa, Sound Speed Profiles for the Mediterrancan, NTSC, p.1-14 and
29-42, 1930.

38. M.J. Pollack, The sources of deep water of the Eastern Mediterranean, J. Mar.
Res., Volume 10-1, p.128-152, 1951.

39. I.S. Robinson, Sarellite Oceanography , p.240- 242, Haisted press, 1985.

40.°W. Roether and others, Transient tracer studies of the-thermecline circulation —pf;he
Mediterranean, MS for Mediterranean circulation, NATC Workshop, p.44, 1983.

41, R.D Stoll, Theoretical aspects of sound transmission -in sedimenis, J.Acoust.Soc.
Am., 08, p.1341-1350, 1980:

42. UNESCO Reports in Marine Science, POEM : an overview and research plan ,
Report No 30, p.16, 1984.

43. UNESCO Reports-in-Marine Science, POEM, a research programme, Report No.

35, p.67, 1985.

44, UNESCO Reports in Marine Science, POEM, Initial Results , Repert No 44,

p-92, 1986.
45. R.J. Urick, Principles of Underwarer Sound 3rd edition, McGraw-Hill, NY 1983.

46. U.S. Hydrographic Office; ASH prediciion areas , Naval Warlare Planning Chart
Base (NWPCB), NAS p.2401, 1972.

47. G. Wust, On the vertical circulation of the Mediterranean Sea, J.Geophys. Res, p.
3261-3271, 1961.

48. Telephone conversations between D.W Collins, Oceanogr. Services Branch,
NODC and the author, of §;1, 8,2 and 8/4/89.




INITIAL DISTRIBUTION LIST
No. Copies

1. Defense Technical Information Center N 2
¢ Cameron Station
Alexandria, VA 22304-6145

2. Library, Code 52 2
Naval Postgraduate School
Monterey, CA 93943-5002

3. Professor Robert H. Bourke 1
Naval Postgraduate School, Code OCBf
Monterey, CA 93943

4. Professor Alan B. Coppens 2
Naval Postgraduate School, Code PHCz
Monterey, CA 93943

5. Embassy of Greece 2
Naval Attache
2228 Massachusetts Av.,, NJW.
4 Washington D.C. 20008

6. Lieutenant R. Fountoulakis 2
2 Grigoriou Lampraki 15
18120 Kordalos, Athens
Greece




