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Preface 

Much of the ocean's kinetic energy is known to occur in 

the mesoscale phenomena with horizontal scales of the order 

of 100 km and time scales of about 50 days. The size of the 

medium puts a limit on the observation, understanding and 

modeling of ocean dynamics and circulation. Till now, the 

basic observational tool is a moving platform deploying 

various instruments collecting information in the vertical 

using continuous recording methods. On occassions several 

instruments are spread out to mooring lines to get the 

vertical resolution. With the ship based measurements, it 

has not been possible to obtain synoptic coverage which is 

needed to understand the different oceanic forces. 

Since the advent of the satellites, remote sensing 

methodologies using electromagnetic radiations have been 

developed to obtain near synoptic measurements of sea 

surface parameters - temperature, sea state, wind, surface 

topography etc,. Since the oceans are opaque to 

electromagnetic radiations, the space-based observational 

systems do not view the interior of the oceans. However, the 

oceans are transparent to sound and sound can travel long 

distances when excited in the sound channel - wave guide - 

with little attenuation. The sound energy passes through the 

entire vertical column through the process of refraction. 

Realizing these properties Walter Munk and Carl Wunsch have 



proposed a new technique for studying the ocean interior and 

the method has come to be known as ocean acoustic 

tomography (OAT). The travel time measurements of sound 

pulses propagating between various sources and receivers can 

be used to map the ocean medium. The coverage is near 

synoptic. However, the intricacies involved are too numerous 

and to a large extent depend upon the characteristics of the 

water body. The SOFAR channel charateristics, the 

variability of the hydrographic features, the bathymetry 

etc., determine the experimental set up which will be 

different from one water body to the other. 

In the present work, the Arabian Sea has been examined 

for its suitability for applying the new methodology - OAT. 
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1. INTRODUCTION 

The present day studies in Physical oceanography are 

oriented more towards problems relating the ocean's role in 

the changing Global climate. The World Ocean Circulation 

Experiment (WOCE), the Joint Global Ocean Flux Study (JGOFS) 

etc., are some select global scale programmes involving 

multi-national co-operation. To cover the extensive field 

measurements for the above experiments, satellite based 

observational systems, with built-in capabilities of image 

enhancement and processing algorithms, have been made use 

of, apart from contemporary and conventional methods of data 

acquisition. 

The compact instruments available today aid in the 

collection of required data, with greater accuracy, and 

resolution (James Baker, 1981). The existing diverse forms 

of sophisticated facilities for communications coupled with 

the computational means for the analysis of the compiled 

data enable utilisation of the much desired information in 

near real time for use in numerical, predictive models. 

The ocean, for a long time, was thought of as having 

steady, large-scale current system with its strength 

decreasing with increasing depth. Improvements in the 

quality and quantity of measurements over the years, 

attention paid to the time and size scales of events and 

features lead to shifting of the principal activity of the 



oceanographers from purely one of description as a 

. geographer to one aimed at (in achieving) greater 

understanding of the mechanisms controlling the observed 

features. This resulted in emergence of the studies on 

dynamics of the complex meso-scale motions. 

Much of the ocean's kinetic energy was found to exist 

in the 'meso-scale' motions - eddies - with horizontal 

scales of over 100 km, and time scales of nearly 50 days 

(Richman et al., 1977). These eddies occur almost everywhere 

with dominant energy (Robinson, 1987). When one tries to 

resolve these motions, one realizes the need for adequate 

sampling (of environment) in space and in time. 

The advances in the field of ocean observations today 

supplement use of the age old techniques (Neumann and 

Pierson, 1966). Undoubtedly, the scientific motivation for 

these developments rests on the perceptions of ocean 

circulation (Robinson, 1976) evolved over the last five 

decades. 

Near synoptic measurements of the parameters such as 

surface temperature, sea state, wind and surface topography 

have become possible through use of space borne remote 

sensors. These requirements brought in very many changes in 

the conventional techniques, starting from the classical 

hydrocast using water sampling bottles with reversing 

thermometers to the continuous profilers for the measurement 

of thermal, haline and / or thermo-haline fields from 
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research vessels. Over the last four decades, development of 

a variety of devices for measurement of these parameters 

together with currents at moored locations in the interior 

and near surface regions of the seas, neutrally buoyant 

floats (Swallow, 1955) for lagrangian measurements etc., 

have become possible and practical with the introduction of 

very large scale integrated (VLSI) electronic circuitry to 

probe the ocean's environment. Information gathered through 

the use of in-situ, recording type instruments suspended to 

stationary moorings, however, supplement the data from the 

ship. 

Observations on temperature and current from moored 

devices (Aanderaa, 1964) provide good time resolution but 

suffer from inherent (low) spatial resolution. The spot 

measurements, on the contrary, show improved depth coverage 

but have far from acceptable synoptic coverage of larger 

areas. Thus observations over large oceanic areas from ship 

based surveys show inadequacy due to the larger time 

consumed for the survey as compared to the time scales of 

different oceanic processes. For example, the time required 

to cover an area equal to the size of the Arabian Sea or the 

Bay of Bengal for general spot measurements of hydrographic 

parameters would be about two months. This fact restricts 

the efforts to make synoptic observations at the desired 

time interval to understand the different oceanic processes. 

Considering the fact that the oceans are opaque to 

electromagnetic radiation, measurements through use of 
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satellites do not permit observations of the interior of the 

oceans. However, Sound waves have been found to be effective 

carriers for signal transmission over long distances in the 

ocean. The discovery of sound channel during 1940s (Ewing 

and Worzel, 1948), initiation of studies of under water 

acoustics for military and civil use etc, provide the basis 

for a new technique of observations for studies on ocean 

research. The comprehensive survey of the sound channel over 

the entire global oceans and its strength has opened a new 

approach for the development of a near synoptic observation 

technique. It has been immediately recognized that the sound 

channel acts as a wave guide and sound can travel over long 

distances with minimum attenuation and is suitable for 

communicating the messages. When sound is excited in the 

sound channel, the sound energy propagates in the confines 

of the wave guide and can be traced as typical refracted ray 

paths over long distances. A typical example of the sound 

channel along the 72 °  E meridion and a typical ray path are 

shown in Fig. 1.1 a & b. This figure has been constructed 

for locating receivers in Heard Island feasibility 

experiment for the measurement of long distance 

transmission. This figure clearly shows that the sound 

channel is located at a depth of about 200 m near the Heard 

Island and increases to about 1500 m in the Equatorial 

Indian Ocean. The sudden jumps in the depth of the sound 

channel are associated with the convergence zones. 

The growth of scientific and technological expertise 
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since 1960 has been more rapid. The intriguing possibility 

of monitoring oceanic variability via., acoustic techniques 

has been considered (Munk and Worcester, 1976; Porter, 

1977). The pertinent measurables in these studies have been 

the amplitude, phase, travel time, arrival angle and 

coherence (spatial and temporal). The close relationship 

between the oceanographic studies and the development and 

the applications of acoustics enabled use of pulse 

transmission methods to study the ocean features. Low 

frequency sound sources capable of sending coded signals and 

measurement of long-range pulse arrival times using signal 

processing techniques have been developed. The experiments 

conducted in the subsequent years, by way of demonstration, 

enabled establishment of acoustics as a promising tool for 

probing the ocean interior. 

The concept of ocean measurement using acoustic 

transmissions, in a formal mathematical and physical 

framework, was advanced by Munk and Wunsch (1979) under the 

title ocean acoustic tomography - OAT - in short. The 

accompanying statement conveys what OAT is all about. 

Tomography is a technique (using X-rays, for example) 

for graphic display of one specific plane. In medicine, 

Computer Assisted Tomography (CAT) scan employs X-rays for 

imaging parts of the body for diagnostic purposes. 

Ocean Acoustic Tomography  is the application of sound 

propagation to deduce the physical properties in a vertical 
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ocean from a source to a receiver located in the sound 

channel. The knowledge accrued on the characteristics of 

sound waves including propagation in the oceanic bodies 

is applied to screen its interior structure layer by layer. 

This is achieved through measurement of time delays of 

acoustic signals transgressing the ocean. The data is 

interpreted through ray representations. Broadly, this 

programmme covers studies on i) oceanography, ii) acoustic 

model simulations, iii) mathematical inversions, iv) mooring 

operations, position and time keeping, v) acoustic systems 

operations and vi) electronics and signal processing. 

One could dwell in many diverse ways in this tomography 

study (a) phase tomography, 	(b) stationary, baseline 

tomography, c) dynamic tomography, d) 	moving ship 

tomography, e) normal mode tomography, f) reciprocal 

tomography and g) triangular tomography. 

The above are examples of active acoustic tomography. 

However, passive tomography utilises arrays of sensors for 

mapping noise sources in the ocean - akin to the positron 

emission tomography (PET) used in medical diagnosis. 

Tomography - a multidisciplinary study - utilises wave 

propagation for numerical modeling, statistical estimation 

techniques and inverse theories to obtain the structure of 

the sound speed field from acoustic pulse travel time 

measurements. The inverse scheme takes different form - 



direct and indirect - when applied to physical oceanography. 

The most general formulation of an inverse problem is as a 

problem of combination of information coming from the 

measurements and from the physical theory. The use of 

indirect methods, therefore, constitute an attractive 

solution to the observational problem. 

The techniques employed for tomography are by nature 

integrating, automatically filtering out undesirable small 

scale features that contaminate normal point measurements. 

The information content of tomographic arrays grows 

quadratically with the number of moorings deployed rather 

than approximately linear as with conventional point 

moorings. For example, a moderate number of acoustic sources 

(P) and receivers (Q) placed in an ocean basin yields data 

in a multiplicative manner (P x Q). If the number of 

identifiable rays (R) between each source and receiver 

is given, then P x Q x R pieces of independent travel time 

data become available for mathematical inversion. This 

aspect facilitates one to isolate ocean variability. As a 

consequence of the wave guide nature of sound propagation in 

the ocean, a single source-receiver pair can provide 

information on the horizontal average of the vertical 

structure of oceanic eddy that would otherwise require large 

number of vertically distributed point instruments. Since 

the speed of propagation of sound is about 1500 m/s, 

ocean tomography provides uniform data sets in a near 

synoptic mode which are basic input for modeling exercises 
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on air-sea interaction, ocean circulation, climate trend 

analysis etc,. Satellite remote sensing techniques for 

example, altimetry for sea surface height and scatterometry 

for the wind stress field provide such integrated uniform 

data sets over large areas but with a poor vertical 

resolution. Thus, the combination of these two complementary 

techniques provide synoptic oceanographic data over large 

regions. 

The measurement of acoustic pulse travel 	time 

perturbations along the various acoustic paths, either in 

the simulated cases or in the field, due to the sound speed 

variations that result from the oceanographic phenomena is 

basic to tomography. Application of linear inverse 

techniques to these measurements enable estimation of the 

sound speed variations. 

The practicality of this scheme has been demonstrated 

in 1981 wherein transmissions were used to monitor 300 x 300 

km area in the Atlantic (The Ocean Tomography Group, 1982). 

In 1983, the reciprocal method, pioneered by Worcester 

(1977) was employed to measure the ocean currents with two 

moorings deployed, 300 km apart, during a reciprocal 

transmission experiment, RTE (Worcester et al., 1985) and 

the results were reported by Howe (1986) and Howe et al., 

(1987). As a part of the Marginal Ice Zone Experiment 

(MIZEX), field studies were conducted in the Greenland Sea 

(Chiu, et al., 1987). 
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During 1986-87, two experiments related to basin scale 

tomography (Rizzoli, 1985; Rizzoli and Holland, 1985) were 

conducted in the Pacific Ocean to study the long term trends 

associated with global change. A reciprocal transmission 

around three moorings in a 1000 km triangle north of Hawaii 

was carried to study the gyre dynamics by deriving the 

vorticity response to wind-torquing (Spiesberger, et al., 

1989b, 1990a). 

During 1988, large-scale experiments were taken up for 

monitoring 1) the Gulfstream and 2) the Greenland Sea gyre - 

the later one was a multi-national, multi-disciplinary 

experiment to study the effects of wind on currents 

and mixing and formation of deep waters. These experiments 

were conducted with a view to improve the understanding of 

ocean dynamics, rather than testing the capabilities of the 

off board hardware and software and limitations of 

tomography (Worcester et al., 1991). 

Currently, studies are underway for integrating 

tomographic data with measurements from free-drifting 

sensors, survey ships and conventional instruments moored at 

sea (Cornuelle and Howe, 1987). Efforts are simultaneously 

on to reduce the cost of tomographic methods, perhaps 

using drifting buoys positioned with precision by satellite 

navigation and telemetering data via satellite 

communication. 

In short, acoustic tomography has been successfully 

9 



employed to study a variety of ocean features: mesoscale 

eddies (Cornuelle et al., 1985 and Chiu et al., 1987), 

currents (De Ferrari et al., 1986 and Ko et al. 1989), 

internal waves (Platte and Stoughton, 1986), barotropic 

motions (Bushong, 1987) and estimation of sea surface wave 

spectra (Miller, 1987). Studies on surface wave - current 

interactions and surface wave - internal wave interactions 

(Watson et al., 1976 and Olbers et al., 1979) have also been 

made. 

Present study: 

In the light of the presentations made hitherto on the 

present day scenario of research in physical oceanography, 

the author through this presentation examines the 

feasibility for conducting studies, utilising acoustic 

characteristics of the Indian Ocean north of the equator, to 

monitor the time-space variability of the environment. As 

mentioned, the acoustic field programmes have been mostly 

carried out in the mid-latitude zones, except the Greenland 

Sea experiment in the high latitudes. The two water bodies 

in the north Indian Ocean, the Arabian Sea and the Bay of 

Bengal have several anomalous features compared to those 

oceanic regions similarly situated in a geographical sense 

in respect to the equator. Even these two water bodies 

respond differently for the monsoonal regimes. The North 

Equatorial Current is replaced by the Indian Monsoon Current 

during summer, and the Somali Current alternates with 
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seasons. The inflow of Persian Gulf and Red Sea waters 

present a complicated vertical structure of the water masses 

in the Arabian Sea. On the other hand, the fresh water 

discharges during the southwest monsoon season modify the 

great anti-clockwise circulation forced by the monsoon 

current in the Bay (Murty, 1990). In both the water bodies, 

the thermocline is seen at a depth of 100 to 200 m whereas 

the permanent thermocline in the mid-latitude regions is 

around 700 m. The basic purpose of the present investigation 

is to examine the suitability of these water bodies, Arabian 

Sea (Fig. 1.2) - a dynamically active and oceanographically 

important body under the influence of the seasonally 

reversing monsoon systems - in particular, for studies using 

acoustic propagation techniques. Some features of the Bay of 

Bengal to bring out the differences and similarities are 

also included. This work forms part of the investigations - 

"Development of acoustic techniques for the collection of 

real time oceanographic data" - underway at the National 

Institute of Oceanography. Fig. 1.3 provides description of 

the studies on the theoretical front under OAT problem. 

Starting 	with 	the 	environmental 	and 	acoustic 

characteristics of the waters of the Arabian Sea, the 

space-time variations in the sound speed field are examined 

for use in the model simulations, involving development of 

methods and software, to obtain the most plausible 

source-receiver configurations enabling fuller coverage of 

ocean interior and also as input information for the conduct 



of field experiment. Successful reconstruction of the sound 

speed profile using inverse methods provides adequate 

logistics to further the use of the acoustic methods to 

monitor the environmental variability over short as well as 

long time scales. The present study has been accordingly 

organized as presented below. 

Review of the hydrography of the Arabian Sea is 

presented in chapter 2 to provide the basic requisite 

information. The acoustic characteristics of the study area 

are presented in chapter 3. Some aspects of the forward 

problem such as the ray path stability under different 

hydrographic conditions, bathymetry etc., and derivation of 

the data kernel are presented in chapter 4. Chapter 5 gives 

the results of inversion and chapter 6 summarizes the above 

studies with comments for further work. Details of the 

algorithm used for sound speed computations, the 

mathematical formulation of the forward and inverse problem 

are appended at the end in Annexures 1, 2 and 3 

respectively. A comprehensive list of citations and some of 

our published papers are also included. 

In the following chapter, we present a review of the 

hydrographic fields based on archived data, season-wise. We 

also examine the seasonal and annual variability in 

temperature and salinity, in relation to the sound speed 

field, in order to assess the possible effect on acoustic 

propagation. 
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Legend to figures 

Fig. 1.1 a) Sound speed profiles along 72 °E section showing 

variation of sound channel in the meridional 

direction, b) a typical ray path along the section. 

Fig. 1.2 Study area with bathymetry. Numbers indicate depth 

in kilometers. 

Fig. 1.3 Flow chart showing studies under OAT simulation. 
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CHAPTER 2 

2. PHYSICAL OCEANOGRAPHY OF THE ARABIAN SEA 

2.1 Introduction 

2.2 Physiography 

2.3 Watermasses and T-S relationship 

2.4 Surface winds, currents and circulation 

2.5 Distribution of temperature and salinity 

at the sea surface 

2.6 Seasonal variation of temperature along selected 

meridional (65 °E), and zonal (10° N and Equator) 

sections. 

2.7 Seasonal variation of salinity along selected 

meridional 65 °E), and zonal (10 °N and Equator) 

sections. 

2.8 Intra-seasonal and inter-annual variations 

2.9 Brief summary 

Legend to figures 
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2. PHYSICAL OCEANOGRAPHY OF THE ARABIAN SEA 

2.1 Introduction: 

The temperature and salinity fields at the sea surface 

and at depths in the Arabian Sea respond and adjust them 

selves to the influence of the seasonally reversing 

monsoons. Further, the penetration of the Persian Gulf and 

the Red Sea water and the inflow of the Antarctic waters at 

greater depths determine the temperature and salinity 

fields. The thermohaline features govern the nature of sound 

speed profile, while the degree of variability in space and 

in time depends on the meso-scale dynamical features 

prevailing in the medium. Bathymetric features attain equal 

importance while analysing the acoustic propagation. In this 

chapter, we present a brief review of the climatological 

characteristics of this water body and also present some 

salient aspects of the hydrography to provide basic 

information needed for the acoustic propagation studies. For 

this, the hydrographic data along one meridional and two 

zonal sections have been examined to study the extent of 

spatial and temporal variations based on Levitus 

climatological data. Further, we have examined the spatial 

and temporal variations along 15°  N in the eastern Arabian 

Sea to understand the magnitude of the seasonal and annual 

variations of temperature and salinity structures based on 

data collected on board RV Gaveshani during summer (May/June 

1979; April 1983) and winter (Feb. 1980). 
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2.2 Physiography: 

The Arabian Sea, with a surface area of 3.9 x 10 12 sq.m. 

and a mean depth of 2,734 m, lies in the north-western 

sector of the Indian Ocean. Two regional seas - the Persian 

Gulf and the Red Sea - join the Arabian Sea (Fig. 2.1) 

through the straits of Hormuz and the Bab-el-Mandeb. The 

bathymetry features of import of this oceanic region include 

an equatorward increase in the water depths upto 4500 m; 

presence of a mid oceanic ridge - the Carlsberg ridge; a 

semi-continental submarine plateau along 73°E meridian (from 

the Chagos Islands and extending to the southwest Indian 

shelf through the Maldives and the Laccadives), and a deep 

submarine canyon off the mouth of Indus river (Fairbridge, 

1969). 

2.3 Watermasses: 

The watermass distributions (Fig 2.2) in the Arabian 

Sea have been intensively studied (Gallagher, 1963; Sharma, 

1976; Sastry et al., 1972 & 1986; and Premchand et al., 

1982, 1986). Watermasses of the Red Sea and the Persian Gulf 

origin enter the Arabian Sea from the southwest and 

northwest respectively and occupy, together with Arabian Sea 

watermass, the bulk of the top 1000 m layer. The excess of 

evaporation over precipitation in the Red Sea and the 

Persian Gulf regions gives rise to salinity values exceeding 

40 ppt and leads to the formation of watermasses in those 

16 



regions. 

Considerable information on the spreading of these 

watermasses in the Arabian Sea could be obtained from 

Oceanographic atlases (Wyrtki, 1971). Lateral and vertical 

diffusion and slow, lateral advection have been identified 

as the principal, dynamical processes controlling the 

observed spread of these watermasses (Bennett, 1970). 

The relatively high surface temperature of the Arabian 

Sea is not conducive for formation of deep or bottom 

watermasses despite the presence of high salinities and the 

origin of the the deeper waters (below 1000 m) could, 

therefore, be traced to regions as far south as Antarctica 

(Warren et al. 1966). However, it is of interest to know 

that the temperatures and salinities are highest in the 

northwest Arabian Sea compared to any corresponding level in 

the entire Indian Ocean. This is primarily due to the impact 

of the outflow of the warm, saline waters of the Persian 

Gulf and Red Sea origin (Wyrtki, 1971). 

2.4 Surface winds, currents and circulation: 

Winds: 

Climatologically, the Arabian Sea experiences reversing 

wind systems (Fig. 2.3a). The semi-annual, periodic reversal 

of these winds become very striking when one examines the 

seasonal variability. The southwest monsoon winds blow in 

strength from June through September while relatively weaker 
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and short-duration northeast monsoon winds prevail from 

December through March. The seasonal differences become 

noticeable particularly off the coasts of Somalia and Arabia 

(Bruce, 1968). Many researchers have examined the 

characteristics of these winds, over this area, in the past 

as a part of investigations taken up at multi-national 

level. Suffice it to mention that the horizontal and 

vertical extent of the monsoon regime and the associated 

changes in the oceanography of this area have been discussed 

in great detail by Duing (1970). 

Currents: 

Seasonally reversing currents such as the Somali 

current and the North Equatorial Current (NEC) are 

significant in this region. During the northeast monsoon, 

water movements (Fig. 2.3b) to the north of Equator from 

east to west, form the northeast monsoon current (Wyrtki, 

1973a). This current sets in by November and attains peak 

form by February before subsiding during April. From 

November to January a branch of this current turns north and 

flows along the west coast of India carrying low salinity 

waters of the Bay of Bengal to the eastern Arabian Sea. The 

northeast monsoon drift appears to be rather shallow and 

exert little influence on the waters below the thermocline. 

Off the coast of Somalia, the water moves south and 

crosses the Equator before forming part of the Equatorial 

Counter Current (ECC). In November and December the ECC 
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flows along either side of the Equator - between 3 °N to 5°S. 

From January through April, the ECC shifts further south 

upto 10° S. 

The Somali Current flowing north (maximum speed 

recorded 3.5 ms-1  , Swallow et al., 1966) along the African 

coast dominates the surface circulation with the onset of 

the southwest monsoon. This current feeds the clockwise gyre 

to the northeast upto the coast of India before merging with 

the southwest monsoon drift current (Duing, 1970; Wyrtki, 

1973a) or Indian Monsoon Current - IMC (Molinari et al., 

1990) flowing east between 5 °N and 10°N. The ECC shifts 

northward and joins the IMC. 

The more vigorous oceanic circulation during southwest 

monsoon causes not only the development of a strong western 

boundary current - the Somali Current - but also intense 

upwelling in several places. The baroclinic structure 

noticeable along the coast of Somalia extends to 1000 mi  

A narrow jet-like surface current flowing eastward 

prevails along the equator during the transition periods 

viz., March-April and October-November (Wyrtki, 1973b). This 

jet influences the water structure by removing water from 

the west and accumulating on the east - a feature that 

contributes to changes in the thickness of the surface mixed 

layer. 
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Circulation: 

Maps of dynamic topography of the ocean surface during 

the winter and late summer periods (Figs. 2.4a-b) present 

two anticyclonic gyres (Perry and Walker, 1977) during the 

northeast (NE) period, in the regions off Somalia and the 

central Arabian Sea. These are replaced by cyclonic gyres 

during the southwest (SW) period. 

Satellite imageries of Arabian Sea, 	show eddy 

circulation at surface level. These eddies intensify and 

persist locally during the southwest monsoon dominated by 

upwelling along the Arabian coast. The signatures of the 

resulting cold, upwelled waters extend to areas as far as 

the coast of India. 

Eddies with horizontal dimensions of 200 to 500 km, 

vertical extent of few hundreds of meters, with typical 

speed of 20-30 cm/s have been reported (Swallow, 1983) in 

the Arabian Sea. Sub-surface mesoscale eddy-like features 

observed in the Somali Basin have a very distinctive 

watermass characteristics and contribute significantly to 

the large salinity variance in the intermediate layers 

(Quadfasel and Schott, 1982). Large parts of the Somali 

Current are recirculated in an intense eddy, the center of 

yhich lies about 300 km off shore. This elongated elliptical 

eddy, stretching over 1000 km and parallel to the coast 

(Duing, 1970), forms part of the system of eddies in the 

Arabian Sea connected with the dynamics of the monsoon gyre. 
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2.5 Distribution of temperature (T) and salinity (S) at the 

sea surface: 

Temperature: 

Maps showing the spatial distribution of temperature in 

the Arabian Sea at the sea surface have been constructed 

using environmental data (Levitus, 1982) for late winter 

(February, March and April) and summer monsoon (August, 

September and October) periods. 

Over most parts of the Arabian Sea, the temperature 

(Fig. 2.5a-b) distribution exhibits bimodality (Wooster 

et al., 1967 and Colborn, 1975). This (bimodal) nature 

results from the monsoonal reversal of surface winds, 

barring the areas of the Persian Gulf, the northern Arabian 

Sea (north of 25°N) and the southeast corner (south and east 

of 5°N and 65°E), where only summer maximum exists. 

During winter, 	the isotherms (Fig. 	2.5a) trend 

generally in a northeast-southwest direction with 

temperature less than 25.5 °C in the northern part. In the 

southeast corner waters warmer than 29 °C occur. Over the 

northern Arabian Sea the lowest temperatures result from 

evaporative cooling under the influence of prevailing cold 

and dry northeasterly winds. 

During summer; pronounced low temperatures (Fig. 2.5b) 

indicating cooling in the western half of the basin result 
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from vertical advection (upwelling) along the western 

boundary influenced by strong winds. Further, the isotherms 

show a trend in a near north-south direction when compared 

to winter pattern. 

Salinity: 

The salinity distribution (Figs. 2.5c-d), controlled by 

the balance of evaporation over precipitation, as expected, 

presents values greater than 36 ppt throughout the year and 

over most of the region north of 10 °N. 

During winter, the salinity (Fig. 2.5c) values exceed 

35.4 ppt with the exception of southeast corner with values 

below 35 ppt. Low salinity ( < 34.5 ppt) water transported 

by the North Equatorial Current into the Arabian Sea also 

could be observable. 

During summer, highest salinities are found over the 

central Arabian Sea (Fig. 2.5d). From this zone the values 

decrease radially. Low salinities are found off the 

southwest coast of India. 

2.6 Seasonal variation of temperature along selected 

meridional and zonal sections: 

The variability of these two parameters within the 

upper 1000 m column in the form of typical distributions 

(Fig. 2.6 to 2.11) along the meridional and zonal sections 

are detailed below. 
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Meridional section: 

Mi (along 65 °E): 

The thermal structure shows, a gradual decrease of 

surface temperature from 28 °C at 5°N to 24 °C at 24°N in 

winter (Fig. 2.6a) and by 2 °C from 28 °C near the Equator to 

26°C at 24°N in summer (Fig. 2.6b). This variability 

reflects the process of winter cooling over the northern 

Arabian Sea as against the decrease in temperature during 

summer. South of 10 °N, the thermocline is strong. Below 200 

m the isotherms tilt downwards towards north, more 

prominently during winter giving rise to appreciable 

horizontal temperature gradient. The sloping up of isotherms 

towards the equator suggests the vertical advection of cold 

waters from deeper depths The influence of warm intermediate 

watermasses could be noticed north of 15 °N and below 200 m 

depth. 

Zonal sections: 

Zi (along 10 °  N): 

The thermal structure (Fig. 2.7a) during winter shows 

an increase in surface temperature by 2°C from 26 °C off 

Somali coast (51 °E) to 28 °C off the southwest coast of 

India. The isotherms exhibit an upward slope towards east 

below 300 m depth. 
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During summer, (Fig. 2.7b) the surface temperature 

varies between 23 °C off Somali coast and 27°C in the east. 

The isotherms deepen in the central part of the section. The 

upward sloping isotherms in the west suggests the presence 

of northward flowing Somali current. 

Z2 (along Equator): 

Variation of temperature takes place from west to east 

by 1 °C at the surface in winter (Fig. 2.8a) and 2 °C in 

summer (Fig. 2.8b). Below 50 m, the thermal structure does 

not exhibit appreciable variability. The pattern of 

isotherms remains horizontal throughout the section in 

contrast to section along 10 ° N. 

2.7 Seasonal variation of salinity along selected 

meridional and zonal sections: 

Meridional section: 

MI. (along 65 ° E): 

Along this section during winter (Fig. 2.9a) surface 

salinity increases from 34.9 ppt at 4 °N to over 36.3 ppt at 

24°N with sharp variations between 7 °  and 15 °N. The salinity 

decreases with depth in the region north of 10 ° N, while a 

subsurface salinity maximum forms between 100 and 200 m 

depth south of 10 °N. In the depth range of 600 m to 800 m, a 

weak salinity maximum representing the Red Sea watermass 
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occurs at 4°N. Between 8 °N and 15 °N, the vertical mixing 

between the Persian Gulf watermass and the Red Sea watermass 

gives rise to a 400 m thick isohaline layer in the depth 

range 400 and 800 m. This isohaline layer incidentally, 

presents large horizontal temperature gradients (Fig. 2.6a). 

During summer (Fig. 2.9b), the surface salinity 

increases rapidly from 35.2 ppt at 2 °N to 36.3 ppt at 12 °N. 

Between 5°  and 7°N, thick surface homogeneous layer 

extending upto a depth of 175 m develops. While a subsurface 

salinity maximum occurs south of 5 °N, salinity decreases 

gradually with depth north of 7 °N. Below 200 m depth the 

salinity structure becomes identical to that of winter. 

Zonal sections: 

Z1 (along 10°N): 

The salinity structure during winter (Fig. 2.10a) shows 

the presence of low salinity waters in the upper 100 m, east 

of 71 °E, and subsurface salinity maximum ( > 35.7 ppt) 

centered around 100 m depth between 58 ° and 68°E. The depth 

of the salinity maximum deepens eastward from 100 m at 66 °E 

to 200 m at 73 ° E. The southward advection of high salinity 

waters formed at the surface of the northern Arabian Sea 

during winter gives rise to subsurface salinity maximum 

within the halocline. At depths below 200 m, one would 

notice a gradual decrease of salinity towards east. 
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During summer (Fig. 2.10b) the pattern differs from 

that of winter. A surface salinity maximum of 36.3 ppt is 

obtained around 66 ° E. The variations at the surface are 

rapid towards east and the isohalines exhibit a trough like 

structure. 

Z2 (along Equator): 

During winter (Fig. 2.11a) low salinity waters could be 

seen in the upper 50 m in the region east of 70 °E. Towards 

west, surface salinity gradually increases to 35.2 ppt at 

50°E. An interesting feature is the presence of a broad 

subsurface high salinity water between 50 °  and 65°E. Below 

300 m, the salinity variations in the horizontal as well as 

vertical are very less. 

During summer along the section (Fig. 2.11b), slight 

increase to 35.3 ppt in the subsurface salinity maximum is 

noticed compared to that during winter. 

Most of the tomographic studies consider a basic or 

reference state from which the deviation either in travel 

time or intensity of signals are examined. In a similar 

manner, we need to have a reference state of the 

oceanographic fields. In order to assess the magnitudes of 

these variations, anomalies (Fig. 2.12 a & b) obtained 

through subtraction of data of one season (winter) from the 

other (summer) have been examined. In this, the summer 

conditions represent the reference state. 
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Section MI: 

The seasonal variability is appreciable in the upper 

500 m. In the spatial domain, temperature depicted strong 

+ ve anomaly (decrease) in the upper layers and a weak -ve 

anomaly (increase) in the deeper layers. South of 7 °N, a 

positive anomaly of 1 °C is centered around 75 m depth. 

Between 7 and 17° N, the intensity increased (to 2 °C) and 

shifted to 100 m. North of 20 °N, surface layers exhibit a 

strong + ve anomaly of 3 °C close to the surface and a - ve 

anomaly (upto 2 ° C) below 100 m. Seasonal changes in salinity 

are limited to upper 200 m between 2 °N and 14°N. 

2.8 Intra-seasonal and inter-annual variations: 

Here it is emphasized that the magnitudes of 

variations presented above are based on seasonal mean data 

sets and as such the fine structure is smoothened out during 

the course of averaging. Any experimental set up should take 

into consideration the extreme values and to a large extent 

this condition may be met from data collected on individual 

coverages. Thus we consider, the hydrographic data collected 

along 15 °  N in the east central Arabian Sea. The data 

presented here has been collected on board RV Gaveshani. 

The temperature and salinity distribution during summer 

(May/June 1979) and winter (Feb. 1980) are presented in Fig. 

2.13 a,b and Fig. 2.14 a,b respectively. The corresponding 
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variations in temperature and salinity are shown in Fig. 

2.15a,b. 

A characteristic feature of the thermal structure along 

15 °N during the May/June (before the onset of SW monsoon) is 

the presence of warm surface water (29 °  - 30 °C) with a 

decreasing trend towards the coast (eastward) and an upward 

tilt of isotherms prevailing upto 1000 m depth (Fig. 2.13a). 

During February 1980, the surface temperatures showed a 

decrease towards offshore (westward). In the thermocline 

layer isotherms slope downward towards the east. 

During May/June 1979 the salinity in the surface layers 

varied between 36.6 ppt and 36.2 ppt with a decrease towards 

east. The corresponding variations during February 1980 are 

between 36.2 ppt and 35.2 ppt with a decrease towards the 

coast (east). 

Seasonal changes in the surface temperature (Fig. 

2.15a) are characterized broadly by a positive anomaly 

(decrease by over 2 °C in the west and about 1 °C in the 

east). In the thermocline, a decrease (by about 4 ° C) in the 

open ocean region and an increase (by about 8 °C) towards the 

coast are noticed in the upper 250 m. The seasonal changes 

in salinity (Fig. 2.15 b) are limited to the upper 200 m. 

The implication of such large variations in the temperature 

and salinity fields on sound speed profile could be 

significant and may distort the ray path geometries 

considerably. These aspects are examined later. 
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Inter-annual variations: 

The thermal structure along 15 °N (680-720E) during 

April 1983 (Fig. 2.16a) showed an upward tilt towards east 

similar to the pattern seen in May/June 1979 (Fig. 2.13a). 

Though the surface temperatures are relatively lower than 

the former, the isothermal pattern is similar, indicating 

the possibility of gradual warming that can take place 

between April and May. The salinity structure between 

500-700 m on the eastern side (Fig. 2.16b) indicates high 

salinity water as seen by the 35.6 ppt isohaline. 

The surface temperature variations between 1979 and 

1983 for the premonsoon period show a decrease by about 2 ° C. 

The magnitude of these variations decrease with depth. The 

thermocline region is characterized by the presence of 

positive and negative anomalies alternately though the 

strengths varied. The variations in salinity are negligible 

excepting a small feature centered around 71 °E at a depth of 

100 m (decrease by 0.6 ppt). 

2.9 Brief summary: 

During summer, under -  the influence of the southwest 

monsoon, pronounced surface cooling takes place in the 

western Arabian Sea off the coasts of Somalia and Arabia due 

to vertical advection (upwelling) and high evaporation. The 

isotherms tend more nearly north-south with minimum values 

(< 23°C) in the upwelled region. During winter, surface 

29 



isotherms extend generally southwest to northeast with lower 

temperatures ( < 25°  C) in the northwest and higher 

temperatures ( > 27 °C) in the southeast. 

While the temperature variations at the sea surface 

exhibit a northward decrease by about (2°C), the deeper 

layers show an increase towards north, due to the formation 

of a strong thermocline in the southern Arabian Sea (south 

of 10 °N) as against a weak thermocline in the north. Below 

200 m, appreciable horizontal gradients in the north-south 

direction prevail with warmer waters in the northern region. 

This feature is seen throughout the water column. 

The surface salinity of the Arabian Sea is controlled 

by the balance of evaporation and precipitation, and lateral 

advection from regions of high or low salinity. Surface 

salinity increases from south to north from about 35.2 ppt 

near the equator to 36.4 ppt north of 17 °N. Values greater 

than 36 ppt are found throughout the year over most of the 

Arabian Sea north of 10 ° N. Lowest surface salinities ( < 34 

ppt) are common in the southeast. These low salinity waters 

from eastern side of India are transported into the Arabian 

Sea by the North Equatorial Current from November to March. 

While salinity showed a decrease with depth in the region 

north of 10 °N, a subsurface salinity maximum forms between 

100 and 200 m in the southern part. Spatial changes extend 

to even deeper layers. 

An examination of the seasonal variation of temperature 
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from summer (May/June 1979) to winter (February 1980) and 

annual variation as compared to April 1983 (early summer) 

indicated that these changes are limited to the upper 250 m. 

While the seasonal changes in the near surface layers varied 

between 1 - 2°C with higher values on the western side, 

maximum variations occured in the thermocline with 4°C on 

the western side and 8 °C in the region of 72°E. The 

magnitudes of the annual variations are with in 2 °C and the 

anomalies are positive indicating that by May/June the 

magnitudes might decrease further in the presence of warming 

during April and May. Thus one can resonably conclude that 

the oceanographic fields are cyclic annually. Seasonal 

changes are highest (maximum) while small positive and 

negative changes may occur annually. 

This analysis underlines the importance of spatial and 

temporal variability and as such point towards the need for 

continuous monitoring. Towards this end, following the lines 

indicated in chapter 1, the studies 'executed to examine the 

acoustic characteristics of these waters are detailed in the 

following chapter. 
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Legend to figures 

2.1 Sections used for the analysis 

Mi - meridional section along 65 °E, from Equator to 25 °N 

Zi - zonal section along 10 °N, from 51 °E to 76°E 

Z2 - zonal section along the Equator, from 48 °E to 78°E 

IS & IA - zonal section along 15 ° N, from 68°E to 74°E 

(IS - intra-seasonal; IA - inter-annual). 

2.2 T-S characteristics (Source: Sastry et a/., 1972). 

2.3 

	

	(a) Surface winds during summer and winter. 

(source: Perry and Walker, 1977). 

(b) Surface currents during summer and winter. 

(Source, Molinari et al., 1990) 

Abbreviations are GW, Great Whirl; IMC, Indian Monsoon 

Current; SC, Somali Current; SEC, South Equatorial 

Current; NEC, North Equatorial Current; ECC, Equatorial 

Counter Current; EJ, Equatorial Jet (observed in spring 

& fall). 

2.4 Dynamic heights relative to 1000 db level surface 

during (a) northeast monsoon, and (b) southwest 

monsoon. 

(source: Perry and Walker, 1977). 

2.5 Distribution of temperature (a & b) and salinity 

(c & d) at the sea surface during winter and summer. 

2.6 Seasonal variation of temperature along section Mi 

(65°E) during (a) winter, (b) summer. 
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2.7 Seasonal variation of temperature along section Zi 

(10°N) during (a) winter, (b) summer. 

2.8 Seasonal variation of temperature along section 22 

(Equator) during (a) winter, (b) summer. 

2.9 Seasonal variation of salinity along section Mi (65 °E) 

during (a) winter, (b) summer. 

2.10 Seasonal variation of salinity along section Zi (10 °N) 

during (a) winter, (b) summer. 

2.11 Seasonal variation of salinity along section Z2 

(Equator) during (a) winter, (b) summer. 

2.12 Seasonal changes in temperature (a), and salinity (b) 

along section Mi (65°E) between summer and winter. 

2.13 Distribution of temperature (a), and salinity (b) 

along 15°N in the eastern Arabian Sea during May/June 

1979. 

2.14 Distribution of temperature (a), and salinity (b) 

along 15°N in the eastern Arabian Sea during February 

1980. 

2.15 Seasonal changes in temperature (a), and salinity (b) 

along section 15°N in the eastern Arabian Sea between 

May/June 1979 and February 1980. 

2.16 Distribution of temperature (a), and salinity (b) 

along 15°N in the eastern Arabian Sea during April 

1983. 

2.17 Inter-annual variations in temperature (a), and 

salinity (b) along section 15°N in the eastern Arabian 

Sea between May/June 1979 and April 1983. 
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Fig.2.1 Sections used for the analysis 

M1 - meridional section along 65E from Equator to 25N 
Z1- zonal section along 10° N from 5I° E to 76°E 
Z2- zonal section along the Equator from 48°E to 78E 
IS a IA - zonal section along 15° N from 68° E to 74E 
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3. ACOUSTIC ENVIRONMENTAL CHARACTERISTICS 

3.1 Introduction: 

Sound waves are one of the four important and 

representative types of waves in fluids - the others being 

one-dimensional waves, water waves and internal waves. A 

wave or any other vibrating system involves a balance 

between a restoring force and the inertia of the system. In 

the case of sound waves, the restoring force balancing the 

fluid's inertia is provided by the fluids own 

compressibility and for this very reason the sound waves are 

considered as fundamental (Wille, 1986). They propagate 

independently of any external forces. 

Because the compressibility properties of the fluid are 

the same in all directions, sound propagation is isotropic 

(Lighthill, 1978). Compressibility implies that the density 

of a fluid element may change. In a sound wave, whenever a 

fluid element is being compressed, neighbouring fluid is 

doing work upon it and this work of compression adds 

internal energy to the element and so raises its 

temperature. 

A characteristic property of sound wave is that it 

permits transport of energy without any net transport of 

material. The passage of sound wave excites vibrations in 

water molecules and in the dissolved salts - there results 
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an exponential attenuation of acoustic energy with range. 

The equations governing the propagation of sound (c) in 

the ocean involve the compressibility of the fluids where 

the density is related to the temperature (T), pressure (p) 

and salinity (s) through an equation of state. 

c(T,p,$) = 4dp/dp(T,p,$) 	 ...(3.1) 

The variations of sound speed in the ocean are 

relatively small (1450 to 1550 m/s) and can be, therefore, 

measured directly (in-situ) using velocimeters or calculated 

using empirical formulae, given temperature, preSSUre and 

salinity at any location and any depth. 

Acoustic travel time is proportional to the integral of 

sound speed and the current along each ray path. As the wave 

propagates, the combined effects of refraction and 

diffraction progressively degrade the coherence of the wave 

front. This results in random fluctuations in amplitude and 

in widening of the received pulses. 

The distributions in time and in space of the 

temperature and salinity of the waters of a given oceanic 

body thus control the sound speed and its variability. At 

middle and equatorial latitudes, the sound speed decreases 

initially with depth because of decreasing temperature 

(cooling) but increases in the deeper ocean due to 

increasing pressure. The depth profile of sound speed over 
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most of the open ocean shows a minimum at a depth that 

varies with geographical location (typically around 1.5 km 

in the north Indian Ocean), forming a sound channel, also 

called a wave guide (Ewing and Worzel, 1948). This channel 

traps effectively the acoustic energy and facilitates the 

sound wave cycle through the water column. The sound waves 

refract downwards (to increasing• water depth) when 

propagating in the region of negative sound speed gradient 

and upwards in the region of positive gradient above and 

below the sound speed minimum. Sound can propagate over a 

great distance in this channel along wholly refracted paths 

where it suffers attenuation and loose energy through 

geometric spreading. This geometric spreading essentially is 

cylindrical, and the energy density decreases inversely with 

range. This fact, coupled with remarkably little attenuation 

at low frequencies ( < 300 Hz, Thorp, 1965) permits 

detection of sound waves over thousands of kilometers. 

A few investigators studied the sound speed structure 

of the Arabian Sea. The temporal and spatial distribution in 

terms of temperature-salinity relationships in the region 

north of 10°S (Fenner and Bucca 1972a & 1972b); sound speed 

structure limited to upper layers of the northern Arabian 

Sea (Seshagiri Rao et a1., 1974; Somayajulu et al., 1980) 

have been on the record - apart from the less comprehensive 

analysis of seasonal mean values of temperature, salinity 

and sound speed along with their variances at each of the 

standard oceanographic depths in different provinces of the 
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western Indian Ocean by Colborn, 1976. 	The waVeguide 

characteristics of the waters of the north Indian Ocean have 

been analysed by Somayajulu et al. (1992); Prasanna Kumar et 

al., (1992). These studies have shown that the vertical 

coverage by the refracted rays would be confined to the 

water column between the bottom and the depth - conjugate 

depth - below the sea surface having the sound speed equal 

to that at the sea bottom. In the Arabian Sea, this 

"conjugate depth" presents variations from 300 m in the 

northern part (where the lower bound of the sound channel 

shallows) to 75 m in the southwestern region. 

Herein, we present the acoustic properties of the 

Arabian Sea in relation to the oceanographic fields 

presented in chapter 2. 

3.2 Data and methodology: 

The annual and seasonal mean values of T and S (chapter 

2) form the base for computation of sound speeds. 

The empirical relation for sound speed in sea water 

based on laboratory measurements, developed by Chen and 

Millero (1977) and accepted by the International community 

as the standard for sound speed computations (Fofonoff and 

Millard, 1984) has been made use for the study of the nature 

and characteristics of sound in the waters of the Arabian 

Sea. A recent study (Spiesberger et al., 1991a), however, 

revealed better consistency of the experimentally measured 

38 



travel times of sound waves with those predicted using Del 

Grosso Formulae (Del Grosso, 1974). 

3.3 Sound speed profiles for different regions: 

Considering the spatial variability of the waters of 

the Arabian Sea, the area of study has been divided into six 

regions. The sound speed profiles for each of these regions 

have been presented in Fig. 3.1. The profiles reveal the 

spatial variability extending to depths of 2000 m. The 

profiles from the southern region (G-1 and G-2) represent 

the open ocean conditions and the influence of the Indian 

Equatorial Water mass (IEW). Near the Red Sea (G-3) the 

profile shows the presence of warm, saline water in the form 

of a tongue between 500 - 1000 m. Similar feature, though of 

a lesser magnitude, could be noticed in the southwest (G-1). 

The grid-wise reference sound speed profiles (G-1 to G-6) 

for the summer and winter seasons are presented in tables 

3.1 and 3.2. 

3.4 Sound channel characteristics: 

One important and salient feature of the vertical sound 

speed profile in the Arabian Sea is its depth limited nature 

wherein the sound speed at the sea surface is higher than 

that at or near the bottom. This has an important 

implication on energy propagation. Due to the limitation of 

depth, the acoustic rays from a transmitter propagate in the 



medium by undergoing refraction at the upper bound (below 

sea surface) and reflection at the lower bound viz., sea 

bottom Fig. 3.2). Thus propagation of acoustic energy takes 

place via the refracted bottom reflected (RBR) mode of 

propagation wherein the bottom interaction effects become 

dominant. 

The depth of the sound channel axis and the sound speed 

at the axis for the Arabian Sea and the Bay of Bengal are 

analysed and shown in Figures 3.3 and 3.4. While these 

distributions reveal a gradual increase in the depth and the 

axis sound speed towards north in the Arabian Sea, Bay of 

Bengal does not present such features. On the contrary, 

bands of highs and lows are noticed. In general, the 

magnitudes of both axis depth and the corresponding sound 

speed in the case of the Arabian Sea are higher compared to 

the Bay of Bengal. We present these features to emphasize 

that each water body has to be carefully examined for its 

hydrographic and acoustic properties before embarking on 

field experiments. 

In the Arabian Sea, the depth of the axis (Fig, 3.3 a) 

varies between 1400 m to little over 1800 m with a gradual 

deepening towards north. North of 15 °N, the depths are 

uniform ( >1800 m) while south of 5 °N, the axis exhibits 

greater variability (over 300 m). The sound speed 

corresponding to the axis (Fig 3.3b) also shows gradual 

increase towards north though the spatial variations are 

limited to 3.5 m/s. Deep axial depths ( > 1800 m) and sound 
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speeds ( >1495 m/s) prevail in the region of Gulf of Aden 

and the northern Arabian Sea (Prasanna Kumar et al., 1992). 

The salient features of the acoustic wave guide in the 

Arabian Sea are: 

i) variation of axial depth from = 1400 m to = 1850m, 

ii) variation of axial sound speed from = 1492 m/s to 

= 1496 m/s (This variation is equivalent to a change in 

water temperature of 1 °C), 

iii) occurrence of the deep axial depth and high axial sound 

speeds in the north, 

iv) occurrence of the low axial sound speed and shallow 

axial depth in the southeastern region, 

v) variation of the conjugate depth from 75 m in the 

southwestern Arabian Sea to 300 m in the northern 

reaches. 

3.5 Seasonal variation of sound speed along select  

meridional and zonal sections: 

Meridional section : 

The sound speed structure along section Mi (65 ° E), for 

both winter and summer shows a gradual decrease towards 

north (Fig. 3.5 a-b) in the surface layer. The variation is 

6 m/s from 1540 m/s to 1534 m/s during winter while it is 2 

m/s from 1540 m/s to 1538 m/s during summer. The closely 

packed iso-tach structure in the thermocline region and 

below 200 m depth significantly slope downward towards 
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north. 

Zonal sections : 

Sound speed structure during winter along Zi (10°N) 

show increasing magnitudes of about 5 m/s from 1537 m/s to 

1542 m/s towards east in the near surface layers (Fig. 

3.6a). The contours in the thermocline layer are smooth and 

straight during winter months. Below 300 m an upward tilt is 

seen towards east. 

During summer, an increase of about 10 m/s from 

1530 m/s to 1540 m/s is noticed (Fig. 3.6b) from west to 

the east. The iso-tachs deepen in the center of the section 

in the thermocline layer forming a trough like feature. 

Below this layer, the contours exhibit an upward slope 

towards the east. 

The section along the equator displayed very little 

change from west to east ( < 4 m/s) during both the periods 

(Fig 3.7 a-b). The pattern of the contours in the 

thermocline region remain more or less parallel and exhibit 

any significant spatial changes between winter and summer. 

3.6 Annual mean distribution of sound speed along a 

meridional section: 

The vertical sound speed structure along longitude 65 °E 

(Fig. 3.8) show considerable north-south variability. South 

of 10 ° N the contours are closely packed in the vicinity of a 
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strong thermocline while in the north a vertical spread is 

seen indicating lower magnitudes of gradients. Below this 

layer horizontal gradients are appreciable as seen from the 

slope of the contours which is appreciable throughout the 

water column. A close look at the minimum sound speed layer 

indicate a gradual deepening of the sound channel axis 

toward north. 

3.7 Annual mean  distribution of sound  speed along zonal  

sections: 

Along 10°N (Fig.3.9) surface sound speed increases by 

about 5 m/s towards east followed by a rapid decrease in the 

thermocline as evident from closely packed isovelocity 

lines. Below 200 m an upward tilt of the contours is seen 

towards east which extends upto a depth of 2000 m. 

Along the equator (Fig. 3.10) the variations in sound 

speed are minimum (about 3 m/s) with lower values prevailing 

on the western side as seen by the upward tilt of the 

contours. In general, the contours run smooth and straight 

with sharp gradients in the thermocline. The channel depth 

also does not exhibit any appreciable change along the 

section. 
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3.8 Analytical representation of sound speed profile: 

Munk (1974) had put forward the canonical theory for 

the vertical structure of the sound speed distribution. If a 

mathematical description could be formed for the sound speed 

profile, acoustic propagation studies could be attempted 

more elegantly. We have examined the sound speed profiles in 

the northern Indian Ocean and developed an analytical form 

following the work of Munk (1974). 

In this section, we examine the suitability of using an 

analytical sound speed profile. Accordingly, we estimated 

the stratification scale i and the perturbation 

coefficient c for constructing the sound speed profile in 

the canonical form. 

The temperature and salinity at all standard 

oceanographic depths are used to compute the sound speeds 

and depending on the type of sampling - discrete or 

continuous - the weighted parabolic or cubic spline 

interpolations are used respectively to obtain interpolated 

sound speeds at closer depth intervals ( 10 m) to 

determine precisely the depth of the channel axis (z 1 ) and 

the corresponding sound speed (c i ). The upper and lower 

bounds of integration for the integrals are determined for 

computation of the stratification scale 'B' and the 

perturbation coefficient 'c'. The canonical expression is 

given by 
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c(z) = c 1  [1 + c(7) + e 	1)] 
• 

(3.2) 

where n [ = 2(z - z )/ B ] is the dimensionless distance 

above sound channel axis. 

In the Arabian Sea, the acoustic wave guide forms below 

150 m solely due to the depth limitations. The central part 

of the Arabian Sea has an average depth of 4 km which is 

assumed as the lower bound. The sound channel model 

parameters used for the construction of the canonical 

(analytical) profile are shown in Table 3.3. 

A comparison of analytical sound speed profile with the 

one derived from hydrographic data is shown in Fig. 3.11. 

The broad features of the sound channel are reproduced by 

the canonical profile. However, for tracing the ray paths 

and for further analysis, this canonical profile will be a 

misfit. The observed variability in B and c indicates 

inadequacy of the canonical profile in reproducing the 

reference profile to the expected level of accuracy. This 

observation is in line with recent studies of Munk and 

Wunsch, (1987) who pointed out the difficulty in reproducing 

the sound speed profile by an analytic form as against the 

computed profile. 

We append our studies in Bay of Bengal in this regard. 
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3.9 Reference sound  speed profile: 

At this stage, we recall the attention to the flow 

chart in chapter 1 (Fig. 1.3) which shows various steps 

involved in the simulation of sound propagation needed for 

the tomographic experiments. One of the basic requirements 

is the construction of the reference sound speed profile. In 

order to attain this, the hydrographic data collected 

through various types of instruments (which give data either 

at discrete points or as continuous profiles) are processed 

and the fundamental data sets (T, S versus D) are prepared. 

From this, the sound speed profiles are derived using the 

Chen and Millero formulae (Appendix - 1). In order to 

examine the various components of variability, the empirical 

orthogonal function (EOF) analysis has also been carried 

out. Using the climatological data of Levitus, 

climatological (herein called reference) sound speed profile 

for the Arabian Sea has been constructed. This profile is 

essentially range -independent. We have also considered the 

seasonal mean climatological values at 1 °  intervals and 

these provide range dependent profiles. 

Using the procedures given in chapter 4 rays are 

constructed. In Fig. 3.12 the sound speed profile from the 

climatological data for grid-2 derived from Levitus datals 

compared with the sound speed profile derived from CTD 

prifile collected at random. Within the depth range of 250 m 

to 1500 m, there are minor deviations from one to the other. 

Below 1500 m, both the profiles are identical. So in the 
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case of upper layers, Fig. 3.13 gives the ray paths 

constructed using the mean Arabian Sea sound speed profile 

and the canonical or analytical profile fitted to the same 

profile as given in Fig. 3.11. Even though the rays are 

emanating at the same angle at the source, they are 

dissimilar and at the range of 300 km, the ray termination 

depths are quite different. The analytical profile gives a 

more or less uniform pattern of rays compared to that of the 

observed profile. The geometric paths, turning points and 

the ray termination depths have shown wide variations 

between these two cases as seen from Fig. 3.13 a,b. Table 

3.4 also presents the exact depths of the upper and lower 

turnings (UT and LT) and the termination depth of a ray 

(RID). For example, a ray emanating the source at 7 °  for the 

canonical and observed profiles has UT = 430 and 193 m; LT = 

2407 and 2803 m; RTD = 2244 and 2213 m respectively. This 

observation is in line with the recent studies of Munk and 

Wunsch who pointed out the difficulty in reproducing the 

sound speed profile by an analytical form as against the 

climatic profile. 

The reference sound speed profile presents bottom 

limited nature. The conjugate depth occurs around 150 m. 

This shows that the upper 150 m water column does not 

contribute to the focusing of sound rays that refract within 

the sound channel. The reflected rays with steep angles of 

emergence at the source, though scan this layer, get 

attenuated before reaching the receiver due to the large 
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attenuation losses involved. 

Refering to the earlier presentation on the variations 

of the hydrographic features from summer to the winter in 

section 2.8 (Fig. 2.12, 2.15 and 2.17), we find that 

seasonal changes in temperature and salinity are appreciable 

in the upper 250 m. From the climatic data, there could be a 

variation of about 8 to 10 m/s due to the temperature 

changes while the salinity changes contribute far less. Fig. 

2.15 gives a larger variation in the temperature field in 

the eastern and central Arabian Sea. The change in the 

corresponding sound speed profile could be as high as 30 m/s 

in the eastern Arabian Sea and about 15 m/s in the western 

side (69°E), even though in the central part of the section 

the changes are marginal. Since these changes penetrate to 

depths below the conjugate depth (150 m), the ray 

trajectories of the steep rays may get distorted. 

Figs. 3.14 a,b and 3.15 a,b show the ray paths 

constructed using range dependent mean sound speed profile 

for climatic data for summer and winter and from individual 

coverages for the same periods. An examination of the above 

ray plots suggest that the changes in the hydrographic 

parameters in the upper layers may effect the ray 

termination depth at the specified range. The number of 

turning points and hence the number of loops resulting from 

the fractional loop thereof may also change. 

Refering to the Table 3.2, the data presented in 
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columns 4 and 6 and 5 and 7 bring out the important aspects 

of the ray path structure. The Levitus data for summer and 

the one time observed coverage in May/June 1979 would 

naturally have small changes similar to that observed in 

Fig. 2.17 in which data from April 1983 is compared With 

data from May/June 1979. The upper and lower turning depths 

in the case of rays emanating upto 9 °  are similar even 

though in one case, the ray termination depth is well of 

the mark (for example, 
70 

ray). Comparing the winter 

profiles (columns 5 and 7), the upper and lower turning 

depths match very well. This leads us to conclude that when 

the changes in the temperature and the salinity fields are 

small, the ray path stability nearly exists. 

In the following chapter, details of the acoustic model 

leading to the numerical ray tracing, simulation, eigen ray 

search and ray parameter(s) estimation as a part of the 

acoustic forward problem are detailed. 
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Legend to figures 

3.1 Comparison of space time mean sound speed profiles for 

different regions (G-1, ..., G-6) of the Arabian Sea 

with the one representing the entire area. 

3.2 	Schematic presentation of sound rays in a bottom 

limited ocean. 

3.3 Spatial variation of (a) sound channel axis depth (m), 

(b) sound speed (m/s) at the axis in the Arabian Sea. 

3.4 Spatial variation of (a) sound channel axis depth (m), 

(b) sound speed (m/s) at the axis in the Bay of Bengal. 

3.5 Seasonal changes in sound speed along section Mi 

(65°E) during (a) winter and (b) summer. 

3.6 Seasonal changes in sound speed along section Zi 

(10°N) during (a) winter and (b) summer. 

3.7 Seasonal changes in sound speed along section Z2 

(Equator) during (a) winter and (b) summer. 

3.8 Annual mean distribution of sound speed along section 

Mi (65°E). 

3.9 Annual mean distribution of sound speed along section 

Zi (10°N). 

3.10 Annual mean distribution of sound speed along section 

Z2 (Equator). 

3.11 Comparison of canonical and observed sound speed 

profiles of the Arabian Sea. 

3.12 Comparison of sound speed profiles derived from 

i) CTD profiles ( 	) and ii) climatic data. 
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3.13 Ray diagrams constructed using climatic mean sound 

speed profile for the Arabian Sea (a) and canonical 

profile (b). 

Legend to table 

3.1 Grid-wise reference sound speed profiles (G-1 to G-6) 

for summer 

3.2 Grid-wise reference sound speed profiles (G-1 to G-6) 

for winter 

3.3 (a) 	Canonical sound channel parameters and (b) 

comparison of canonical sound speeds with the computed 

values. 

3.4 Comparison of upper and lower turning points (UT & LT) 

and ray termination depths (RTD) for selected rays. 
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Table 3.1 Grid-wise reference sound speed profiles 
(G-1 to G-6) for summer. 

0. 1538.62 1542.80 1540.33 1541.90 1544.60 1541.55 
10. 1538.65 1542.81 1540.09 1541.86 1544.21 1541.50 
20. 1538.63 1542.90 1538.69 1541.80 1541.87 1540.68 
30. 1538.47 1542.99 1536.47 1541.44 1537.89 1540.25 
50. 1538.11 1542.31 1532.05 1539.87 1531.17 1535.80 
75. 1536.87 1538.34 1528.74 1536.06 1528.39 1531.34 

100. 1532.88 1529.86 1525.85 1531.03 1525.24 1528.78 
125. 1526.85 1520.66 1523.18 1525.22 1523.34 1525.36 
150. 1520.69 1514.01 1519.56 1520.18 1522.30 1522.18 
200. 1510.00 1506.62 1514.61 1513.09 1519.76 1518.12 
250. 1505.14 1503.30 1512.04 1509.08 1517.65 1515.54 
300. 1502.49 1501.30 1510.14 1507.06 1514.68 1512.68 
400. 1500.35 1499.58 1508.56 1504.77 1510.54 1509.94 
500. 1499.66 1498.79 1506.96 1503.98 1508.28 1507.80 
600. 1499.67 1497.99 1506.44 1503.24 1506.57 1506.66 
700. 1499.25 1497.19 1506.26 1502.42 1505.54 1505.22 
800. 1498.47 1496.16 1505.07 1501.46 1504.22 1504.06 
900. 1497.59 1495.33 1504.22 1500.43 1503.18 1502.86 
1000. 1496.75 1494.74 1502.75 1499.48 1502.13 1501.77 
1100. 1495.88 1494.33 1501.31 1498.45 1501.00 1500.59 
1200. 1495.11 1493.86 1499.92 1497.48 1500.03 1499.45 
1300. 1494.38 1493.40 1498.70 1496.65 1498.92 1498.32 
1400. 1493.87 1493.14 1497.47 1495.81 1497.87 1497.26 
1500. 1493.44 1492.93 1496.41 1495.16 1496.94 1496.28 
1750. 1493.83 1493.83 1495.23 1494.00 1495.30 1495.30 
2000. 1494.78 1494.78 1495.78 1494.88 1495.40 1495.40 
2500. 1499.86 1499.86 1500.20 1500.10 1500.10 1500.10 
3000. 1506.91 1506.91 1507.01 1506.91 1507.01 1507.01 
4000. 1522.60 1522.60 1522.60 1522.60 



Table 3.2 Grid-wise reference sound speed profiles 
(G-1 to G-6) for winter. 

0. 1541.55 1543.45 1539.41 1541.19 1533.41 1535.73 
10. 1541.54 1543.48 1539.32 1541.14 1533.11 1535.35 
20. 1541.48 1543.48 1538.94 1541.13 1533.29 1535.20 
30. 1541.27 1543.23 1538.39 1541.12 1532.54 1535.84 
50. 1540.22 1542.36 1537.18 1540.71 1532.22 1535.14 
75. 1537.47 1539.21 1535.26 1538.95 1532.11 1533.56 

100. 1531.64 1532.29 1531.44 1534.64 1530.24 1531.84 
125. 1524.85 1523.40 1526.50 1527.88 1528.13 1529.83 
150. 1518.69 1516.52 1521.77 1522.16 1525.79 1527.10 

200. 1509.85 1507.91 1515.90 1514.34 1521.95 1520.29 
250. 1505.54 1504.05 1512.98 1509.63 1519.82 1516.74 
300. 1502.81 1501.90 1511.22 1507.39 1517.55 1514.10 
400. 1500.55 1499.82 1509.46 1505.11 1512.44 1510.15 
500. 1499.42 1498.86 1506.97 1503.99 1509.01 1508.00 
600. 1499.34 1498.07 1506.41 1503.50 1507.14 1506.63 
700. 1499.05 1497.30 1506.20 1502.84 1505.89 1505.40 
800. 1498.53 1496.57 1505.20 1501.90 1504.95 1504.36 
900. 1497.77 1495.83 1504.52 1500.96 1503.97 1503.38 
1000. 1496.87 1495.22 1503.00 1499.99 1502.90 1502.43 
1100. 1496.06 1494.74 1501.71 1499.06 1501.62 1501.34 
1200. 1495.19 1494.17 1500.32 1498.19 1500.36 1500.22 
1300. 1494.50 1493.86 1499.03 1497.42 1499.15 1498.96 
1400. 1493.91 1493.60 1497.77 1496.65 1498.06 1497.98 
1500. 1493.52 1493.29 1496.65 1495.90 1497.08 1497.04 
1750. 1493.83 1493.83 1495.23 1494.00 1495.30 1495.30 
2000. 1494.78 1494.78 1495.78 1494.88 1495.08 1495.08 
2500. 1499.86 1499.86 1500.20 1500.10 1500.10 1500.10 
3000. 1506.91 1506.91 1507.01 1506.91 1507.01 1507.01 
4000. 1522.60 1522.60 1522.60 1522.60 



(a)  
Z1= 1250 M 
C1= 1491.73 M/S 
B = 1.7555 
EPS = .01664 
UPPER BOUND = 160 M 
LOWER BOUND = 3050 M 

(b)  
DEPTH 	OBSERVED 	CANONICAL 
(M) 	SOUND SPEED SOUND SPEED 

100 1520.25 1525.63 
200 1503.29 1518.67 
300 1500.00 1512.75 
400 1498.39 1507.78 
500 1496.10 1503.65 
600 1495.40 1500.27 
700 1495.04 1497.55 
800 1494.33 1495.44 
900 1493.55 1493.85 
1000 1492.09 1492.74 
1100 1492.15 1492.06 
1200 1492.24 1491.75 
1300 1491.92 1491.78 
1400 1491.99 1492.11 
1500 1492.55 1492.71 
1600 1492.52 1493.55 
1700 1492.54 1494.61 
1800 1493.22 1495.85 
1900 1493.49 1497.27 
2000 1494.13 1498.84 
2500 1499.72 1508.44 
3000 1506.62 1520.02 

Table 3.3. (a) Canonical sound channel parameters, 

(b) Comparison of canonical sound speeds with 
computed values. 



Table 3.4 Comparison of upper and lower turning points (UT, LT) 

and ray termination depths (RTD) for five rays. 

Prof. UT/LT/ Canon. AS Lev. Lev. May/Jun. Feb. 
RTD prof. Ref. Sum. Win. '79 '80 

15°N 15°N 

UT 280 126 238 222 262 203 
90 LT 2733 3000 3365 3368 3337 3363 

RTD 2096 2184 3335 3363 3164 3313 

UT 430 193 540 456 590 316 
7°  LT 2407 2803 2880 2885 2884 2894 

RTD 2244 2213 2527 2883 1483 2345 

UT 578 388 1070 1195 1052 1079 50 LT 2122 2406 2475 2340 2470 2508 
RTD 2099 2186 1176 2331 1262 1132 

UT 712 714 1381 1562 1381 1550 30 
LT 1900 2098 2152 2157 2152 2157 

RTD 1897 750 1609 1564 1609 1555 

UT 800 932 1661 1707 1660 1700 
1 °  LT 1768 1786 1875 1915 1875 1915 

RTD 1763 1776 1834 1711 1832 1707 
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CHAPTER-4 



4. FORWARD PROBLEM - SIMULATION 

4.1 Introduction: 

In chapters 1, 2 and 3 we have briefly reviewed the 

oceanographic and acoustic characteristics of the Arabian 

Sea with some additional information on the Indian Ocean. As 

shown in the flow chart in chapter 1 (Fig. 1.3), for 

conducting a field experiment and for synthesizing the data, 

we need to solve i) the forward problem and ii) the inverse 

problem. For the forward problem, the basic data is the 

sound speed profile as derived in chapter 3. 

Since the SOFAR channel acts as a wave guide, the omni 

directional acoustic wave front emanating from the source 

splits and further propagates, undergoing refraction within 

the SOFAR channel. The ray paths which are every where 

normal to the wave front give the direction of propagation 

of sound energy. The times of arrivals and the intensity of 

the acoustic pulses transmitted at the source are recorded 

at the receiver. These ray paths criss-cross the medium. 

At this stage, interpretation of the variability of 

acoustic field becomes vital and at the same time poses 

difficulties due to the effects of refraction of acoustic 

rays. Therefore, understanding the complex geometry of the 

ray path and its dependence on the environmental conditions, 

attain importance. The measurements based on careful design 

through repeated simulation(s) prior to the deployment of 
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actual sensor(s) would help save undesirable and wasteful 

expenditure. Based on these predictions one can undertake 

acoustic measurements with the desired precision which is 

crucial for the identification of the rays. 

For this reason, the acoustic signal propagation 

through the ocean medium has been examined through the use 

of a model consisting of the forward and inverse problems. 

Through the forward problem we achieve two objectives i) the 

best configuration for locating the sources and receivers 

and ii) derive the data kernel which will be used for 

inversion to extract the needed information. The following 

paragraphs outline the forward problem - a crucial Step in 

the attempts to monitor the meso-scale variability of the 

ocean interior. 

The 	forward 	problem deals with the nature 	of 

propagation of sound energy, in the ocean mediUm, from a 

given source to a given receiver. Based on a general theory 

and a set of specific conditions relevant to the problem, 

the forward model predicts the results of measurements. In 

brief, this could be written as 

'Model Parameters' ---> I Modell ---> 'Prediction of Datal 

The major part of this study involves construction of 

ray path trajectories, computation of eigen rays that 

connect the source and the receiver, ray travel time and 

intensity calculations etc,. 
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Ray analysis depends critically on the stability, 

resolution and identification of the diverse trajectories of 

the acoustic pulses during the propagation over different 

ranges. The ray paths must be stable over the time scales of 

the mesoscale oceanic processes and be identifiable 

numerically (by ray path) and experimentally (through 

measurements of the travel time), Measurement and estimation 

of the arrival time of the acoustic signal(s), receive 

priority in this model simulation. 

Computation of ray paths and travel times requires the 

total sound speed field c(x,y,z,t) exprssed as . 

c(x,y,z,t) = c (z) + ac(x,y,z) + Ac(x,y,z,t) 

Here, the first term corresponds to the climatic mean or 

reference sound speed (a deterministic refractive term), the 

second term represents the mesoscale variability in sound 

speed due to eddies, fronts etc., (to be modelled 

deterministically) and the last term refers to the random 

variations due to internal waves, small scale turbulence 

etc. The order of magnitude of these terms being c o  = 1500 

m/s, ac and Ac are smaller by factors of 10 -2 
and 

10
-4 respectively. 

4.2 Ray acoustics: 

Theoretical models describing sound propagation 

generally use either the ray theory or the mode theory to 

solve the wave equation. In this study, we follow the ray 
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0 - ... 	 (4.2) 

theory approach, a geometric solution of the wave equation. 

Ray method provides a simple, physical description of 

propagation in terms of refracted ray paths along which 

energy propagates. Although ray solutions give better 

results for short ranges and high frequencies, at 

frequencies above 100 Hz, propagation can be modeled with 

ray theory (Pierce, 1981), since the wave length (15 m at 

100 Hz) is much less than the vertical scale of the channel 

km). The validity of ray theory for transmissions at 220 

Hz over a path length of approximately 900 km has been 

experimentally demonstrated (Spiesberger, 1980). 

The basic ray equations have been developed and 

reviewed by several investigators (for example, Officer, 

1958). The wave equation governing sound propagation in the 

ocean is 

where c(x) is the speed of sound, 0 is the potential or 

pressure perturbation. 

The solution of eqn. (4.2) in the form of propagating 

waves is given by 

0 (x,t) . 	eiS(x,t) 
0 

... 	(4.3) 

where S (x,t) = (S(x) - wt) 

w is the angular frequency, S(x) is the phase as a 
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function of distance. The surface S = constant defines the 

wave front and VS is normal to the wave front. This is the 

direction of the local tangent to the ray path, defining the 

ray path. For s = arc length along a ray 

dx Sxdy _ Sy 	dz _ Sz 
ds 	n(x) ' ds 	' ds 	n(x) 

...(4.4) 

The complete details pertaining to the mathematical 

formulation of the forward problem are presented in 

Annexure-2. 

4.3 Computation of ray parameters:  

For numerical computations, a stratified ocean with a 

uniform bottom topography is considered. The sound speed 

profile is approximated as a function of vertical 

coordinate, neglecting the variations in the horizontal 

direction. 

The cartesian coordinate system (Fig. 4.1) is defined 

with the vertical plane (x,z) between the source and the 

receiver extending from the sea floor to the sea surface (z 

positive upward). The sea surface is at z=0 and the sea 

floor at z = -h. Typical values of the vertical (depth) and 

horizontal (range) scales are: h = 4 km, and r = 300 km 

respectively. The source is located at a point (0,z 1 ) and 

the receiver at (r,z 
2
). Propagation is assumed to take place 

in a vertical plane between the source and the receiver. The 

bottom is assumed flat, and earth curvature corrections 
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are not considered in the ray calculations. 

Normally, a ray is calculated by specifying the source 

location and ray emergence angle. Rays are launched from the 

source in many directions. Either trial and error methods or 

some sophisticated homing techniques are used to find all 

rays connecting a source and a receiver (and their 

associated launch directions) for a specified configuration. 

Ray parameters considered important, such as the ray travel 

times, path lengths, the turning points (upper and lower) 

and the signal intensity along the path, are then computed. 

The input parameters needed are the sound speed profile, 

source and receiver coordinates, bottom depth, ray emergence 

angle and the integration step. 

Range-independent environment: 

In an oceanic region with small horizontal variation of 

sound speed, the coordinates of the ray for a single cycle 

comprising of one upper and one lower loop (Fig. 4.1) are 

computed and stored. Since the successive ray loops are 

identical and repetitive, further computations are avoided. 

For larger receiver ranges, this helps in reducing the 

computational time and the errors likely to creep in the 

calculations (Mahadevan et al. 1989). The sound speed and 

the corresponding gradient in the vertical are obtained 

using the weighted parabolic method of interpolation. The 

ray termination depths are stored. A search is done for 

obtaining the angle of the ray that intersects the receiver 

58 



(eigen ray). 

The results of the ray computations consist of complete 

ray history in the form of relevent ray parameters. In table 

4.1 the eigen ray angle, the length of a ray loop 

consisting of an upper and lower half loops, the length of 

the fractional loop at the receiver end are given in columns 

1 to 3. Information on the number of complete ray loops, the 

upper and lower turning points (numbers in brackets) are 

given in column 4 while the depths corresponding to the 

upper and lower turning point and the sound speed at the 

turning points are shown in columns 5 to 7. The total path 

length of a ray along the curved trajectory, total pulse 

travel time taken to cover the path are presented in columns 

8 and 9. The ray arrival angle at the receiver and the exact 

ray termination depth are given in columns 9 and 10. 

The multiple ray paths emanating from a source located 

at a depth of 1750 m are constructed by plotting the ray 

coordinates (Fig. 4.2). The reference sound speed profile 

for the Arabian Sea presented in chapter 3 (sec. 3.9) is 

used for constructing these paths. A plot of the ray 

termination depth at the range of the receiver versus ray 

shooting angle at the source of the multiple rays is shown 

in Fig. 4.3. From this diagram it is possible to assess the 

number of eigen rays that exist. However, the search for the 

eigen rays could also be made through application of an 

iteration method for interpolation of the angle of the ray 

that intersects the receiver with improved precision. 
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Program RAY (developed by the acoustics group at the 

National Institute of Oceanography) utilises Regular Falsi 

iteration method. Fig. 4.4 presents the plot of eigen rays 

obtained. Usually 15 to 20 eigen rays scanning different 

layers exist. The oceanic layer between the depth intervals 

of 150 m to about 3500 m is covered by these ray paths and 

information on ray path lengths and travel time 

perturbations is obtained for the preparation of data kernel 

and for subsequent use in the inverse analysis. 

Range dependent ray tracing: 

For simulating different hydrographic and bathymetric 

features on sound propagation, the multiple profile ray 

trace algorithm, MPP (Spiesberger, 1991) is used for tracing 

rays in a range-dependent environment. The algorithm allows 

for two-dimensional variation of sound speed in depth and 

range from the acoustic source. Vertical profiles of sound 

speed are generated at the required range. 

The two-dimensional space between each sound speed 

profile is partitioned into triangular sectors in order to 

specify sound speed at horizontal range and vertical 

coordinate (x,z). Within each triangular sector, sound speed 

is defined to vary linearly in both range and depth. The 

sound speed is thus continuous everywhere but the gradient 

of sound speed has the discontinuities at the triangular 

boundaries. In this program bottom topography is modelled by 
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joining together any specified linear segments. The bottom 

has discontinuities in slope at the joining points. 

The analytical calculations of travel times made with a 

bilinear profile using the ray trace programs RAY and MIT 

have compared well. 

4.4 Spreading and absorption losses: 

Another important parameter, though not used in the 

data kernel is the intensity of the acoustic pulses received 

at the receiver. The travel time data along with the data on 

signal intensity is used for identifying the rays. In this 

section, we present the intensity losses due to spreading 

and absorption. 

The coordinates of an eigen ray and a close by ray 

separated by about 0.01 °  at the source (Fig. 4.5) are stored 

and utilised by the ray tube algorithm (Ramana Murty, 

Somayajulu and Sastry, 1989) for the computation of acoustic 

intensity along the eigen rays (Please see Annexure-2 for 

details). The intensity for a steep ray making an angle of 

7.14°  and a flat angle ray with 0 = 1.88 °  (at the source) 

with range upto 300 km is shown in Fig. 4.6. A salient 

feature of these curves is the increase in intensity by 

about 20 dB associated with the ray turnings both above and 

below the channel axis due to the contraction of the ray 

tube. Though there is a sharp fall of intensity with range 

in the vicinity of the source, beyond a range of about 20 km 
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the curve shows gradual decrease in intensity except at the 

turning points. The flat ray showed more losses compared to 

the steep ray. Broadly, the intensity varied between 60 and 

120 dB over 300 km range. 

The cumulative intensity due to multiple ray arrivals 

at the receiver is obtained from the individual ray 

intensities, considering the phase shift into account which 

is the coherent sum for the given source frequency. 

Acoustic absorption losses along the ray paths due to 

boric acid, magnesium sulphate and pure water are made (Fig. 

4.7) considering two source frequencies at 0.2 and 0.4 kHz. 

These losses depend on the PH profile of the Arabian Sea 

apart from the source frequency. Absorption losses exhibited 

changes with range (as seen by the oscillations in the 

vertical) caused by depth variations along the ray path. At 

both the frequencies considered (200 and 400 Hz), the 

contribution of boric aoid on absorption is significant, 

which is about 90% of the total. Compared to the spreading 

losses, the chemical absorption losses contribute only 5 to 

8% at frequencies 200 and 400 Hz respectively. 

4.5 Ray arrival structure and ray identification: 

The most important parameter from ray computations is 

the total travel time taken by the signal along different 
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ray trajectories. The ray tracing picture is not complete 

without a discussion of the arrival sequence of eigen rays. 

The eigen ray travel time is a function of both path length 

and sound speed. Fig. 4.8 shows the time versus signal 

intensity computed using the ray tube method. The ray 

arrivals spread over a time span of about 400 ms. An 

accurate assessment uses only those rays that are 

resolvable, stable and identifiable. Rays are well 

resolvable in time if the time of separation between two 

successive arrivals is above 10 ms. 

The ray arrival structure presented in Fig. 4.9 

signifies the nature of the Arabian Sea characterized by 

sharp -ve gradients in the upper 200 m, and weak -ve 

gradients between 200 and 1750 m and a positive gradient 

below the channel in addition to the relatively high sound 

speed (1494 to 1496 m/s) at the sound channel axis. As a 

consequence, the arrival structure presents significant 

deviations from the Atlantic Ocean presented by several 

authors. The intermediate angle rays both +ve and -ve 

between 6 ° and 7 °  with reference to the horizontal take the 

minimum time to reach the receiver while the travel time 

increases with decrease in the magnitude of the angle. 

However few steep angle rays are the late arrivals. 

By means of special nomenclature, one can distinguish 

the various oscillating refracted paths. These paths are 

identified by the number of upper and lower half cycles 

(loops) taken to cover the distance between the source and 
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receiver. In other words rays come in groups. Four paths 

exist in each group. For 300 km range, the arrival sequence 

starts with group 4 rays followed by group 5, 6, and so on. 

Group 4 contains +4,4; -4,4; +5,4; -4,5. The index (+5,4) 

represents a path having 5 upper and 4 lower half cycles. 

The sign before the numbers refers positive (upward) or 

negative (downward) inclination of the ray at the source. 

The arrival sequence and spacing of the four 

constituents within a group depends on sound speed profile 

apart from the source-receiver depths and the group number. 

Two rays with opposite inclination can arrive 

simultaneously, causing degeneracy in the signal and 

therefore difficult to resolve and identify the same. In 

such cases, the arrival angle can be a useful additional 

information whereby the degeneracy could be identified. 

4.6 Optimization of  source-receiver  positions: 

For a given oceanic region, one would like to optimize 

the source-receiver positions that yield a good number of 

resolvable rays carrying information about the ocean 

interior which is the objective of any remote ocean 

measuring scheme. In this section, the results of these 

numerical experiments are detailed. 

Fixed source and multiple receiver  depths: 

A source at 1700 m and multiple receivers at depths of 

1000 m, 1200 m, 1500 m, 1800 m and 2000 m, are considered to 
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examine the number of eigen rays, their resolution in time 

and duration of reception. 

For receiver depths from 1000 m to 1800 m (channel 

axis), the number of eigen rays increased from 9 to 35 and 

further increase of receiver depth lead to reduction of the 

number rays to 15 (Fig. 4.10), indicating pOssibility of 

receiving maximum eigen rays for a near axial positions of 

source and receiver. For various source-receiver geometries 

considered, the duration of ray arrivals (reception time) at 

the receiver varied between .205 and .340 s (Table 4.2) and 

showed an increase with receiver depth except for receiver 

at 1000 m. 

Though the number of eigen rays is maximum for a near 

axial receiver, the flat angle rays reach almost 

simultaneously as could be seen from the Fig. 4.10. From 

this, it is decernible that when the receiver is at a depth 

between 1800 m and 2000 m, both reduction in the number of 

rays and increase in time span would improve resolvability. 

Variable source and receiver depths: 

From Table 4.2, it is seen that a shift of the source 

and receiver away from sound channel axis towards the upper 

limit will reduce the number of rays due to the elimination 

of the flat rays. However, the time span showed a marginal 

change from .198 s ( Sd= 1200 m & Rd= 1500 m) to .230 s (S d= 

1000 m & Rd= 1200 m). Further, it is observed that for a 

range of 300 km, the negative rays are the late arrivals 
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(Fig. 4.11). This is due to the extra lower loop (turnings / 

ray identifier) these rays take through a lesser sound 

speed. 

Variable ranges: 

For these computations seven ranges are chosen viz., 

200, 250, 300, 350, 400, 500 and 600 km. The number of eigen 

rays increased with range which approximately followed the 

ratio Range/200 km as also reported by Howe (1987). The 

number of rays increased from 23 for 200 km to 65 for 600 km 

and the corresponding variation in the time span is between 

165 ms and 486 ms (Fig 4.12). 

The 	arrival 	sequence of 	rays 	for 	different 

configurations attempted in this exercise has shown that the 

arrival pattern, in general, remains unalterd with the 

source receiver shifts. The characteristic feature of the 

Arabian Sea is the arrival of intermediate angle rays (about 

6 °  launch angle) at the start of reception. Both steep as 

well as flat rays arrive subequently followed by the late 

arrival of near axial rays. 

4.7 Data kernel for the reference model; 

Ray computations are performed to determine the eigen 

rays and their travel times, turning depths and total path 

length for the six different regions (G1, G2, ..., G6) of 

the Arabian Sea. The vertical plane is divided into a number 
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of ocean layers for estimating the ray path lengths in each 

of these layers. The number and thicknesses of the layers 

are dependent on the ocean scales and are usually chosen 

assuming constant sound speed perturbation within each layer 

for model simulations. In this analysis, six tomographic 

layers considered are; 0 - 400 m, 400 - 800 m, 800 -. 1200 m, 

1200 - 2000 m, 2000 - 3000 m, and 3000 - 4000 m. 

Steep rays sample the vertical slice from near surface 

to near bottom, whereas flat rays remain near the axis of 

the sound channel. Accordingly, there is considerable 

information about the vertical structure of the disturbance. 

The second aspect of the forward problem, namely, the 

preparation of the data kernel consisting of the travel time 

perturbations (between the reference and the experimental 

values for the real case and between the referewe and 

assumed profiles for model simulation purpose) of resolvable 

rays and their path lengths in each of the tomographic 

layers is then derived. 

The summer and winter mean sound speed profiles 

constructed for the six regions (G-1, G-2, ..., G-6) of the 

Arabian Sea (Table 3.1 & 3.2 of chapt. 3) are used in the 

numerical simulation to examine the spatial and temporal 

variation of acoustic propagation characteristics. As a 

first step in this direction, exhaustive computations of the 

ray parameters, ray travel times and path lengths in a 

pre-set number of six layers are computed. In the following 

section the results of the model simulations are presented. 
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4.8 Spatial and seasonal variations in ray arrival 

structure: 

Tables 4.3 (a-f) and 4.4 (a-f) present the eigen ray 

parameters for summer and winter respectively for the Six 

grid areas. A considerable variation in the number of eigen 

rays is seen for the different grids (G-1 to G-6) indicating 

the effect of spatial changes in the constituent waters of 

the Arabian Sea. The predicted travel times, arrival 

sequence, duration of the ray arrivals are analysed. The 

above information and the ray identifiers from this analysis 

enable match ray arrivals from the acoustic field experiment 

with the simulated results. 

Table 4.5 summarizes the information for the summer and 

winter conditions in the six grid areas. This table shows 

the number of stable rays (rays which have nearly same angle 

of emergence and which have same number of turning points) 

can be much less compared to the number of the eigen rays 

for summer and winter conditions. That is, some of the rays 

may disappear while in some cases additional eigen rays 

which are not comparable with the earlier conditions may 

appear. 

Tables 4.6 (a-f) and 4.7 (a-f) depict the layer -wise 

path lengths obtained considering the six layer model. 

Comparison of the results for the summer and winter seasons 

reveal that almost the same number of rays exist for both 
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the seasons although the ray parameters exhibit considerable 

variations in the presence of seasonal changes. Comparison 

of Tables 4.6 (a-f) and 4.7 (a-f) also indicate that the racy 

path lengths also undergo variations under the influence of 

the varying environmental conditions. 

The information given in Table 4.6 (a-f) provides the 

necessary input for inversion discussed in chapter 5. 

4.9 Propagation in the presence of oceanic eddies: 

In this section, in order to simulate the effect of an 

eddy on propagation, sound speed profiles in a range 

dependent environment are modeled as presented in the 

diagram (Fig. 4.13). The ray trace program generates 

specified number of interpolated sound speed profiles in 

between each input pair. Computations over a range of 300 km 

are made keeping source and receiver at 1750 and 1800 m 

respectively. The results of this study are presented below. 

Warm core eddy: 

A subsurface warm eddy is introduced between the source 

and the receiver in the form of perturbations in the sound 

speed profiles. The ranges of the profiles having the eddy 

feature correspond to 100 and 200 km. The eddy is centered 

at 300 m depth where the intensity is maximum (12 m/s 

or 3°C) while in the vertical it extends upto 1000 m with 

a decreasing intensity both upward and downward. 
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Ray computations for various eddy intensities (in terms 

of sound speed perturbation) are made and the travel times 

of eigen rays as a function of perturbation are shown (Fig. 

4.14). For different eddy intensities the line connecting 

the eigen ray arrival from one level of perturbation to the 

next assist in following the general trend due to increased 

perturbation magnitude. travel times give an indication of 

the linearity of travel time due to the eddy. In the 

present case, for the small perturbation introduced, travel 

time is linearly related to the sound speed (temperature). 

However, Mercer (1983) reported nonlinearity associated with 

higher intensities similar to those encountered in the Gulf 

Stream area. 

Cold core eddy: 

For simulating the effects of a subsurface cold core 

eddy, a common feature in the Somali region, sound speed 

profiles at ranges 125 and 175 km are perturbed by 

introducing the eddy feature. Compared to the warm core 

eddy, the horizontal and vertical dimensions of a cold eddy 

are less while the intensity at the eddy core is more. It 

is centered at a depth of 200 m where the intensity is 

maximum (16 m/s or = 4° C). Its vertical extent is limited to 

upper 500 m with a decreasing intensity in the upward and 

downward directions. Since the eddy is confined to the top 

layer, very few rays passing through this are available for 

analysis. It is seen that when a ray passes through the 

eddy, the intensity of the ray in general increases by about 
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15 to 20 dB. Similarly a ray undergoes a travel time delay 

of about 50 ms. 

4.10 Propagation in the presence of varying bathyMetry: 

Variable bathymetic features, usually encountered as 

one moves from continental shelf to the deep ocean, are much 

different from those in a region with fairly flat oceanic 

bottom. We now present two range-dependent ray traces (with 

range dependent bathymetry but a range independent sound 

speed profile). In this section this problem is analysed to 

get an insight into the propagation aspect. In the first 

case, keeping a source close to the sound channel axis (1750 

m) and the receiver in the continental shelf (100 m) 

propagation in the up slope direction is attempted, In the 

second case, the down slope propagation is carried out by 

inter changing the source and the receiver coordinates. 

Eigen rays in both the cases are shown in Fig. 4.15 (a-b) 

respectively. Finally, the effect of a mid ocean ridge 

similar to that encountered in the Carlsberg region is also 

examined. The results of these studies are qualitative as 

the bottom topography is rather speculative. 

Up slope propagation: 

For the analysis of propagation from the deep ocean 

towards the continental shelf, a propagation range of 150 km 

is chosen. The horizontal variations in the sound speed over 

the range are not considered. The bathymetry usually 
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encountered across the western continental shelf of India is 

utilised. The variation of the bottom topography With range 

between the source and the receiver is introduced in the 

following manner: At ranges 0, 110, 120, 130, 140 and 150 km 

the corresponding bottom depths are 4000, 3000, 2000, 1000, 

200 and 125 m respectively. Rays shooting upwards at the 

source from 2 °  to 10°  are computed. 

In this case an acoustic ray undergoes bottom 

reflections when it reaches the shelf region. The number of 

bottom bounces varied between 6 (flat angle) and 21 (steep 

angle). Fig. 4.15a depicts the plot of selected eigen rays. 

The number of resolvable rays (having a separation of 10 ms 

between subsequent arrivals) is 31. The first ray arrives at 

100.22035 s (4.41 ° ray) and the last ray at 100.2774 

(4.40 ° ray) with a considerable time spread of abOut 0.057 s. 

Down slope propagation: 

The source and receiver locations considered above are 

interchanged to study propagation in the reverse direction. 

In this case, as the source is located within the shelf, the 

emerging rays immediately undergo bottom bounces. Once a ray 

comes 	out of 	the 	shelf 	region 	its 	propagation path is 

governed by 	the 	corresponding 	angle 	(Fig, 	4.15b). It is 

purely by refraction if the ray angle is within 10! )  It is 

interesting to note that unlike earlier case, the number of 

bottom bounces (6) does not change with increase in the 

launch angle. The rays reach the receiver between 100.2511 s 
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(6.51 0 ray) and 100.2749 s (2.670 ray) with a travel time 

spread of only 0.0238 s. Out of many rays intercepting the 

receiver, only three are resolvable in time. 

Acoustic propagation across the shelf of the type 

considered above may be useful in the study of frontal 

structure associated with a shelf break and the upwelling 

phenomena. In such cases the cross shelf circulation which 

is otherwise difficult to monitor is readily viable for 

measurement and can give an insight into the dynamics of the 

baroclinic flows. 

Effect of an oceanic ridge: 

Over a range of 300 km, the bathymetry changes similar 

to that of an oceanic ridge are modelled in the numerical 

experiment as follows: at ranges 0, 100, 200 and 300 km the 

bottom depths are 4000, 4000, 1000 and 3000 m. Source and 

receiver depths correspond to 1750 and 1800 m. Sound speed 

profile is considered uniform over the range. Between launch 

angles 3°  to 10 °  computed, rays undergo bottom bounces in 

the vicinity of the ridge. While rays with flat angle take 

about 3 bounces, steep rays undergo as many as 10 

reflections. The ray geometry reveals that the acoustic rays 

on approaching the ridge get compressed (loop length) while 

leaving the ridge they are elongated. 
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Legend to figures 

Fig. 4.1 Coordinate system and terminology adopted 

Fig. 4.2 Acoustic ray multipaths 

Fig. 4.3 Ray shooting angle versus ray termination dtpth 

Fig. 4.4 Plot showing eigen ray 

Fig. 4.5 Schematic presentation of ray tube 

Fig. 4.6 Intensity loss over 300 km range 

Fig. 4.7 Absorption loss along an eigen ray 

Fig. 4.5 Signal strength versus ray travel time 

Fig. 4.9 Ray arrival structure - shooting angle vs. travel 

time 

Fig. 4.10 Ray arrival pattern for fixed source and variable 

receiver depths 

Sd  = 1750 m; Rd= (a) 1200 m, (b) 1500 m, (d) 1800 m, 

(e) 2000 m 

Fig. 4.11 Ray arrival structure for variable source and 

receiver depths 

(a) Sd = 1750 m, Rd=  1800 m; (b) Sd  = 1700 m, Rd= 1800 m, 

(c) Sd  = 1500 m, Rd=  1600 m, (d) S d  = 1200 m, Rd= 1500 m, 

Fig. 4.12 Ray arrival structure for fixed source-receiver 

depths (Sd  = 1750 m, Rd= 1800 m) and variable ranges 

(a) 200 km, (b) 250 km, (c) 300 km, (d) 350 km (e) 400 

km, (f) 500 km and (g) 600 km 

Fig. 4.13 Schematic of the warm and cold core eddy sound 

speed perturbation used for model simulation 
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Fig. 4.14 Eigen ray arrival times as a function of warm core 

eddy temperature/sound speed perturbation 

Fig. 4.15 Ray paths in a variable bottom topography 

a) bottom sloping upwards towards receiver 

b) bottom sloping downwards towards receiver 
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Legend to tables 

4.1 Acoustic ray parameters 

4.2 Eigen ray computations for different source-receiver 

positions 

4.3 (a-f) Ray parameters for grid-1 to grid-6 for summer. 

4.4 (a-f) Ray parameters for grid-1 to grid-6 winter. 

4.5 Summary of ray computations for grid-1 to grid-6. 

4.6 (a-f) Ray path lengths in tomographic layers for grid-1 

to grid-6 in summer. 

4.7 (a-f) Ray path lengths in tomographic layers for grid-1 

to grid-6 in winter. 
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TABLE 4.1 Acoustic ray parameters. 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

8.7964 60.066 59.737 4( 5, -5) 188.1 3282.0 1511.6 302.081 201.0965 8.76 1800.8 
7.0021 66.220 35.121 4( 5, -4) 282.6 2886.6 1505.1 301.310 200.9320 -6.99 1800.7 
6.3065 75.113 74.660 3( 4, -4) 341.5 2739.3 1503.0 300.969 200.7607 6.29 1800.1 
5.7020 75.123 74.630 3( 4, -4) 575.4 2617.6 1501.3 300.797 200.7532 5.67 1799.2 
4.8830 65.372 38.512 4( 5, -4) 830.7 2462.8 1499.3 300.679 200.8604 -4.87 1799.3 
3.9469 60.145 59.422 4( 5, -5) 1065.9 2313.6 1497.5 300.525 200.9081 3.92 1799.8 
2.5224 54.003 29.987 5( 6, -5) 1389.9 2096.1 1495.3 300.331 200.9318 -2.49 1800.3 
2.0009 50.243 48.785 5( 6, -6) 1479.6 2017.1 1494.8 300.286 200.9428 1.94 1800.5 
.6786 45.408 27.552 6( 7, -6) 1669.7 1831.4 1494.0 300.210 200.9494 -.52 1800.5 

-.7947 46.809 19.147 6( 6, -7) 1847.4 1652.2 1494.0 300.213 200.9486 .65 1800.0 
-1.1461 46.458 21.252 6( 6, -7) 1896.8 1602.8 1494.2 300.229 200.9491 1.05 1800.6 
-1.2846 46.363 21.825 6( 6, -7) 1916.4 1587.7 1494.3 300.237 200.9491 1.21 1799.3 
-1.9558 49.752 1.491 6( 6, -6) 2010.8 1487.2 1494.8 300.283 200.9452 -1.91 1800.4 
-2.5689 55.187 24.067 5( 5, -6) 2102.7 1377.8 1495.4 300.334 200.9286 2.53 1800.0 
-2.6656 59.784 1.079 5( 5, -5) 2116.8 1343.8 1495.5 300.336 200.9146 -2.63 1800.0 
-3.3019 59.826 .871 5( 5, -5) 2216.8 1189.4 1496.4 300.423 200.9151 -3.28 1800.1 
-3.9297 59.853 .734 5( 5, -5) 2311.2 1070.4 1497.4 300.525 200.9127 -3.91 1800.3 
-5.3860 67.974 28.103 4( 4, -5) 2557.0 696.8 1500.5 300.779 200.8367 5.36 1800.2 
-5.6970 74.876 .495 4( 4, -4) 2616.8 577.5 1501.3 300.801 200.7597 -5.69 1799.3 
-6.3149 74.887 .452 4( 4, -4) 2740.9 340.4 1503.0 300.977 200.7681 -6.30 1800.0 
-6.9011 67.208 31.167 4( 4, -5) 2865.5 289.1 1504.8 301.237 200.8792 6.88 1800.3 
-8.8682 59.936 .322 5( 5, -5) 3303.8 185.7 1512.0 302.124 201.1068 -8.86 1800.2 



Table 4.2 Eigen ray computations for different 

source-receiver positions 

Range 
km 

S
d 

No. 	of 
rays 

First 
arrival 

(s) 

Last 
arr. 
(s) 

Duration 

(s) 

300.0 1700 m 1000 m 9 200.5587 200.7781 .2194 

1200 m 11 .5693 .7742 .2049 

1500 m 16 .5873 .7976 .2103 

1800 m 35 .5937 .8172 .2235 

2000 m 15 .5807 .9203 .3396 

300.0 1750 m 1800 m 33 200.5970 200.8167 .2197 

1700 m 1800 m 35 .5937 .8172 .2235 

1500 m 1600 m 13 .5939 .8074 .2135 

1200 m 1500 m 11 .5826 .7804 .1978 

1000 m 1200 m 9 .5908 .8208 .2300 

200.0 1700 m 1800 m 23 133.7138 133.8784 .1646 

250.0 31 167.1864 167.3844 .1980 

300.0 35 200.5937 200.8172 .2235 

350.0 37 234.0140 234.3060 .2920 

400.0 44 267.3827 267.8642 .4815 

500.0 59 334.3142 334.7592 .4450 

600.0 65 401.1940 401.6798 .4858 



Table 4.3a Ray parameters for grid-1 during summer 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

8.0902 60.071 59.716 4( 5,-5) 208.8 3124.5 1508.8 301.867 201.1797 8.06 1800.4 
6.4336 65.974 36.103 4( 5 1 -4) 280.0 2757.7 1503.3 301.210 201.0463 -6.39 1800.7 
5.6570 75.125 74.625 3( 4,-4) 338.3 2600.9 1501.1 300.871 200.8819 5.59 1799.3 
5.2712 81.947 54.159 3( 4,-3) 413.2 2526.9 1500.1 300.721 200.8109 -5.22 1800.7 
5.0392 81.804 54.588 3( 4,-3) 600.1 2483.1 1499.6 300.659 200.8005 -4.99 1800.8 
4.9992 75.146 74.563 3( 4,-4) 636.2 2475.6 1499.5 300.694 200.8597 4.93 1800.6 
4.6849 65.242 39.032 4( 5,-4) 752.6 2420.0 1498.8 300.701 200.9619 -4.63 1800.2 
3.3618 60.172 59.313 4( 5,-5) 1037.7 2211.1 1496.4 300.484 200.9980 3.26 1799.8 
2.9883 60.196 59.215 4( 5,-5) 1095.9 2151.2 1495.8 300.430 200.9984 2.89 1800.4 
2.8060 60.208 59.167 4( 5,-5) 1129.2 2123.0 1495.6 300.406 200.9983 2.70 1800.1 
1.1479 60.569 57.722 4( 5,-5) 1334.0 1870.2 1494.1 300.260 201.0046 .86 1800.1 
.9648 60.743 57.029 4( 5,-5) 1351.9 1835.8 1494.0 300.251 201.0044 .60 1800.8' 

-1.2038 59.464 2.681 5( 5,-5) 1876.9 1328.8 1494.1 300.264 201.0059 -.95 1800.2 
-2.7590 59.789 1.054 5( 5,-5) 2116.1 1138.6 1495.5 300.402 201.0015 -2.66 1799.9 
-3.1123 59.811 .945 5( 5,-5) 2170.6 1076.3 1496.0 300.450 201.0019 -3.03 1800.6 
-3.2856 59.822 .892 5( 5,-5) 2198.7 1050.1 1496.3 300.475 201.0019 -3.21 1800.5 
-4.8652 68.326 26.696 4( 4,-5) 2451.4 699.8 1499.2 300.711 200.9226 4.80 1800.0 
-4.9899 74.855 .579 4( 4,-4) 2474.6 638.2 1499.5 300.697 200.8656 -4.95 1800.2 
-5.0874 99.813 .561 3( 3,-3) 2492.3 461.0 1499.7 300.594 200.6990 -5.05 1799.7 
-5.1334 90.826 27.522 3( 3,-4) 2500.9 449.0 1499.8 300.650 200.7606 5.06 1800.5 
-5.6665 74.873 .507 4( 4,-4) 2603.0 337.2 1501.1 300.878 200.8884 -5.63 1800.1 
-6.2566 67.547 29.812 4( 4,-5) 2724.5 290.8 1502.8 301.106 200.9750 6.21 1799.3 
-8.1619 59.930 .350 5( 5,-5) 3139.8 206.6 1509.1 301.899 201.1891 -8.14 1800.0 



Table 4.3b Ray parameters for grid - 2 during summer 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)=. 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

7.6788 60.075 59.702 4( 5, -5) 193.0 3026.7 1507.3 301.776 201.2616 7.62 1800.1 
6.0317 65.906 36.376 4( 5, -4) 276.7 2676.9 1502.1 301.168 201.1443 -5.98 1800.0 
2.0442 75.365 73.904 3( 4, -4) 990.0 2007.5 1494.8 300.340 201.0235 1.82 1799.6 
1.7945 75.434 73.699 3( 4, -4) 1043.1 1954.2 1494.5 300.318 201.0227 1.54 1800.8 

-1.5595 69.852 20.592 4( 4, -5) 1903.7 1087.7 1494.4 300.303 201.0275 1.26 1799.7 
-1.7714 74.563 1.747 4( 4, -4) 1948.4 1048.8 1494.5 300.317 201.0247 -1.55 1800.4 
-2.0869 74.635 1.459 4( 4, -4) 2013.5 982.3 1494.8 300.346 201.0258 -1.89 1800.6 
-3.3516 68.644 25.422 4( 4, -5) 2209.7 772.8 1496.4 300.512 201.0378 3.22 1800.7 
-3.6541 68.396 26.414 4( 4, -5) 2262.3 727.4 1496.8 300.560 201.0376 3.54 1799.8 
-3.7165 68.420 26.322 4( 4, -5) 2273.5 716.4 1496.9 300.571 201.0376 3.59 1800.0 
-3.8773 68.615 25.541 4( 4, -5) 2296.1 683.9 1497.2 300.599 201.0375 3.75 1799.9 
-5.6736 67.840 28.641 4( 4, -5) 2604.1 305.5 1501.1 301.006 201.0571 5.59 1799.6 
-7.8047 59.928 .362 5( 5, -5) 3054.8 189.2 1507.8 301.826 201.2705 -7.78 1799.4 



Table 4.3c Ray parameters for grid - 3 during summer 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

8.6710 67.166 31.338 4( 5, -4) 239.2 3349.6 1512.5 301.775 200.5758 -8.67 1800.1 
7.2165 75.098 74.705 3( 4, -4) 485.1 3008.2 1507.1 301.100 200.3845 7.22 1799.9 
6.3161 60.092 59.632 4( 5, -5) 888.0 2819.3 1504.3 301.001 200.6253 6.32 1801.0 
5.2066 54.953 25.234 5( 6, -5) 1093.2 2598.3 1501.4 300.771 200.7095 -5.22 1800.1 
4.0432 50.117 49.414 5( 6, -6) 1281.4 2390.9 1498.9 300.566 200.7650 4.05 1799.8 

-3.2713 49.854 .878 6( 6, -6) 2276.3 1381.1 1497.6 300.441 200.7713 -3.29 1800.4 
-3.3851 49.861 .834 6( 6, -6) 2296.8 1368.8 1497.8 300.459 200.7713 -3.40 1799.5 
-3.9894 49.880 .719 6( 6, -6) 2382.4 1289.3 1498.8 300.559 200.7697 -4.00 1800.3 
-4.9908 54.129 29.356 5( 5, -6) 2557.8 1129.1 1500.9 300.731 200.7232 5.00 1800.0 
-6.3096 59.909 .454 5( 5, -5) 2817.6 889.6 1504.3 301.004 200.6327 -6.32 1800.2 
-7.2251 74.900 .398 4( 4, -4) 3011.0 483.6 1507.2 301.110 200.3929 -7.23 1800.5 
-9.1637 65.719 37.123 4( 4, -5) 3483.2 201.2 1514.5 301.989 200.5862 9.17 1800.0 



Table 4.3d Ray parameters for grid -4 during summer 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(MIS) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

7.7646 66.585 33.660 4( 5, -4) 273.8 3058.4 1507.8 301.481 200.8007 -7.76 1800.6 
6.8246 75.104 74.687 3( 4, -4) 403.3 2845.4 1504.7 301.031 200.6219 6.81 1800.0 
6.6532 75.109 74.672 3( 4, -4) 468.9 2807.0 1504.1 300.978 200.6211 6.64 1801.0 
6.0448 65.907 36.374 4( 5, -4) 704.1 2676.3 1502.4 300.896 200.7476 -6.04 1800.6 
5.1712 60.110 59.560 4( 5, -5) 929.1 2500.7 1500.1 300.728 200.8240 5.16 1799.8 
4.1924 54.093 29.536 5( 6, -5) 1139.5 2330.1 1498.0 300.565 200.8875 -4.18 1799.7 
2.7814 50.172 49.142 5( 6, -6) 1405.1 2133.4 1495.8 300.360 200.9142 2.75 1799.9 
2.0143 46.103 23.379 6( 7, -6) 1528.1 2018.9 1494.9 300.286 200.9283 -1.99 1799.7 
1.6189 43.110 41.338 6( 7, -7) 1585.5 1967.0 1494.6 300.258 200.9346 1.57 1799.8 
1.0678 43.243 40.543 6( 7, -7) 1640.8 1893.1 1494.3 300.225 200.9353 1.00 1799.7 
.8596 43.342 39.947 6( 7, -7) 1670.1 1865.5 1494.2 300.215 200.9349 .78 1799.9 
.6213 39.867 20.928 7( 8, -7) 1701.6 1834.4 1494.1 300.208 200.9365 -.52 1800.2 

-.6406 40.135 19.053 7( 7, -8) 1836.8 1699.3 1494.1 300.209 200.9363 .53 1800.7 
-.7969 42.330 3.689 7( 7, -7) 1857.2 1679.2 1494.1 300.214 200.9358 -.72 1800.1 

-1.1455 42.492 2.556 7( 7, -7) 1903.5 1634.2 1494.3 300.230 200.9365 -1.10 1800.5 
-1.4886 42.581 1.932 7( 7, -7) 1949.5 1600.5 1494.5 300.250 200.9364 -1.45 1799.9 
-2.0248 46.203 22.780 6( 6, -7) 2020.4 1526.5 1494.9 300.287 200.9282 1.99 1800.0 
-2.7322 49.824 1.057 6( 6, -6) 2125.7 1413.2 1495.7 300.356 200.9174 -2.71 1800.4 
-4.3851 55.001 24.994 5( 5, -6) 2360.6 1101.6 1498.4 300.599 200.8827 4.37 1800.0 
-5.1415 59.888 .562 5( 5, -5) 2495.0 936.4 1500.0 300.725 200.8300 -5.14 1800.5 
-6.1520 67.553 29.789 4( 4, -5) 2698.2 671.4 1502.7 300.913 200.7319 6.14 1800.0 
-6.6308 74.891 .437 4( 4, -4) 2802.6 477.4 1504.1 300.977 200.6289 -6.62 1800.8 
-6.8270 74.896 .417 4( 4, -4) 2846.1 402.2 1504.7 301.038 200.6298 -6.82 1799.9 
-7.7444 66.776 32.894 4( 4, -5) 3054.2 276.0 1507.8 301.448 200.7669 7.74 1800.5 



Table 4.3e Ray parameters for grid - 5 during summer 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

7.3752 66.570 33.720 4( 5, -4) 522.0 3048.8 1507.8 301.285 200.5466 -7.43 1799.7 
6.7929 66.363 34.546 4( 5, -4) 665.8 2923.8 1505.9 301.093 200.5423 -6.85 1799.8 
5.5533 60.101 59.595 4( 5, -5) 975.5 2675.4 1502.4 300.825 200.6533 5.65 1799.6 
4.6869 54.662 26.691 5( 6, -5) 1169.1 2517.3 1500.3 300.668 200.7165 -4.76 1800.7 
4.0234 50.115 49.425 5( 6, -6) 1291.4 2408.5 1499.0 300.578 200.7733 4.14 1799.2 
2.9118 46.401 21.593 6( 7, -6) 1460.6 2267.6 1497.2 300.422 200.8006 -3.06 1799.1 

-1.4007 45.138 29.174 6( 6, -7) 2142.7 1659.3 1495.7 300.287 200.8182 1.72 1800.1 
-2.7239 45.861 24.834 6( 6, -7) 2248.4 1488.8 1497.0 300.410 200.8159 2.89 1800.0 
-3.9809 49.883 .703 6( 6, -6) 2402.2 1298.8 1498.9 300.574 200.7780 -4.07 1799.6 
-4.6591 54.412 27.942 5( 5, -6) 2513.1 1174.9 1500.3 300.676 200.7353 4.78 1799.4 
-5.5342 59.897 .517 5( 5, -5) 2671.5 980.9 1502.3 300.824 200.6598 -5.60 1800.5 
-6.8464 67.020 31.922 4( 4, -5) 2933.8 650.0 1506.0 301.121 200.5586 6.91 1799.6 
-7.2878 66.822 32.712 4( 4, -5) 3030.2 538.2 1507.5 301.266 200.5608 7.35 1799.7 
-7.7858 66.585 33.661 4( 4, -5) 3141.3 447.9 1509.2 301.438 200.5599 7.84 1800.5 
-7.8022 66.577 33.694 4( 4, -5) 3144.9 444.3 1509.3 301.444 200.5599 7.87 1800.4 



Table 4.3f Ray parameters for grid - 6 during summer 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

7.6900 66.696 33.217 4( 5, -4) 444.3 3120.7 1508.9 301.414 200.5713 -7.71 1799.8 
7.0865 66.503 33.986 4( 5, -4) 583.2 2988.0 1506.8 301.206 200.5675 -7.12 1800.0 
5.5561 60.102 59.590 4( 5, -5) 940.2 2675.2 1502.4 300.848 200.6847 5.61 1800.0 
4.5597 54.615 26.924 5( 6, -5) 1141.2 2494.7 1500.0 300.669 200.7544 -4.60 1800.9 
3.7763 50.125 49.373 5( 6, -6) 1277.2 2372.3 1498.6 300.559 200.8064 3.85 1800.1 
1.9902 50.233 48.836 5( 6, -6) 1500.0 2184.3 1496.2 300.332 200.8179 2.13 1800.1 
1.5152 54.788 26.059 5( 6, -5) 1552.5 2150.2 1495.8 300.282 200.8024 -1.68 1800.1 
1.2619 60.417 58.332 4( 5, -5) 1587.4 2133.9 1495.7 300.262 200.7965 1.47 1799.5 
.9598 60.527 57.892 4( 5, -5) 1654.5 2115.8 1495.5 300.246 200.7962 1.22 1799.9 
.7365 55.947 20.264 5( 6, -5) 1696.1 2098.6 1495.4 300.239 200.7982 -1.03 1799.0 

-.8865 59.446 2.772 5( 5, -5) 2110.3 1669.9 1495.5 300.244 200.7974 -1.13 1799.2 
-1.3009 59.591 2.044 5( 5, -5) 2136.4 1580.7 1495.7 300.265 200.7981 -1.49 1799.8 
-1.5472 54.291 28.544 5( 5, -6) 2152.3 1549.2 1495.8 300.291 200.8112 1.72 1799.6 
-2.0382 49.772 1.368 6( 6, -6) 2187.9 1495.0 1496.2 300.338 200.8203 -2.15 1800.2 
-3.7212 49.872 .766 6( 6, -6) 2365.0 1285.6 1498.5 300.553 200.8108 -3.78 1800.3 
-4.5364 54.469 27.655 5( 5, -6) 2491.6 1146.4 1500.0 300.673 200.7665 4.60 1799.8 
-5.5263 59.897 .514 5( 5, -5) 2670.4 947.1 1502.3 300.846 200.6911 -5.56 1799.9 
-7.1250 66.850 32.601 4( 4, -5) 2995.9 572.6 1506.9 301.226 200.5778 7.18 1800.3 
-7.7172 66.616 33.537 4( 4, -5) 3126.5 439.1 1509.0 301.431 200.5803 7.76 1799.0 
-8.1892 66.352 34.590 4( 4, -5) 3237.7 366.0 1510.7 301.602 200.5796 8.24 1800.7 
-8.5416 66.142 35.431 4( 4, -5) 3323.5 313.3 1512.0 301.736 200.5803 8.57 1800.7 



Table 4.4a Ray parameters for grid-1 during winter 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

8.2873 60.068 59.727 4( 5,-5) 202.5 3174.3 1509.5 301.940 201.1753 8.26 1799.7 
6.4181 65.972 36.111 4( 5,-4) 290.5 2754.8 1503.2 301.200 201.0401 -6.38 1800.2 
5.4222 75.130 74.611 3( 4,-4) 399.2 2556.1 1500.5 300.810 200.8792 5.36 1799.1 
5.1327 81.882 54.353 3( 4,-3) 449.9 2501.2 1499.8 300.690 200.8132 -5.09 1799.9 
4.8820 81.686 54.941 3( 4,-3) 627.6 2454.5 1499.2 300.627 200.8055 -4.83 1799.7 
4.7998 75.150 74.550 3( 4,-4) 684.9 2439.5 1499.1 300.649 200.8601 4.74 1800.2 
4.5208 65.167 39.330 4( 5,-4) 806.0 2392.4 1498.5 300.658 200.9520 -4.48 1800.4 
3.3228 60.175 59.300 4( 5,-5) 1061.1 2205.1 1496.3 300.472 200.9897 3.23 1800.2 
2.4128 60.242 59.031 4( 5,-5) 1196.7 2066.0 1495.1 300.356 200.9941 2.30 1799.9 
2.2742 60.259 58.965 4( 5,-5) 1220.4 2042.9 1495.0 300.341 200.9939 2.14 1800.1 
-.8157 57.113 14.435 5( 5,-6) 1816.8 1391.4 1494.0 300.242 201.0000 .39 1800.3 

-1.0206 56.576 17.122 5( 5,-6) 1850.6 1377.3 1494.0 300.251 201.0003 .72 1799.8 
-1.2474 56.254 18.732 5( 5,-6) 1881.0 1357.7 1494.2 300.263 201.0002 1.01 1800.0 
-2.2133 59.731 1.347 5( 5,-5) 2032.8 1230.7 1494.9 300.336 200.9965 -2.11 1800.6 
-2.4367 59.757 1.216 5( 5,-5) 2069.4 1193.6 1495.2 300.360 200.9969 -2.33 180.0.6 
-3.2829 59.822- .888 5( 5,-5) 2198.3 1068.9 1496.3 300.469 200.9935 -3.21 1800.3 
-4.6450 68.472 26.113 4( 4,-5) 2413.3 761.1 1498.7 300.659 200.9173 4.58 1800.2 
-4.7986 74.850 .599 4( 4,-4) 2439.6 688.3 1499.1 300.653 200.8657 -4.75 1800.0 
-5.4378 74.866 .536 4( 4,-4) 2559.1 396.6 1500.6 300.819 200.8855 -5.40 1800.8 
-6.2257 67.538 29.846 4( 4,-5) 2718.2 303.6 1502.7 301.093 200.9703 6.18 1799.5 
-8.3772 59.933 .336 5( 5,-5) 3194.1 198.9 1509.9 301.979 201.1848 -8.36 1799.4 



Table 4.4b Ray parameters for grid - 2 during winter 

SOURCE DEP(M)=-1750.0 
	

REC.DEP(M)=-1800.0 	RANGE(KM)=.  300.0 

S.ANG LOOP LEN FRA.LEN NO.LOOPS T.DEP1 T.DEP2 T.VEL 
	

P.LEN 
	

T.TIME 
	

R.ANG 
	

RT.DEP 
(DEG) 	(KM) 
	

(KM) 	&R.IDENT 	(M) 	(M) 
	

(M/S) 
	

(KM) 
	

(SEC) 
	

(DEG) 
	

(M) 

7.6998 60.074 59.705 4( 5, -5) 204.5 3034.2 1507.4 301.769 201.2388 7.67 1799.9 
6.1528 65.973 36.106 4( 5, -4) 282.6 2702.3 1502.4 301.183 201.1192 -6.10 1799.9 
-1.1099 70.795 16.821 4( 4, -5) 1845.3 1204.6 1494.1 300.261 201.0081 .76 1799.6 
-1.4851 69.337 22.651 4( 4, -5) 1921.1 1167.5 1494.3 300.284 201.0086 1.24 1800.1 
-2.1864 69.132 23.474 4( 4, -5) 2028.5 1063.5 1494.9 300.342 201.0074 2.02 1799.4 
-5.7280 67.814 28.745 4( 4, -5) 2615.5 319.3 1501.3 301.006 201.0365 5.67 1800.5 
-7.7519 59.926 .369 5( 5, -5) 3041.8 204.1 1507.6 301.791 201.2477 -7.73 1800.1 



Table 4.4c Ray parameters for grid-3 during winter 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T. TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

8.7772 67.225 31.099 4( 5, -4) 249.4 3380.4 1512.9 301.801 200.5485 -8.79 1800.1 
7.2107 75.098 74.705 3( 4, -4) 488.9 3006.3 1507.1 301.090 200.3740 7.21 1799.8 
7.0839 83.182 50.455 3( 4, -3) 515.4 2980.0 1506.7 300.937 200.2252 -7.09 1799.8 
6.8966 66.455 34.180 4( 5, -4) 712.9 2937.8 1506.1 301.074 200.4885 -6.91 1800.3 
6.3991 60.089 59.644 4( 5, -5) 892.4 2835.6 1504.6 301.012 200.6078 6.41 1800.0 
5.3547 54.999 25.005 5( 6, -5) 1096.0 2626.8 1501.8 300.792 200.6903 -5.37 1799.9 
4.2641 50.111 49.445 5( 6, -6) 1273.2 2426.2 1499.3 300.598 200.7521 4.28 1799.8 
1.7612 46.685 19.888 6( 7, -6) 1585.4 2040.5 1495.9 300.271 200.7766 -1.80 1800.3 

-1.6499 45.674 25.954 6( 6, -7) 2022.8 1598.5 1495.8 300.265 200.7792 1.69 1799.3 
-4.2140 49.887 .678 6( 6, -6) 2418.1 1280.4 1499.3 300.592 200.7571 -4.23 1800.1 
-5.1831 54.066 29.671 5( 5, -6) 2594.2 1126.2 1501.3 300.764 200.7081 5.20 1800.6 
-6.3942 59.910 .451 5( 5, -5) 2834.7 893.7 1504.6 301.017 200.6153 -6.40 1800.6 
-7.2177 74.902 .390 4( 4, -4) 3009.5 488.5 1507.1 301.099 200.3823 -7.23 1799.5 
-9.2612 65.660 37.361 4( 4, -5) 3508.5 212.5 1514.9 302.012 200.5654 9.26 1800.0 



'Table 4.4d Ray parameters for grid-4 during winter 

	

SOURCE DEP(M)=-1750.2 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

7.8465 66.613 33.54' 4( 5, -4) 276.7 3077.3 1508.1 301.485 200.7674 -7.85 1800.4 
6.7800 75.106 74.682 3( 4, -4) 440.1 2834.4 1504.5 300.992 200.5904 6.77 1800.3 
6.4768 75.110 74.671 3( 4, -4) 583.1 2769.2 1503.6 300.898 200.5857 6.49 1799.8 
6.0483 65.905 36.380 4( 5, -4) 752.3 2676.4 1502.4 300.862 200.7025 -6.06 1799.8 
5.1736 60.110 59.553 4( 5, -5) 979.5 2500.3 1500.1 300.695 200.7807 5.18 1799.9 
4.0836 54.053 29.73" 5( 6, -5) 1242.9 2314.5 1497.8 300.504 200.8333 -4.10 1799.2 
3.7504 50.126 49.363 5( 6, -6) 1324.6 2267.0 1497.2 300.470 200.8681 3.76 1799.8 
2.9137 46.437 21.373 6( 7, -6) 1495.0 2155.7 1495.9 300.358 200.8889 -2.93 1799.8 
2.6267 43.012 41.923 6( 7, -7) 1544.7 2109.7 1495.6 300.334 200.9052 2.64 1800.1 
2.3609 40.405 17.16! 7( 8, -7) 1585.6 2071.9 1495.3 300.311 200.9153 -2.39 1800.4 
2.0676 37.671 36.301 7( 8, -8) 1624.2 2027.1 1495.0 300.289 200.9248 2.08 1800.0 
1.9269 35.707 14.345 8( 9, -8) 1640.6 2006.9 1494.8 300.280 200.9308 -1.95 1800.1 
1.6972 33.518 31.853 8( 9, -9) 1664.3 1980.0 1494.7 300.266 200.9373 1.72 1800.2 
1.3158 33.572 31.425 8( 9, -9) 1697.3 1944.9 1494.4 300.240 200.9380 1.35 1800.6 
1.2495 33.580 31.355 8( 9, -9) 1702.3 1936.8 1494.4 300.237 200.9380 1.28 1800.0 
.9933 32.243 9.8:4 9(10, -9) 1719.4 1905.3 1494.2 300.225 200.9401 -1.04 1800.0 
.6749 30.384 26.54' 9(10,-10) 1736.0 1868.4 1494.1 300.214 200.9414 .73 1799.7 

-.7720 30.861 22.251 9( 9,-10) 1879.3 1732.1 1494.1 300.217 200.9412 .83 1799.9 
-1.1583 33.066 2.403 9( 9, -9) 1925.4 1708.8 1494.3 300.233 200.9395 -1.20 1800.3 
-1.3555 33.103 2.076 9( 9, -9) 1948.7 1694.3 1494.4 300.244 200.9397 -1.39 1800.4 
-1.6418 33.141 1.731 9( 9, -9) 1974.2 1669.7 1494.6 300.263 200.9393 -1.67 1800.5 
-1.8530 34.881 20.955 8( 8, -9) 1997.6 1648.5 1494.8 300.277 200.9347 1.87 1800.5 
-2.0436 37.328 1.379 8( 8, -8) 2023.5 1627.0 1495.0 300.288 200.9272 -2.07 1799.8 
-2.1843 39.493 23.543 7( 7, -8) 2046.2 1609.6 1495. .1 300.297 200.9203 2.20 1799.7 
-2.5964 42.700 1.093 7( 7, -7) 2105.1 1549.6 1495.5 300.333 200.9083 -2.62- 1800.1 
-2.8743 45.860 24.839 6( 6, -7) 2149.2 1502.1 1495.9 300.358 200.8955 2.89 1799.5 
-3.7194 49.872 .770 6( 6, -6) 2262.8 1331.3 1497.2 300.468 200.8725 -3.74 1800.2 
-4.1546 55.114 24.432 5( 5, -6) 2325.1 1222.7 1497.9 300.521 200.8387 4.16 1800.5 
-4.2505 55.072 24.639 5( 5, -6) 2339.5 1197.9 1498.1 300.540 200.8387 4.26 1800.0 
-4.3421 55.030 24.850 5( 5, -6) 2353.8 1177.6 1498.3 300.558 200.8387 4.35 1799.7 
-5.1159 59.887 .566 5( 5, -5) 2490.0 992.8 1500.0 300.687 200.7867 -5.13 1800.8 
-6.1768 67.543 29.826 4( 4, -5) 2703.4 709.4 1502.7 300.893 200.6960 6.18 1800.6 
-6.4659 74.890 .440 4( 4, -4) 2766.6 585.2 1503.6 300.901 200.5933 -6.47 1799.9 
-6.7977 74.897 .411 4( 4, -4) 2839.2 436.6 1504.6 301.004 200.5982 -6.81 1799.0 
-7.8259 66.740 33.038 4( 4, -5) 3073.1 277.8 1508.0 301.459 200.7404 7.82 1799.7 



'Table 4.4e Ray parameters for grid-5 during winter 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

7.4254 66.589 33.643 4( 5, -4) 546.0 3060.7 1507.9 301.277 200.5124 -7.46 1799.6 
6.6179 66.288 34.847 4( 5, -4) 753.4 2886.1 1505.3 301.012 200.5084 -6.66 1800.3 
5.9283 60.095 59.620 4( 5, -5) 956.3 2748.4 1503.3 300.901 200.6246 6.02 1799.6 
5.2414 54.838 25.808 5( 6, -5) 1101.6 2616.7 1501.6 300.783 200.7005 -5.32 1800.9 
4.1765 50.113 49.436 5( 6, -6) 1284.4 2432.3 1499.3 300.601 200.7650 4.30 1800.1 
3.3662 46.441 21.357 6( 7, -6) 1411.1 2319.3 1497.9 300.483 200.7950 -3.47 1800.1 

-1.2276 44.921 30.477 6( 6, -7) 2131.8 1680.5 1495.6 300.276 200.8180 1.57 1800.0 
-3.1514 45.856 24.862 6( 6, -7) 2293.8 1441.5 1497.6 300.464 200.8120 3.30 1801.0 
-4.1307 49.886 .685 6( 6, -6) 2424.9 1292.1 1499.2 300.596 200.7699 -4.23 1800.1 
-5.1168 54.243 28.785 5( 5, -6) 2593.5 1124.3 1501.3 300.770 200.7230 5.21 1799.8 
-5.9093 59.905 .476 5( 5, -5) 2744.8 960.9 1503.3 300.901 200.6315 -5.97 1799.6 
-6.6847 67.101 31.597 4( 4, -5) 2901.5 729.0 1505.5 301.052 200.5321 6.76 1799.6 
-7.1709 66.852 32.591 4( 4, -5) 3005.9 599.6 1507.1 301.208 200.5333 7.25 1799.9 
-7.2960 66.818 32.727 4( 4, -5) 3032.6 573.8 1507.5 301.249 200.5333 7.37 1799.9 
-7.4119 66.769 32.923 4( 4, -5) 3057.7 548.5 1507.9 301.288 200.5334 7.48 1799.4 



Table 4.4f Ray parameters for grid -6 during winter 

	

SOURCE DEP(M)=-1750.0 	REC.DEP(M)=-1800.0 

S.ANG 	LOOP LEN 	FRA.LEN 	NO.LOOPS T.DEP1 	T.DEP2 
(DEG) 	(KM) 	(KM) 	&R.IDENT 	(M) 	(M) 

RANGE(KM)= 300.0 

T.VEL 	P.LEN 
(M/S) 	(KM) 

T.TIME 
(SEC) 

R.ANG 
(DEG) 

RT.DEP 
(M) 

7.8384 66.756 32.975 4( 5, -4) 426.2 3153.3 1509.4 301.445 200.5445 -7.88 1799.7 
6.6534 66.304 34.785 4( 5, -4) 697.2 2894.2 1505.4 301.044 200.5358 -6.71 1800.4 
5.6381 60.101 59.597 4( 5, -5) 982.4 2690.7 1502.6 300.836 200.6410 5.73 1800.1 
4.9273 54.739 26.307 5( 6, -5) 1141.6 2560.1 1500.8 300.715 200.7084 -5.00 1799.5 
3.9507 50.121 49.397 5( 6, -6) 1303.5 2397.8 1498.9 300.563 200.7703 4.07 1800.7 
3.0706 46.403 21.579 6( 7, - 6) 1448.5 2284.7 1497.4 300.440 200.7957 -3.19 1800.3 
-1.1832 44.853 30.883 6( 6, -7) 2129.1 1686.4 1495.6 300.273 200.8178 1.53 1799.5 
-2.9275 45.868 24.792 6( 6, -7) 2269.2 1470.5 1497.3 300.433 200.8121 3.08 1799.8 
-3.8793 49.879 .724 6( 6, -6) 2387.4 1315.2 1498.7 300.553 200.7750 -3.98 1799.8 
-4.8677 54.339 28.303 5( 5, -6) 2548.9 1153.6 1500.7 300.717 200.7289 4.97 1800.0 
-5.6261 59.899 .504 5( 5, -5) 2688.7 985.4 1502.5 300.839 200.6476 -5.69 1800.0 
-6.8330 67.027 31.893 4( 4, -5) 2931.1 648.4 1506.0 301.113 200.5537 6.90 1799.6 
-7.9077 66.512 33.950 4( 4, -5) 3170.7 415.8 1509.7 301.484 200.5592 7.98 1799.3 



Table 4.5 Summary of eigen ray computations for Grid-1 to 

Grid-6 

Grid No. Season No. 	of 	First 

eigen 	arrival 
rays 	(s) 

Last 

arrival 

(s) 

Arrival 

span 
(s) 

No. 	of 

stable 
rays 

SUM 23 200.6990 201.1891 .4901 
1 18 

WIN 21 .8055 .1848 .3793 

SUM 13 201.0227 201.2705 .2478 
2 7 

WIN 7 .0074 .2477 .2403 

SUM 12 200.3845 200.5862 .2017 

3 10 
WIN 14 .2252 .7792 .5540 

SUM 24 200.6211 200.9365 .3154 
4 20 

WIN 35 .5857 .9414 .3557 

SUM 15 200.5423 200.8159 .2736 
5 15 

WIN 15 .5084 .8180 .3096 

SUM 21 200.5675 200.8203 .2528 
6 10 

WIN 13 .5358 .8178 .2820 

2 



Table 4.6a Ray path lengths in tomographic layers for 

grid-1 during summer. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000, 	3000-4000 T.PATH 

8.0902 26.485 35.976 31.715 56.138 101.908 49.436 301.659 
6.4336 30.484 56.481 43.291 66.577 104.166 .000 300.999 
5.6570 26.861 69.793 42.709 65.318 95.987 .000 300.669 
5.2712 .000 119.609 49.038 63.370 68.492 .000 300.509 
5.0392 .000 95.442 54.373 71.058 79.605 .000 300.479 
4.9992 .000 79.161 55.462 78.690 87.196 .000 300.510 
4.6849 .000 39.556 85.387 93.511 82.042 .000 300.496 
3.3618 .000 .000 74.651 142.483 83.147 .000 300.281 
2.9883 .000 .000 60.704 167.745 71.785 .000 300.234 
2.8060 .000 .000 51.097 183.536 65.580 .000 300.213 
1.1479 .000 .000 .000 300.064 .000 .000 300.064 
.9648 .000 .000 .000 300.052 .000 .000 300.052 

-1.2038 .000 .000 .000 300.063 .000 .000 300.063 
-2.7590 .000 .000 48.336 187.744 64.124 .000 300.204 
-3.1123 .000 .000 64.756 159.770 75.725 .000 300.250 
-3.2856 .000 .000 71.600 147.730 80.943 .000 300.272 
-4.8652 .000 52.173 59.849 82.384 106.102 .000 300.508 
-4.9899 .000 76.482 55.719 77.758 90.550 .000 300.511 
-5.0874 .000 151.809 33.236 48.746 66.559 .000 300.349 
-5.1334 .000 116.174 38.995 57.361 87.905 .000 300.434 
-5.6665 26.438 69.189 42.571 66.379 96.100 .000 300.677 
-6.2566 25.070 48.756 36.172 61.668 129.218 .000 300.884 
-8.1619 26.279 35.457 31.360 56.414 99.941 52.241 301.691 



Table 4.6b Ray path lengths in tomographic layers for 

grid-2 during summer. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4000 T.PATH 

7.6788 30.093 36.047 31.156 58.483 123.413 22.374 301.567 
6.0317 34.432 54.789 40.752 70.088 100.899 .000 300.960 
2.0442 .000 .000 94.801 205.340 .000 .000 300.141 
1.7945 .000 .000 83.347 216.774 .000 .000 300.121 

-1.5595 .000 .000 69.284 230.819 .000 .000 300.103 
-1.7714 .000 .000 82.185 217.932 .000 .000 300.118 
-2.0869 .000 .000 95.466 191.685 12.994 .000 300.146 
-3.3516 .000 21.504 77.883 118.058 82.869 .000 300.314 
-3.6541 .000 34.383 64.446 109.843 91.694 .000 300.366 
-3.7165 .000 37.459 62.473 106.710 93.731 .000 300.373 
-3.8773 .000 48.014 58.130 101.544 92.712 .000 300.399 
-5.6736 27.385 50.697 34.997 67.514 120.205 .000 300.798 
-7.8047 30.024 35.187 30.600 58.416 114.226 33.169 301.622 



Table 4.6c Ray path lengths in tomographic layers for 

grid-3 during summer. 

SOURCE DEP(M)=-1750.0 
	

REC.DEP(M)=-1800.0 	RANGE(KM)= 300.0 

LAYER 0-400 400-800 800-1200 1200- 2000 2000-3000 3000-4000 T.PATH 

8.6710 36.294 52.697 35.072 49.568 69.891 57.870 301.393 
7.2165 .000 39.053 71.476 69.256 121.138 .000 300.923 
6.3161 .000 .000 78.817 92.021 129.894 .000 300.732 
5.2066 .000 .000 15.551 156.024 128.924 .000 300.500 
4.0432 .000 .000 .000 185.374 114.942 .000 300.316 

-3.2713 .000 .000 .000 184.932 115.276 .000 300.208 
-3.3851 .000 .000 .000 182.824 117.394 .000 300.218 
-3.9894 .000 .000 .000 170.265 130.042 .000 300.307 
-4.9908 .000 .000 .000 169.823 130.643 .000 300.466 
-6.3096 .000 .000 66.261 88.226 146.252 .000 300.739 
-7.2251 .000 31.393 63.643 66.045 139.858 .000 300.939 
-9.1637 29.866 34.706 27.523 44.336 77.315 87.883 301.629 



Table 4.6d Ray path lengths in tomographic layers for 

grid-4 during summer. 

SOURCE DEP(M)=-1750.0 
	

REC.DEP(M)=-1800.0 	RANGE(KM)= 300.0 

LAYER 0-400 400-800 800-1200 1200- 2000 2000-3000 3000-4000 T.PATH 

7.7646 35.213 53.016 38.744 56.855 93.760 23.657 301.245 
6.8246 .000 96.140 39.961 57.215 107.504 .000 300.820 
6.6532 .000 86.734 43.928 64.336 105.805 .000 300.803 
6.0448 .000 48.927 72.204 78.340 101.212 .000 300.683 
5.1712 .000 .000 87.954 99.957 112.601 .000 300.512 
4.1924 .000 .000 41.969 163.676 94.697 .000 300.342 
2.7814 .000 .000 .000 222.503 77.648 .000 300.151 
2.0143 .000 .000 .000 300.082 .000 .000 300.082 
1.6189 .000 .000 .000 300.055 .000 .000 300.055 
1.0678 .000 .000 .000 300.025 .000 .000 300.025 
.8596 .000 .000 .000 300.017 .000 .000 300.017 
.6213 .000 .000 .000 300.009 .000 .000 300.009 

-.6406 .000 .000 .000 300.009 .000 .000 300.009 
-.7969 .000 .000 .000 300.015 .000 .000 300.015 
-1.1455 .000 .000 .000 300.029 .000 .000 300.029 
-1.4886 .000 .000 .000 300.046 .000 .000 300.046 
-2.0248 .000 .000 .000 300.084 .000 .000 300.084 
-2.7322 .000 .000 .000 222.842 77.304 .000 300.146 
-4.3851 .000 .000 48.043 135.503 116.836 .000 300.382 
-5.1415 .000 .000 86.194 102.200 112.118 .000 300.512 
-6.1520 .000 47.719 53.880 70.676 128.436 .000 300.712 
-6.6308 .000 85.526 42.811 61.570 110.893 .000 300.800 
-6.8270 .000 96.063 39.979 57.324 107.454 .000 300.819 
-7.7444 28.033 42.631 31.078 	, 52.875 117.981 28.635 301.232 



Table 4.6e Ray path lengths in tomographic layers for 

grid-5 during summer. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4000 T.PATH 

7.3752 .000 74.489 51.470 61.148 113.795 .000 300.901 
6.7929 .000 18.685 87.644 76.277 118.202 .000 300.808 
5.5533 .000 .000 61.671 120.509 118.345 .000 300.525 
4.6869 .000 .000 .000 177.346 123.055 .000 300.401 
4.0234 .000 .000 .000 184.404 115.891 .000 300.295 
2.9118 .000 .000 .000 189.309 110.858 .000 306.166 

-1.4007 .000 .000 .000 300.060 .000 .000 300.060 
-2.7239 .000 .000 .000 187.377 112.772 .000 300.149 
-3.9809 .000 .000 .000 170.308 129.985 .000 300.293 
-4.6591 .000 .000 .000 174.896 125.506 .000 300.402 
-5.5342 .000 .000 50.748 115.659 134.123 .000 300.530 
-6.8464 .000 22.252 72.173 71.826 134.585 .000 300.837 
-7.2878 .000 48.844 46.568 64.551 140.996 .000 300.959 
-7.7858 .000 58.289 37.902 57.870 115.768 31.291 301.120 
-7.8022 .000 58.322 37.747 57.804 114.858 32.395 301.126 



Table 4.6f Ray path lengths in tomographic layers for 

grid -6 during summer. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4000 T.PATH 

7.6900 .000 80.396 47.079 56.779 97.495 19.289 301.038 
7.0865 .000 51.561 61.514 70.080 117.766 .000 300.921 
5.5561 .000 .000 68.449 113.616 118.492 .000 300.557 
4.5597 .000 .000 .000 180.039 120.358 .000 300.397 
3.7763 .000 .000 • 	.000 186.461 113.797 .000 300.258 
1.9902 .000 .300 .000 300.087 .000 .000 300.087 
1.5152 .000 .300 .000 300.058 .000 .000 300.058 
1.2619 .000 .300 .000 300.045 .000 .000 300.045 
.9598 .000 .000 .000 300.029 .000 .000 300.029 
.7365 .000 .000 .000 300.018 .000 .000 300.018 

-.8865 .000 .000 .000 300.026 .000 .000 300.026 
-1.3009 .000 .000 .000 300.048 .000 .000 300.048 
-1.5472 .000 .000 .000 300.062 .000 .000 300.062 
-2.0382 .000 .000 .000 290.828 9.263 .000 300.091 
-3.7212 .000 .000 .000 171.434 128.818 .000 300.253 
4.5364 .000 .000 .000 180.613 119.780 .000 300.393 

-5.5263 .000 .000 55.354 107.335 137.868 .000 300.557 
-7.1250 .000 42.339 53.551 66.478 138.577 .000 300.945 
-7.7172 .000 66.460 37.574 53.869 116.749 26.405 301.056 
-8.1892 .000 63.234 32.549 52.848 98.951 53.700 301.282 
-8.5416 15.150 48.326 29.798 50.315 89.934 67.897 301.420 



Table 4.7a Ray path lengths in tomographic layers for 

for grid-1 during winter. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4000 T.PATH 

8.2873 27.171 34.405 30.988 55.659 96.418 57.092 301.733 
6.4181 29.892 55.712 43.958 66.797 104.631 .000 300.989 
5.4222 .000 92.113 47.273 68.119 93.102 .000 300.607 
5.1327 .000 112.222 53.491 67.598 67.176 .000 300.488 
4.8820 .000 102.370 61.605 72.579 63.875 .000 300.429 
4.7998 .000 70.497 65.396 80.781 83.785 .000 300.458 
4.5208 .000 .000 124.796 95.983 79.671 .000 300.450 
3.3228 .000 .000 69.737 148.503 82.035 .000 300.275 
2.4128 .000 .000 .000 247.390 52.771 .000 300.161 
2.2742 .000 .000 .000 260.284 39.865 .000 300.149 
-.8157 .000 .000 .000 300.043 .000 .000 300.043 
-1.0206 .000 .000 .000 300.052 .000 .000 300.052 
-1.2474 .000 .000 .000 300.063 .000 .000 300.063 
-2.2133 .000 .000 .000 264.751 35.387 .000 300.138 
-2.4367 .000 .000 .000 246.624 53.538 .000 300.162 
-3.2829 .000 .000 67.455 151.940 80.874 .000 300.270 
-4.6450 .000 35.924 75.852 86.884 101.796 .000 300.457 
-4.7986 .000 70.457 65.403 80.803 83.795 .000 300.457 
-5.4378 5.247 86.184 46.943 68.960 93.281 .000 300.616 
-6.2257 23.838 48.130 36.852 62.615 129.448 .000 300.883 
-8.3772 26.880 33.809 30.549 55.638 93.900 61.001 301.777 



Table 4.7b Ray path lengths in tomographic layers for 

grid-2 during winter. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4000 T.PATH 

7.6998 29.060 36.172 31.645 58.868 121.499 24.314 301.559 
6.1528 33.218 53.291 41.061 70.904 102.511 .000 300.985 
-1.1099 .000 .000 .000 300.060 .000 .000 300.060 
-1.4851 .000 .000 28.998 271.090 .000 .000 300.089 
-2.1864 .000 .000 71.482 198.371 30.288 .000 300.141 
-5.7280 25.338 50.491 35.892 68.020 121.059 .000 300.800 
-7.7519 28.830 35.776 31.383 59.103 117.333 29.161 301.586 



Table 4.7c Ray path lengths in tomographic layers for 

grid-3 during winter. 

SOURCE DEP(M)=-1750.0 
	

REC.DEP(M)=-1800.0 	RANGE(KM)=.  300.0 

LAYER 0-400 400-800 800-1200 1200- 2000 2000-3000 3000-4000 T.PATH 

8.7772 36.312 44.602 35.200 51.944 64.620 68.923 301.602 
7.2107 .000 82.610 45.462 55.240 106.895 10.691 300.898 
7.0839 .000 106.842 48.610 53.912 91.410 .000 300.775 
6.8966 .000 51.149 68.863 66.250 114.600 .000 300.861 
6.3991 .000 .000 85.765 78.067 136.976 .000 300.808 
5.3547 .000 .000 57.915 116.064 126.608 .000 300.586 
4.2641 .000 .000 .000 169.423 130.967 .000 300.390 
1.7612 .000 .000 .000 249.767 50.305 .000 300.072 

-1.6499 .000 .000 .000 262.153 37.912 .000 300.065 
-4.2140 .000 .000 .000 170.415 129.969 .000 300.384 
-5.1831 .000 .000 40.013 111.518 149.027 .000 300.559 
-6.3942 .000 .000 84.406 79.480 136.929 .000 300.815 
-7.2177 .000 81.688 45.300 56.305 106.067 11.551 300.909 
-9.2612 27.405 30.847 25.626 43.882 74.306 99.746 301.811 



Table 4.7d Ray path lengths in tomographic layers for 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

grid-4 during winter. 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4040 T.PATH 

7.8465 33.824 51.363 38.860 57.669 88.414 31.144 301.273 
6.7800 .000 90.998 42.286 57.158 110.340 .000 300.782 
6.4768 .000 84.129 48.124 61.771 106.671 .000 300.695 
6.0483 .000 40.048 79.794 79.543 101.269 .000 300.653 
5.1736 .000 .000 82.450 105.964 112.080 .000 300.493 
4.0836 .000 .000 .000 207.802 92.511 .000 300.313 
3.7504 .000 .000 .000 198.322 101.939 .000 300.261 
2.9137 .000 .000 .000 209.779 90.382 .000 300.161 
2.6267 .000 .000 .000 214.225 85.909 .000 300.135 
2.3609 .000 .000 .000 227.926 72.182 .000 300.108 
2.0676 .000 .000 .000 259.135 40.953 .000 300.089 
1.9269 .000 .000 .000 300.080 .000 .000 300.080 
1.6972 .000 .000 .000 300.066 .000 .000 300.066 
1.3158 .000 .000 .000 300.041 .000 .000 300.041 
1.2495 .000 .000 .000 300.036 .000 .000 300.036 
.9933 .000 .000 .000 300.024 .000 .000 300.024 

-1.1583 .000 .000 .000 300.032 .000 .000 300.032 
-1.3555 .000 .000 .000 300.044 .000 .000 300.044 
-1.6418 .000 .000 .000 300.063 .000 .000 300.063 
-1.8530 .000 .000 .000 300.076 .000 .000 300.076 
-2.0436 .000 .000 .000 264.235 35.854 .000 300.089 
-2.1843 .000 .000 .000 237.349 62.747 .000 300.097 
-2.5964 .000 .000 .000 215.932 84.201 .000 300.133 
-2.8743 .000 .000 .000 200.971 99.189 .000 300.160 
-3.7194 .000 .000 .000 198.808 101.451 .000 300.259 
-4.1546 .000 .000 .000 191.050 109.280 .000 300.330 
-4.2505 .000 .000 .000 189.033 111.310 .000 300.343 
-4.3421 .000 .000 22.273 164.807 113.275 .000 300.355 
-5.1159 .000 .000 79.776 109.878 110.833 .000 300.487 
-6.1768 .000 42.653 57.301 72.100 128.647 .000 300.701 
-6.7977 .000 89,934 41.879 58.367 110.619 .000 300.799 
-6.7977 .000 89.934 41.879 58.367 110.619, .000 300.799 
-7.8259 27.304 41.365 31.202 52.154 111.421 37.802 301.248 



Table 4.7e Ray path lengths in tomographic layers for 

grid-5 during winter. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4000 T.PATH 

7.4254 .000 71.835 49.754 61.004 91.371 27.094 301.058 
6.6179 .000 36.160 79.899 73.961 110.802 .000 300.822 
5.9283 .000 .000 78.305 90.153 132.254 .000 300.712 
5.2414 .000 .000 57.408 121.425 121.741 .000 300.573 
4.1765 .000 .000 .000 175.667 124.729 .000 300.396 
3.3662 .000 .000 .000 192.497 107.780 .000 300.277 

-1.2276 .000 .000 .000 187.943 112.124 .000 300.067 
-3.1514 .000 .000 .000 178.837 121.422 .000 300.259 
-4.1307 .000 .000 .000 176.687 123.704 .000 300.391 
-5.1168 .000 .000 41.655 114.964 143.942 .000 300.561 
-5.9093 .000 .000 77.304 90.741 132.668 .000 300.713 
-6.6847 .000 36.113 59.513 65.923 139.313 .000 300.862 
-7.1709 .000 53.550 44.191 57.513 136.499 9.240 300.992 
-7.2960 .000 55.748 41.807 56.795 121.990 24.698 301.039 
-7.4119 .000 57.871 39.950 55.285 114.762 33.206 301.074 



Table 4.7f Ray path lengths in tomographic layers for 

grid-6 during winter. 

SOURCE DEP(M)=-1750.0 

LAYER 	0-400 	400-800 

REC.DEP(M)=-1800.0 

800-1200 	1200- 2000 

RANGE(KM)= 300.0 

2000-3000 	3000-4000 T.PATH 

7.8384 .000 77.681 41.893 59.019 79.030 43.623 301.246 
6.6534 .000 53.010 66.956 69.745 111.119 .000 300.830 
5.6381 .000 .000 79.683 93.232 127.719 .000 300.634 
4.9273 .000 .000 46.329 136.963 117.221 .000 300.512 
3.9507 .000 .000 .000 180.715 119.641 .000 300.356 
3.0706 .000 .000 .000 197.453 102.789 .000 300.242 

-1.1832 .000 .000 .000 190.005 110.059 .000 300.065 
-2.9275 .000 .000 .000 182.759 117.473 .000 300.232 
-3.8793 .000 .000 .000 182.234 118.111 .000 300.345 
-4.8677 .000 .000 34.540 126.289 139.685 .000 300.514 
-5.6261 .000 .000 79.313 93.774 127.547 .000 300.634 
-6.8330 .000 49.622 48.091 61.885 141.312 .000 300.911 
-7.9077 .000 61.630 32.855 52.546 96.875 57.376 301.283 
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5. TOMOGRAPHIC INVERSE PROBLEM 

5.1 Introduction: 

In geophysics, inverse theory is well adapted for 

measuring quantities on the earth's surface that are 

functionals of the distribution of physical parameters at 

depth (Backus and Gilbert, 1967; Wiggins, 1972; 

Parker,1977). Inverse methods have also been applied in the 

study of the ocean circulation (Wunsch, 1978; Roemmich, 

1981; Lee-Lueng-Fu, 1981) to compute geostrophic velocity 

using known fields of horizontal density gradients. In 

recent years, inverse procedures are rediscovered and 

developed in many fields under different names and technical 

details. Such procedures include optimal estimation theory, 

objective mapping, control theory, krigging, regression 

analysis etc,. The numerical algorithms employed in these 

studies include singular value decompositions, linear 

programming, variational techniques, generalized inverses, 

least squares, projections, quadratic and dynamic 

programming etc,. All these procedures and algorithms 

attempt to compare and relate physical model to sohe set of 

observations so as to determine from the data 

"best-estimates" of certain model parameters (Wunsch, 1985). 

An estimate of the statistical uncertainty of the solution; 

the resolution of the solution; a ranking of the data in 

order of importance to the solution; a distinction between 

the model error and random error are often desirable. 
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Basically, the inverse theory helps in the estimation 

of the model parameter. This could be expressed as 

I Data I ---> I Model I ---> 'Estimation of model parameters 

The inverse model in ocean acoustics leads to the 

estimation of the model parameter - the sound speed 

perturbations in the medium. 

5.2 Mathematical formulation: 

The basic equation of inverse theory is 

Gm + e = d 	 ...(5.1) 

where G is a known operator (kernel), m - the model used, 

- the observational error and d - the travel time 

perturbation data. 

The estimation of the model parameters is as follows: 

m = G
-1 
 d 	 .,.(5,2) 

Consider a stratified ocean in which a transmitter and 

receiver, separated by a few hundred kilometers, are kept in 

the sound channel. To map the sound speed anomaly in 

one-dimension, the vertical slice (section) of the ocean is 

usually divided into a number of hypothetical layers while 

two-dimensional maps of the anomalies are obtained by 

dividing into range-wise and depth-wise segments of both the 

range and depth. The vertical plane is thus split into small 
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rectangles of equal area (say, 15 x 15) to parameterize an 

unknown quantity - either sound speed perturbation field 

Sc(x,z) or current field u(x,z). The present study follows 

the one-dimensional method of obtaining the model parameter. 

Refering to the acoustic travel time equation given in 

Annexure-2 (eqn. A.12) where NR number of eigen rays (i = 

1, NR) identified and NL number of layers (j = 1, NL) 

considered, one obtains NR linear equations having NL 

unknowns (Sc l ). Expressing the above in the matrix form, we 

get 

A 6c = ST 	 ... (5.3) 

where A, 	ST and Sc denote the data kernel, travel 

perturbation(s) and the model parameter pertu•bation(s) 

respectively. Travel time perturbations are the deviations 

of the ray travel times measured from the reference travel 

times obtained through simulation. 

The above system of equations leads to one of the 

following problems: i) overdetermined (more data than 

unknowns) or ii) evendetermined (same number of equations 

as unknowns) or iii) underdetermined (more unknowns than 

data). 

The solutions for the above cases take the form 

Sc = (ATA) -1  ATST (minimizes data error) for overdetermined 

case, 

Sc = AT
(AA

T
)

-1 

ST (minimizes model error) for under- 
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determined case. 

Use of least squares method solves the overdetermined 

problem by minimizing the squared Euclidean length - e T e, 

[where e = 6T - A 6c] and having a perfect model resolution 

1 
i. e. 	A A = I. 

The evendetermined case will have only one solution 

with no estimation error. 

Use of minimum length method solves the underdetermined 

problem (wherein 6c T  6c is as small as possible) and has a 

perfect data resolution i.e. AA-1  = I. 

g  
The generalized inverse (A ) method that solves the 

intermediate, mixed-determined problems will have data and 

model resolution matrices that are intermediate between 

these two extremes (Menke, 1984). The details of the 

Generalized inverse method are included saperately in 

Annexure-3. 

5.3 Computational details: 

The inverse program GNV reads the number of resolvable 

eigen rays (NR), number of layers (NL), number of factors 

(energetic modes, NF) and the noise Variance of travel time 

data (DELN). The data kernel consisting of the ray path 

lengths in the pre-set number of layers stored in the matrix 

of order NR x NL and the travel time perturbations for each 

of the resolvable eigen rays stored in the array of the 
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column matrix are read from the access disk file. The 

covariance matrix is computed and stored in the matrix B of 

order NL x NL and thereby the eigen values (E) and the 

corresponding eigen vectors (V). Matrix U of order NR x NF 

is computed using the matrix A, V and r. Once singular value 

decomposition is performed, it computes the generalized 

- inverse operator (GIO), vr 1 UT. Now the above GIO is 

operated on travel time data which yields generalized 

inverse solution stored in column matrix C of order NL x 1. 

The sound speed perturbations corresponding to NL 

layers are used to obtain the vertical profile of 6c with 

depth by application of a suitable interpolation tfietod. This 

permits reconstruction of the sound speed profile For 

comparison with the the assumed profile for test validation 

of the model study Ramana Murty et al. 1992). 

5.4 Application: 

The generalized inverse operator constructed from the 

data kernel (consisting of layer-wise path lengths) arranged 

in rows and columns of matrix-A and the travel time 

perturbations are used to predict the model parameter in 

real time. To achieve this, one needs to understand the 

distribution of eigen values computed and the corresponding 

eigen vectors. A plot of the eigen values is shown in Fig. 

5.1. 

To construct the generalized inverse operator, 	it is 
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essential to remove the noise present in the original data 

kernel (A) by approximating with the filtered kernel 

(U r VT ). The vertical distribution of the original data 
P P P 

kernel (A) is shown in,Fig. 5.2a. The contour pattern in 

this diagram indicates maximum information in the presence 

of the sound channel axis where ray bending takes place 

towards the sound speed minimum forming an envelope. 

Fig. 5.2.b shows the filtered data kernel obtained 

through reconstruction using five energetic modes of the 

activated spaces of model and data matrices after removing 

the noise vector. The prominent signal or information 

content present in the data kernel (A) on the eigen rays 

(Fig. 5.2a) can be expressed in terms of few modes. For the 

Arabian Sea the generalized inverse operator based on six 

layers and five eigen modes (Fig. 5.2 c) - defined by eqn. 

13.1, could predict the model parameters with sufficient 

accuracy. 

For the validation of the model, the travel times of 

eigen rays computed using the summer sound speed profile of 

grid-4 and the winter sound speed profile for the same grid 

have been used to generate travel time perturbations. For 

the present case, the travel time perturbations varied 

between .0265 and .0542 s. These pertubations are operated 

by the generalized inverse operator (Fig. 5.2c) to get the 

model parameter perturbation (8c) in different layers (Fig. 

5.3). 
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Model parameter perturbations: 

The model perturbations for different eigen modes are 

shown in Fig. 5.3 in the form of a scatter diagram. For the 

six layer model, the features are adequately reproduced when 

five eigenvectors are considered as seen by the closeness of 

the points to the assumed perturbation (continuous curve). 

The results of the numerical experiments conducted for 

ocean layer cases 4 to 8 and various energetic modes have 

been analysed thoroughly to obtain the most plausible 

solution. The results of these exercises for different 

combinations attempted are presented in Fig. 5.4. 

The computation of the generalized inverse solution 

show results well within the acceptable limits of variance. 

For the six-layer numerical study, the departUre between the 

reconstructed and the perturbed/ assumed profiles is less 

when five energetic modes are considered (Fig. 5.5). 

Assuming an experiment has been carried, we expect the 

times of arrivals of rays during the winter (measurables). 

These form the differences in times AT I  , AT 2, AT N. With 

this data, inversion technique has been applied and 

layer-wise estimate of 8c is made. This estimate of ac is 

added to the sound speed profile presented in summer. This 

modified/ constructed profile is compared with the winter 

profile. The curves closely resemble each other. As table 

5.4 shows the sound speed perturbations (ac) presented in 

col. 4 and col. 8 are nearly equal layer-wise. Fortunately, 
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in this case the two sets of data are such, to give the 

exact values. 

The closeness ratio indicated that the first five modes 

arranged in descending order, give rise to 99.86 % of 

information. This enabled reproduction of the original 

profile. By considering the sixth mode, a small eigen value 

present in the denominator of the eqn. B.11 amplified the 

noise instead of increasing the accuracy of the solution 

(Table 5.1). 

At this stage, a word of caution is necessary, Refering 

to table 5.4 wherein we presented the assumed and 

reconstructed sound speed perturbation layer-wise, we feel 

that the choice of data; is such as to bring exact 

coincidence. This might have happened because of the process 

of averaging in the climatological data sets. As we known 

the oceanographic fields change slowly and as we have 

already seen in chapter 2, the changes in T and S fields 

could be large from the summer to winter in the Arabian Sea. 

When we take into consideration, the individual data sets, 

we may not see many stable eigen rays. As the hydrographic 

fields slowly evolve, the eigen ray patterns undergo changes 

and over a period of time, degeneration of the original 

pattern of the eigen rays may set in, in tune with the 

change in the environmental parameters. In order to keep 

track of the situation during an experiment, we feel that 

the reference profile needs upgradation at short time 

intervals, say 3 to 5 days. Some evidence of this nature, 
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can be seen in the work of Gaillard (1992) who modeled the 

sound speed profile every 3 days during an experiment which 

lasted for 106 days, typically about a season. 

To examine the errors in the travel time measurements 

on the estimation of the model parameter, due to shift(s) in 

the position of either the source or the receiver in the 

horizontal or vertical directions or both, the cases of (a) 

horizontal drift of 20 m and (b) vertical drift of 5 m have 

been considered. For eg. if case (a) exists, the error in 

the model parameter will be of the order of 0.016 m/sec 

while if case (b) prevails the error in the model parameter 

estmation in different layers vary between 0.0012 to 0.0025 

m/sec. 

Analysis of model and data resolution matrices: 

The diagonal elements of model resolution (V V
T
) for 

factors 1 through 5 (Table 5.2) depict how well the 

individual model parameters are resolved (Chester et.al ., 

1991). Any value below or less than unity indicates less 

resolution while unit value corresponds to good resolution. 

There are seventeen data measurements (along tpe eigen rays) 

and six model parameters associated with six layers leading 

to perfect resolution for factor r = 5. For r < 5 the 

resolution deteriorates. When the sixth factor is introduced 

a perfect resolution is expected but it also leads to the 

deterioration of resolution as the noise also gets amplified 

with the signal. This is due to the influence of a small 
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positive eigen value in the activated space instead of 

increasing the dimension of null space (as a result of the 

noise in the data kernel A). It is noted that in layer four, 

the model parameter is nearly uniquely determined even for 

factor = 2 (see Table 5.2). The model parameter associated 

with surface and bottom layers are poorly resolved. Layers 2 

to 5 are fairly resolved for factors r = 3, 4 and 5. 

The diagonal elements of WT are shown in Table 5.3 

for factors 1 ,2,..,5. A value of unity indicates 

contribution of information which is completely independent 

of the other observations. For eg. the most independent 

observation is the one located in the fifth row. This table, 

enables one to infer which of the eigen rays present poor 

information resolution (resulting from sampling nearly the 

same ocean region) as seen from the values in the boxes. 

The distribution of the diagonal elements of the model 

resolution (VVT ) and data resolution (UU T ) for factors 1 

,2,..,6 are shown in Fig. 5.6 and Fig. 5.7 respectively. A 

value of unity indicates contribution of information which 

is completely independent of the other observations, 

Following the analysis of the model and data 

resolutions, the present study indicates that the partial 

information contained in the data space (i.e., U UT 
* I, 

P 

the solution is non-zero prediction error) is adequate to 

reconstruct the model parameters (Table 5.4) perfectly i.e 

V V
T
= I, which is a case of overdeterminacy and reveals the 

P P 

usefulness of generalized inverse in the least square sense. 
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Legend to figures 

5.1 Eigen value plot. 

5.2 	Plots showing original data kernel, filtered data 

kernel and generalized inverse operator. 

5.3 Eigen values and eigen vectors of the data and model 

parameter spaces. 

5.4 Sound speed profiles reconstructed for 4 to 8 layer 

cases - comparison with the perturbed (assumed) profile. 

5.5 Assumed and reconstructed profiles for six layer model. 

5.6 Diagonal elements of model resolution VV T  for factors 

1,2,...,6. 

5.7 Diagonal elements of data resolution UUT  for factors 

1,2,...,6. 
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Legend to tables 

5.1 Eigen values and corresponding closeness ratio 

5.2 Model parameter resolution in each of six l4yer$ 

for factors 1 through 6. 

5.3 	Information density resolution for each of 

seventeen eigen rays for factors 1 through 6. 

5.4 Estimated sound speed and temperature 

perturbations 

89 



-1.0 -1 

> -2.0 

!LI 
CD 

0 -3.0 - 

C) 
0 

-4.0 	  

EIGENVALUE (INDEX) 

Fig. 5.1. Eigen value plot. 



1600 

2400- 

- 800 800 

I 	I 	 I 	1 

0•01 

Original data kernel 
5 	7 	9 	II 	13 	IS 	IT 0 

 

3200 

	

4000 1  I- I 	I 
1 	3 

3200 

- 

.1 	t 	1 	1111111 	4000 
9 	II 	13 	15 	IT 

- 1600 

240°  

E 
1600 

I— 	2400 

11.1 	3200 

Filtered data kernel 
5 	7 	9 	I I 	13 	14. 7 0 

I 

_------ff: goo 800 0.01 

	

r----11 I r, t _L 	4000 
3 	S 	T 	9 	II 	13 	IS 	IT 

4000 

1600 

2400 

3200 

Co? 	  

05 
O. 0 3 

0.0I 

2400 

3200 

Generalised inverse operator 
3 	 9 	II 	13 	15 	IT 

o 0 

800 

1600 

800 

1600 

2400 

3200 

4000 	 4000 
3 	S 	7 	9 	II 	13 	IS 	IT 

Elgen rays 

Fig.5.2. Plots showing original data kernel, filtered data kernal and 

generalized inverse operator. 



• 

0.30 • 

0.20 - 

0.10 - 
a 
-e 	- 

n 
t 0.00 

0. 

0 

-a -coo 

-0.20^ 

41. 

• 
• 

mode 
+ + + + mode 2 
• • • • • mode 3 
	mode 4 
a•••• mode 5 
me• mode 6 

088141116d 
perturbation 

• 
• 

• 
46% 

• 

4 	 • 

-0.30 	ITT r j r r r r j r 	  
1 	 3 	 4 

Layer number 

Fig. 5.3. Assumed and reconstructed model perturbations with 

different energetic modes for six layer case. 

1 	I 

5 



FOUR LAYER NUMERICAL EXPERIMENT-ASSUMED (---) & RECONSTRUCTED 
(--i SOUND SPEED PROFILES FOR FOUR ENERGETIC MODES 

- 1 000 

E 

c -2000 

0, 

-3000 

-4000 
1310 	1520 	1530 

Sound speed (m/sec) 
1500 1490 1550 1540 

FOUR LAYER NUMERICAL EXPERIMENT-ASSUME! 	& RECONSTRUCTED 
- -) SOUND SPEED PROFILES FOR THREE ENERGETIC MODES 

FIVE LAYER NUMERICAL EXPERIMENT-ASSUMED ( ---) & RECONSTRUCTED 
(---) SOUND SPEED PROFILES FOR THREE ENERGETIC 1400ES 

-1000 

C -2000 

0.) 
a 

3000 

-4000 
1490 	1500 	1510 	1520 	1530 

Sound speed (m/sec) 

	  I 	 ..  

1540 ; 	1550 

FNE LAYER NUMERICAL EXPERIMENT-ASSUMED (---) & RECONSTRUCTED 
(----) SOUND SPEED PROFILES FOR FOUR ENERGETIC MOOES 

AAAAAAAAAAAAAAA ,i111(AAAAAI  

	

1490 	1500 	1510 	1-520 	1 30 	1540 	1550 	 -4300 	 .,4 AAAAA 	

Sound. speed (rn/sec) 	 1490 	1500 	1510 	4520 	1530- 
Sound speed (Tn/sec)- 

Fig. 5.4. Sound speed profillm reconstructed for 4 to El layer cases - comparison with the perturbed 
, rni? d I profile 

t tior5 sent4.1 

-1000 

.0 -2000 

a 
01 
Ci 

-3000 



Fig .5.4. t 215 contd3 

1550 1540 

FNE LAYER NUMERICAL EXPERIMENT-ASSUMED (—) & RECONSTRUCTED 
(---) SOUND SPEED PROFILES FOR FIVE ENERGETIC MODES 

SIX LAYER NUMERICAL E•PfRIMENT- ASSUMED (=)& RECONSTRUCTED 
SOUND SPEED PROFILES FOR FIVE ENERGETIC MODES 

1500 	1510 	1520 	1530 

Sound speed (m/sec) 

SIX LAYER NUMERICAL EXPERIMENT-ASSUMED (---) & RECONSTRUCTED 
(---) SOUND SPEED PROFITS FOR THREE ENERGETIC MODES 

SoL - d speed (m/sec) 

SIX LAYER NUMERICAL EIPERIMENT-ASSUMED (---) & RECONSTRUCTED 
(---) SOUND SPEED -:-ROFILES FOR FOUR ENERGETIC MODES 

1540' 	1550 	 1490 	1500 	1511 	1520 	1530 

E 

"8- 
a 

- 1000 

-2000 

- 3000 

4000 

- 	 ......  

15.1 	1520 	1530 	1540 	1550 
So_7d speed (m/sec) 

4000- 	 

a 

1300 1490 

p 

- 4-000 	  
1-490 	1500 	1510 	1520 	1530 

Sound speed (m/sec) 
1540 1350 

0 

-1000 - 1000 

A= -2000 

CL 
+13 

Ca 



Fig. 5.4 it 3/5 contd.- 

- 1000 

_C -2000 

-3000 

	  f. . ..,....1  4000 

1350 1400 	1500 	1510 	1520 	t330 
	

1540 

SIX LAYER NUMERICAL EXPERIMENT- ASSUMED (-) & RECONSTRUCTED 
(- - -) SOUND SPEED PROFILES FOR SIX ENERGETIC MODES 

0 

- 1000 

-2000 

0 
0 

- 4000 
1490 	1500 	1510 	1520 	1530 	1340. 	1530 

Sound speed (m/see) 

SE.EN LAYER NUMERICAL EXPERIMENT- ASSUMED (-) & RECONSTRUCTED 
(- - -) SOUND SPEED PROFILES FOR FOUR ENERGETIC MODES 

- 1000 

_C -2000 

Q. 
a) 
0 

- 3000 

- 4000 	  
1490 	1500 1510 	1520 	L330 	13_40 

Sound -speed (m/sec) 

SEVEN .  LAYER NUMERICAL EXPERIMENT- ASSUMED (--) & RECONSTRUCTED 
) SOUND SPEED PROFILES FOR THREE ENERGETIC MODES 

1490 	1500 	1510 	1320 	1530 	1340 	1530 
Sound speed (m/sec) 

SEVEN LAYER NUMERICAL EXPERIMENT-ASSUMED (-) & RECONSTRUCTED 
(- -) SOUND SPEED PROFILES FOR FIVE ENERGETIC MODES 

Sound speed (rn/sec) 

• 

- 3000 



E 

-2000 

a 
Q) 

a 

-3000 

-4000 

--- 

-1000 

0 

-1000 

-3000 

-4000 
1.490 	1500 	too 	1520 	.sao 

Sound speed (r- 'sec) 
1140 1330 

0 

- 1 000 

-C -2000 

Q) 
a 

-3000 

SEVEN LAYER NUMERICAL EXPERIMENT-ASSUMED 	,* RECONSTRUCTED 
(---) SOUND SPEED PROFILES FOR SEVEN ENERGETIC MODES  

1 

EIGHT LAYER NUMERICAL EXPERIMENT-ASSUM (---) A RECONSTRUCTED 
( - - - ) SOUND SPEED PROFILES FOR SEW", ENERGETIC MODES 

-4000 
1490 	1.500 	1310 	1520 	1530 	1540: 	1550 

Sound speed (m/sec) 

SEVEN LATER NUMERICAL EXPERIMENT-ASSUMED (.--) - 4E RECONSTRUCTED 
(---) SOUND SPEED PROFILES FOR SIX ENERGETIC  WOES 

1400 	1500 	1510 	1520 	1510 	1540 
	

MIA 

Sound speed (rnisec) 

1400 1300 1510 
Sound 

1520 	_S30 	1540: 
speed (rr 'sec) 

1330 

EIGHT LAYER NUMERICAL EXPERIMENT-ASSUUE: 	) & RECONSTRUCTED 
( 	) SOUND SPEED PROFILES FOR EIGHT iNERGETIC MODES 

Fig 5.4 (4/5 contd. 



Fig. 5.4 t515). 

EIGHT-  LAYER NUMERICAL EXPERIMENT- ASSULIE0 ( —) & RECONSTRUCTED 
( - - -) SOUND SPEED PROFILES FOR FOUR ENERGETIC MODES 

EIGHT LAYER NUMERICAL EXPERIMENT- ASSUMED ( 	& RECONSTRUCTED 
( - -) SOUND SPEED PROFILES FOR SIX ENERGETIC MODES 

- 1 000 

E 

-3000 

- 4000 

1490 	1500 	1510 	1520 	1130 	1540 	1550 

Sound speed (m/sec) 

EIGHT LAYER NUMERICAL EXPERIMENT-ASSUMED (— ) & RECONSTRUCTED 
( - - -) SOUND SPEED PROFILES FOR FIVE ENERGETIC MODES 

-1000 

E 

C -2000 

a 
a) 
0 

- 3000 

- 4000 
1490 	IWO 	1510 	1120 	1130 	1540 	1510 

Sound speed (rn/sec) 

• •  	 •  	 •  	 • 	 
1500 	1510 	1520 	1530 	1540 

Sound speed (m/sec) 

EIGHT LAYER NUMERICAL EXPERIMENT-ASSUMED (—) a; RECONSTRUCTED 
(- - -) SOUND SPEED PROFILES FOR THREE ENERGETIC MODES 

1490 1550 

r 

-1000 
/ 

• •  	 t • • • A 	I 	.. 	  
1500 	1111 	1320 	1530 	1540 

Sound speed (rn/sec) 

.c -2000 

a) 
0 

-3000 

-4000 	 
1_49a 1350 

A 

- -2000 

a 
al 
0 



1 

3 	 

	 Assumed 
Reconstructed 

-4----- 	- 
1490 

 
1490 	1510 1530 	1550 

Sound speed (m/s) 

Fig. 5.5. Assumed and reconstructed profiles for six layer model. 



Fig. 5. 6. lalownol elements of model- resolution V V T  foT factors I, at ..., 6 . 



17 • 
1  1 . 	 .3 

...., \
1

1
7

1  7 ‘ r  
 

) 	
2 3 7 
Q__,:_'____;1.  Laza  _j13 

13 s'‘`---. tun 
........ 	 .-\ 	.'-''' CI•D. .;:l. 
r 

—...,,, 

3:7-----). 	 H
id 
C'7 

. 
	...i 

:"...- . 1.zo --i  i alt.,. \\,,___, / i , ■ ' --------"' 
. . 4  ......." 	\.,::---._.----':,/ 	' 1..34 

— 

5 	 a 	13 	1
471 7 

-i 

c• 	 i 
h

13 
i . 	 a. 

131- 	 0 	 -I 13 
1 

----Ng, 

9 r ......--- \ \ ?- 0  
1  ( 0^ .':;\:', 

- ..5 42 N J19 
1 

00 '42 	C i , 	p• 

..:„..._____:::,‹ 91\  s- 0 1 0 -"-- ''  ...')/ ''......' - 	4  
a- .."-----.7 	v• -4 5 	 ..--------, 

ar 

 

I. 	
-..._... 	

5  !" .• '1.015  --",, 	7 ,,„---,, \ 	/-*---..-.7.\ - 5 

■ 	 I 	 1 	
:... 

	

i 	 ; 	•:, t 	
.., 
	2 0  ' ,  

••• i 	1 1 	' 

) (. 	
4 	 ; 	O' i 	' • .' Al  0 

1 ,. 	 • / 	
7'.   )  

i 1 	 . 	 \ 1■1/Th- ../ .  I 

9 	 13 	 1 71 
	 I i 

	

1 	 5 	 3 	13 	 1 T 

17k . 

Fig. 5.7. Diagonal elements of data resolution U UT  for factors I, 2,..., 6. 



Table 5.1 Eigen values and corresponding closeness ratio 

S. No 

value 

Eigen 

ratio 

Closeness 

ratio 

1. 0.490 x 106 77.32 

2. 0.113 x 10
6 

17.81 

3. 0.148 x 10
5 

2.33 

4. 0.102 x 10
5 

1.51 

5. 0.463 x 10
4 

0.73 

6. 0.121 x 104 0.20 

100.00 



Table 5.2 Model parameter resolution for factors 

1 through 5 

.000 .002 .002 .088 .579 

.013 .169 .944 .998 1.000 

.024 .153 .314 .896 1.000 

.820 .995 .998 1.000 1.000 

.143 .680 .741 .945 1.000 

.000 .001 .001 .073 .403 



Table 5.3 Information density resolution for factors 

1 through 5 

.018 .066 .075 .120 .559 

.022 .103 .226 .234 .252 

.024 .096 .175 .189 .199 

.029 .082 .085 .202 .207 

.040 .077 .271 .354 .362 

.067 .069 .124 .129 .139 

.099 .108 .110 .263 .338 

.137 .251 .269 .295 .314 

.137 .251 .269 .295 .314 

.137 .251 .269 .295 .314 

.099 .109 .111 .261 .335 

.056 .071 .166 .192 .226 

.041 .076 .263 .338 .344 

.029 .104 .107 .110 .143 

.024 .102 .172 .176 .195 

.022 .103 .225 .234 .251 

.019 .082 .082 .315 .507 



Table 5.4 	Estimated sound speed / temperature perturbations 

;layer 	Mode 4 	Mode 5 	 Mode 6 	 Assumed anomaly 
Del c 	Del r 	DEl c 	Del T 	Del c 	Del T 	Del c 	Del T 

1. .346 .072 .487 .101 1.324 .274 .480 -.049 

2 -.158 -.033 -.972 -.202 -1.011 -.211 -.970 .095 

3 •-.433 -.090 -1.183 -.247 -1.032 -.21 . 5 -1.180 .113 

4 .179 .037 .067 :014 .090 .019 .009 -.006 

5 .01 . 5 .003 .855 .178 .689 .143 .850 -.084 

6. 1.041 .214 .566 .116 .343 .070 .560 -.063 
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6. SUMMARY AND CONCLUSIONS 

While 	satellite 	remote 	sensing 	methods 	using 

electromagnetic waves are widely applied to make near 

synoptic measurements of sea surface parameters, the opacity 

of the oceans to these radiations prevent interior 

observations. Considering the fact that the sound channel in 

the ocean acts as a wave guide which permits propagation of 

sound energy over long distances, the concept of ocean 

measurement using acoustic transmissions - ocean acoustic 

tomography - was put forward as a complementary remote 

sensing tool. A single source-receiver pair provides 

information about the physical properties and the ocean 

features in the vertical plane due to the multipath nature 

of the sound propagation. This information can be extracted 

from the signal and sound field descriptors - travel time, 

intensity, ray or mode structure etc., travel time being the 

quantity of prime interest. The acoustic field experiments 

conducted so far are confined to the mid and high latitude 

regions in the Atlantic and Pacific Oceans. 

The north Indian Ocean has several anomalous features 

compared to the other oceanic regions similarly situated in 

a geographical sense, viz., the prevailing monsoons, inflow 

of various water masses, fresh water discharges etc. Arabian 

Sea is a dynamically active and oceanographically important 

body under the influence of the seasonally reversing monsoon 
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systems. In the present thesis, the Arabian Sea has been 

examined for its suitability for applying the new OAT 

methodology. For this purpose, the climatological 

characteristics of this region are studied and also the 

seasonal and annual variations in the hydrographic 

parameters are examined. 

The acoustic characteristics of the Arabian Sea and the 

space-time changes in the sound speed field resulting from 

the hydrographic variations are examined for use in model 

simulations. The reference sound speed profiles constructed 

for different regions in the Arabian Sea exhibited 

considerable spatial variations. The analytical form of the 

sound speed profile constructed using Munk's canonical 

theory has showed considerable deviations from the reference 

sound speed profiles indicating the necessity to use the 

standard reference profile based on climatic hydrographic 

data. Realizing the spatial and seasonal variations of the 

constituent waters in this area, the reference sound speed 

profiles for six different grid areas are constructed on 

seasonal basis to represent the summer and winter periods. 

This will enable predict the acoustic ray arrival pattern 

with improved accuracy, 

The ray parameters for the summer and winter seasons 

are obtained and the spatial and temporal variation of 

acoustic propagation characteristics are examined. 

Comparison of the results for the summer and winter indicate 

almost same number of rays existing for both the seasons 
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although the geometry of the eigen rays - ray turning 

depths, ray path lengths - showed variations. If one can 

model the gradual variation with time of the reference 

profile in short time step (about a week) during the course 

of an acoustic experiment, the data kernel can Suitably be 

updated to increase the accuracy of the reconstructed sound 

speed field. This would also enable in identifying the eigen 

ray arrivals in comparison with the predicted values 

obtained from the upgrading process. 

The eigen rays for the two seasons are found to be 

entirely different with different emergence angles, path 

lengths, travel times and trajectories indicating 

instability in the system and contradicting the basic 

assumption of the tomographic study. This seemingly 

anomalous situation can be rectified when we realize that 

the changes in the hydrographic parameters and hence the 

sound speed profile over a period of few days are Sell and 

the seasonal changes are the accumulated changeS in the 

hydrography over a period of three months or more. The 

implication of this feature is that the ray paths need 

upgradation every few days the hydrographic fields evolved, 

the sound speed profile also gets modified slowly and one 

would expect that the ray paths would be stable during that 

short time interval of 3 or 4 days. Assuming an annual 

cycle, the upgradation process involves about 100 iterations 

(steps in time). This procedure will enable us to compare 

the sound speed profile with the previously iterated value. 
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The arrival structure of eigen rays for different 

source-receiver configurations revealed that the pattern 

remains unaltered with the variations in the depths of the 

source and the receiver in the vertical. However, the near 

axial rays will be missing as one of the source or receiver 

is shifted away from the axis depth in the vertical 

direction which results in the reduction of the number of 

rays. 

The ray path stability under different hydrographic 

conditions has been examined by introducing anomalies such 

as a warm core eddy and cold core eddy. The lineatity of the 

predicted ray arrival times has been infered for sound speed 

perturbations upto 12 m/s ( 3°C) of the warm eddy with 

limited vertical extent. 

Propagation under variable bathymetric conditions 

across the continental shelf and across a mid oceanic ridge 

have been attempted. Propagation across the shelf may be 

useful in the study of the frontal structure associated with 

shelf break and the upwelling phenomena, while the 

propagation in the upslope direction resulted In 

considerable number of ray paths (31) that are resolvable in 

time, the down slope propagation is effected by the Multiple 

bounces in the shelf before entering the deep ocean and 

resulted in least travel time spread. As a consequence, the 

number of resolvable rays reduced to 3. 

Acoustic rays on approaching the oceanic ridge have 

undergone reduction in their loop length while leaving the 
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ridge their loop lengths elongated. 

An increase in the propagation range has increased the 

number of eigen rays according to the ratio Range/200. For a 

range of about 300 km, the number of rays and their 

resolvability are at its optimum. 

With the inversion algorithm layer-wise estimate of Sc 

are made. Numerical experiments have been carried to 

reconstruct the sound speed profile using the generalized 

inverse method considering different oceanic layers and 

energetic modes. The six layer model with five eigen vectors 

(modes) has adequately reproduced the features. The 

estimate of Sc is added to the summer sound speed profile 

and this modified/ constructed profile is compared with the 

winter profile. The curves closely resemble each other. 

We feel that the choice of data, is such as to bring 

exact coincidence. This might have happened because of the 

process of averaging in the climatological data sets. 

CONCLUSIONS: 

Even though Levitus data on hydrographic parameters is 

available season-wise, in our opinion it would be necessary 

to have monthly data sets to understand the variability of 

the oceanic parameters and to reconstruct the sound speed 

profile. When this is done, a model for the sound speed 

profile could be developed so that the ray paths could be 

examined for their evolution, it would then be possible to 
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associate the ray path/ eigen ray trajectories with the 

travel time data. Essentially this involves upgradation of 

eigen ray trajectory associated with the changes in the 

hydrographic parameters. These studies conclusively prove 

that acoustic propagation techniques could be utilised to 

study the ocean environment in spite of the two water bodies 

viz., Arabian Sea and the Bay of Bengal have widely 

different characteristics within them selves and with other 

areas such as the regions in the Atlantic Ocean etc,. 
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Annexure -1 

Empirical relation of Chen and Millero for sound speed in 

sea water: 

Speed of sound in sea water U is given by 

U(S,t,p) = Cw (t,p) + A (t,p) + B(t,p)S
3/2 

+ p(t,p)S
2 	

(1) 

C
w
(t,p) = C00 + C01 t  + C02

t2 + 
C03t

3 + 
C04t

4 
+ C

05
t
5 

+ (c 	+c t 
 + C t + 

C13t
3 + C 4 

10 	11 
p 	(2) 

+ (C
20 

+ C21 t  + C2 t
2 

+ 
C23t

3 
+ C

24
t4 ) p2 

+ (C30 + C31 t + C32t2  ) p3  

C00 = + 1402.388 	 C
10 

= + 0.153563 

C
01 

= + 5.03711 
	

C
11 

= + 6.8982 E-4 

C
02 

= - 5.80852 E-2 	 C
12 

= - 8.1788 E-6 

C
03 

= + 3.3420 E-4 	 C
13 

= + 1.3621 E-7 

C
04 

= - 1.47800 E-6 	 C
14 

= - 6.1185 E-10 

C
05 

= + 3.1464 E-9 

C
20 

= + 3.1260 E-5 	 C
30 

= - 9.7729 E-9 

C
21 

= - 1.7107 E-6 	 C
31 

= + 3.8504 E-10 

C
22 

= + 2.5974 E-8 	 C
32 = - 2.3643 E-12 

C
23 = - 2.5335 E-10 

C
24 = + 1.0405 E-12 
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A(t,p) = A00 + A01 t  + A02
t
2 

+ 
A03t

3 
+ A

04
t
4 

+ (A10 
+ A

11
t + 

A12t
2 

+ 
A13t

3 
+ A

14  t
4
) p 

+ (A
20 

+ A
21

t + 
A22t

2 
+ A

23
t
3
) p

2 

+ (A
30 

+ A
31

t + A
32

t
2
) p

3 

A
00 

= + 1.389 A
10 

= + 9.4742 E-5 

A
01 

= - 1.262 	E-2 A
11 

= - 1.2580 E-5 

A
02 

= + 7.164 	E-5 A
12 

= - 6.4885 E-8 

A
03 

= + 2.006 	E-6 A
13 

= + 1.0507 E-8 

A
04 

= - 3.21 	E-8 A
14 

= - 2.0122 E-10 

A
20 

= - 3.9064 E-7 A
30 

= + 1.100 E-10 

A
21 

= + 9.1041 E-9 A
31 

= + 6.649 E-12 

A
22 

= - 1.6002 E-10 A
32 

= - 3.389 E-13 

A
23 

= + 7.988 	E-12 

B(t,p) = B00 	B0 
 1t (B10 B11t) p (4) 

B00 = 
- 1.922 	E-2 B

10 
= 7.3637 E-5 

B
01 

= - 4.42 	E-5 B B11 = 1.7945 E-7  

D(t,p) = 
DOO D10 p (5 ) 

D
00 

= 1.727 	E-3 D
10 

= - 7.9836 E-6 

Range of vality: S = 0 to 40 ppt; t = 0 to 40 °C; 

p = 0 to 10000 decibars; Standard deviation: 0.19 m/s. 

97 



ANNEXURE -2 

Mathematical formulation  of the forward problem:  

In two dimensions, the basic equations governing the 

ray path expressed in differential form (Officer, 1958), are 

obtained by taking the differential ( d/ds ) of eqn.(4.4) 

d 	
(n ----) - 

dx 	an 	d (n  dz ) 	ah 
ds 	ds 	ax 	ds 	ds 	dz .,.(A.1) 

where dx = Cos 0 , ds dz - Sin 0 ds ,..(A, 2) 

In the above equations, 'x' and 'z' represent range and 

depth coordinates, 'ds' the arc length along the ray, 'n' 

the index of refraction and '0' the angle of the ray w.r.t. 

the horizontal. For convenience, eqns. (A.1) and (A.2) are 

further simplified to a mathematically convenient form to 

carry out numerical computations. 

Using eqn. (A.2) and with n = 0 

 

eqn. (A.1) may c 	' 

be written as 

dc 	 ac Cos 0 	- c 	Cos 0 - ds 	ds 	ax 

...(A.3) 

 ds 	
ac  Sin 0  do  - c 	Sin 0 - 
az 

By chain rule 

98 



ds 
dO  Cos 0 = - Sin 0 
ds 

...(A.4) 

dO Sin 0 = Cos 0 
ds 	 ds 

and 

dc 	8c dx 	8c  dz 
ds 	8x ds 	az ds 

= Cos 6 
8c  
8x 

+ Sin 6 8c 
8z 

(A.5) 

Substitution of eqns. (A.4) and (A.5) in eqn (A.3) leads to 

dO 	1 ac 
(Sin 0 	

ac - cos o 
ds 	c 	ox 	 az ...(A.6) 

Acoustic travel times: 

For a given ray, the geometric path from the source to 

the receiver and the pulse travel time are calculated by 

integrating along the reference ray path using the equation 

d

o

s  T = f c(z) 
0 

ray path 

...(A.7) 

The vertical section of the ocean is divided into a 

finite number of layers in which different rays traverse 

different layers. In the presence of a perturbation oc(x,z), 

travel time along a perturbed path is given by 
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NL R 
ij T = T°  + 6T = E 1 	1 j=1 c 

j
+ Sc 
 j 

... (A.8) 

R j 
 is the path length of ray 'i' (i= 1,NR) in layer 'j' 

(j=1,NL) where NR and NL represent the number of rays and 

number of layers respectively. 

Expanding the denominator of eqn.(A.8) using Taylor 

series and neglecting higher order fluctuatibns, we get to 

the first order equation 

NL R 
T°  = E 	j 0 

j=1 c j  

... (A. 9) 

The travel time perturbation 6T 1  is calculated from 

observed (T ) minus that for the initial model (1 ) 
0 

NL 

6T = E D ij  6c j  j=1 
...(4.10) 

where D 
R 1j  

[c°  f 
...(4.11) 

Reciprocal transmission: 

For an ocean that has a mesoscale horizontal current 

field u(x,z) in the vertical slice, the times required for 

an acoustic pulse to travel between two transceivers in the 

forward and backward directions are given by 
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T 
 - f

ds  
C + 8c + u 

ds  Tb  f C + 6c - u 

... (A.12) 

... (A.13) 

respectively. Cosidering the basic assumption of linearity 

and the magnitudes of terms involved the sum 6T+= Tr  + Tb  

and difference 6T = T b -  T f  of the two reciprocal travel 

times as caused by Sc and u can be written as 

6T
+ 
 = -2 

6T = -2 

f  Sc  ds 
C

2 

f u 
 ds 

J 
C

2 

...(A,14) 

...(A.15) 

respectively. For stable rays, that is, rays that exist in 

the reference state and do not disappear or alter their 

trajectory drastically in the perturbed state, the integrals 

(A.14) and (A.15) can be evaluated along the unperturbed 

trajectories. 6T
+ 

and ST from each of the multipaths 

constitute identical kernels (data base) operating on 

unknown variables Sc and v for use in the inverse analysis. 

Intensity along eigen rays: 

The signal strength of a wave is affected by 

geometrical spreading and focusing effects, absorption and 

scattering of energy as the wave propagates through the 

water and absorption or scattering of energy as the wave 

reflects from the ocean bottom or ocean surface. The first 
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two aspects are detailed below, neglecting the boundary 

interactions since the reflected rays undergo considerable 

losses before they reach the receiver situated 300 km away. 

The effect of ray spreading on ray intensity is well 

known. It is assumed in the ray theory approxiMation that 

the amount of power launched within the rays bounded by 

small solid angle at the source remains bounded by those 

same rays as they propagate. The ray intensity at any point 

within that tube of rays is then inversely proportional to 

the cross-sectional area of that ray tube. Thus, changes in 

the intensity occur only due to contraction or expansion of 

the ray tube and the power between the two adjacent 

(separated by 1/100 of a degree, approximately) rays Is 

conserved. 

The acoustic intensity at any point along a single ray 

(Krol, 1973) is given by 

Sin 80 0 	1/az  Intensity - 	 - I 	x Cos 0 	AO 0 	 0 
. 	(A. 16) 

where 	I 	: the reference intensity at the source, 0 

	

0 	: Eigen ray angle at the source with 0 

reference to the horizontal 

	

0 	: Ray angle at the point of measurement w.r.t 

the horizontal 

	

Ax 	: Distance from the source to the point of 

measurement, 

	

Az 	: Vertical distance at the point of 

102 



measurement between the eigen ray and the ra 

in its immediate vicinity 

AO 	: Angle between the eigen ray and the ray in 0 

its immediate vicinity at the source. 

The above expression will not hold good at the point 

where z tends to zero (tends to infinity mathematically) and 

the value previous to this only gets substituted for 

computational continuity. 

Once the contribution from each eigen ray to the total 

field is found, the individual contributions must be summed. 

It is more appropriate to sum the contributions coherently 

(for short range, long wavelength and stable medium) to 

include phase interference by considering the phase shift. 

Other times, it is more appropriate to sum the eigen rays 

incoherently. Following Moler and Solomon, (1970) 

I(x)  _i 
I 
E 	e i 21if tk  

A 
0 

=EEP j  Pk  Cos ( 2nf (t j - t k )) 
jk  

I (x) 
)1/2 

I 
where Pk  = ( 	k  and t k  are the relative pressures 

k  0 
and times of the eigen rays. These have wider applications 

in signal detection. 
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Loss due to absorption: 

Absorption loss is contributed by the following 

mechanisms, each dominating over a different frequency band, 

(a) viscous relaxation, (b) thermal relaxation, (c) 

structural relaxation, (d) ionic relaxation - Mg SO4  and (e) 

leakage out of deep sound channel (Urick, 1967). 

The equation for accurate determination of absorption of 

sound in sea water (Francois and Garrison, 1982) is given as 

the sum of contributions due to boric acid, magnesium 

sulphate and pure water: 

Total 	Boric 	MgSO4 	Pure 
absorption 	acid 	+ contri- + water 

contri- 	bution 	contri- 
bution 	 bution. 

AP f 2 2 f 	AP f 2f  2 

	

1 1 rb 	2 2 rm 
a -   + AP f

2 

	

f2  + ? 	 f 	f 	3 3  
rb 	 rm 

...(A.18) 

where 'f' is the frequency (in kHz), a is in dB km-1 , f 
rb

and 

f 	are the relaxation frequencies of boric acid and 
TM 

magnesium sulphate respectively and P i  (i=1,2 3) are 

pressure correction factors. The other coefficients are: 

(a) boric acid contribution: 

A = (8.86/c) x 10 (0.78 pH -5) 
 

1 

P = 1 1 
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f
rb 

= 2.8 ( S/35) 0.5 10 (4-1245/0) 

(b) Magnesium sulphate contribution: 

A = 21.44 (1 + 0.025 T) 
2 

P = 1 - 1.37 x 10 -4 D + 6.2 x 10-92 
2 

f 	= (8.17 x 10 (8-1990/0)
) / (1 + 0.0018 (S - 35)) 

TM 

(c) Pure water contribution: 

A
3 
 = 4.937 x 10-4  - 2.59 X 10-5  T (T 4 206  C) 

= 3.964 x 10
-4 

- 1.146 x 10-5 
T + 1.45 x 10

-7 
T
2 
 -6.5 x 10

-10 
 

(T > 20Q  c ) 

P = 1 - 3.83 x 10
-5 

D + 4.9 x 10
-10 

D
2 

3 

T 	is temperature ( °C), 8 = 27,1 	T is the absolute 

temperature, S is salinity (ppt), D is depth (m) and c is 

sound speed (m/s). The first two terms result from the 

chemical relaxation of boric acid and magnesium sulphate 

while the third refers to pure water. The equation applies 

to all oceanic conditions and frequencies from 0.2 kHz to 

1 MHz (Francois and Garrison, 1982). 
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ANNEXURE -3 

Generalized inverse solution: 

The construction of the generalized inverse operator 

using singular value decomposition (SVD) employs the eigen 

function technique which is a factorization of the operator 

matrix (A) into a set of orthonormal eigen vectors and 

the associated eigen values. The observations are 

decomposed into linear combination of orthogonal eigen 

vectors, which in turn determine a linear combination of 

model parameters. SVD techniques have been reviewed in the 

works of Lanczos (1961), Wiggins (1972), Jackson (1 972), 

Tarantola (1987) and Wunsch (1989). This method has the 

following advantages: 

i) it is objective, and does not impose a pre-determined 

form to the data, 

ii) it provides an objective means of ranking uncorrelated 

modes of variability to determine weak signals or noise 

from the data, and 

iii) it provides the modes of variability 	which 	Ore 

uncorrelated with one another. 

Eqn. (5.4) is solved by singular value decomposition of 

the matrix A expressed as a product of three matrices 

(Menke,1984; Lanczos, 1961 and Ramana Murty et al, 1986). 

A 	= 	U 	t 	VT  

NRxNL 	NRxR RxR Rx NL 
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The columns of the U and V matrices are orthonormal 

i.e. U
T
U = I and VT = I. 

Here, U and V are the coupled eigen vector thatrices for 

the eigen value problems defined as 

(A AT ) u = 12  u 	 ...(B.2a) 

(AT  A) v = 1 2  v 	 ... (B. 2b) 

'r' is a diagonal matrix of non-zero 'singular values 

(l 2 )' of A, and R (R < min ( NL,NR )) is the rank of the 

matrix A. Obviously the rank of all the three component 

matrices will be 'R' and hence all diagonal elements of r' 

are squares of the singular, non-zero values. 

Here, the details of the SVD of a rectangular matrix 

alone are outlined since standard numerical routines exist 

for the computation of the eigen values and eigen vectors of 

square matrices. International mathematical and statistical 

library (IMSL) or Numerical Algorithms group (NAG) or some 

of the standard texts Carnhan et al, 1969; Ralston (Ed.), 

1967 contain these routines. 

In general, 	the number of layers in the ocean is 

usually less than the number of eigen rays which leads to 

a situation of overdeterminacy when one attempts to predict 

the data. It would be easier to solve the first eigen value 

problem (eqn. B.2a) than the second (eqn. B.2b). 
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Eqn. B.2a yields U and r, while V is calculated using 

the following equation. 

VT = 	r
-1 UT A 	 . . . (B. 2c) 

Having got U, I' ,V and and assuming VV T= I, one moves 

on to determine the model parameter 6c. 

Sc = (V r-1  UT ) 6T = (A g )6T 
p 

...(B.3) 

If VVT* I (a case in the presence of noise in the model 

space) 

Sc = (V F-IUT ) ST = (A g ) $T 	 ...(B.4) 
p 	 p 

By improving the resolution, the model space (VVTof 

eqn. B.4) gives better estimates. This is done by ranking 

the singular values of the data kernel in A descending 

order. 

The noise in the data kernel (matrix A) prevailing 

in the form of small eigen values increases the rank of the 

matrix apart from amplifying the solution. This, however, 

does not provide any additional or useful information on 

the sound speed perturbation so that the solution to the 

this problem is obtained through considerations of 

optimization. It is necessary, therefore, to assess how well 

the data determines the model parameters. This is done 

through model and data resolution matrices. 



Model resolution: 

The model resolution of the generalized inverse (eqn. 

B.1) is given by 

1 R =A A=V VT 
P P 

...(B. 5) 

Here p and null matrices are orthogonal and normalized such 

that 

UT U =VT 
V = I 	 . . . (13, 6) 

P P 	p P 

since matrices do not extend coverage of the complete data 

and model spaces,V V T 
and U UT 

are not in general identity 
P P 	P P 

matrices. In ocean tomography, usually one would have more 

number of data measurables and less number of unknowns, i.e. 

p = NL < NR then UU T
* I and V VT 

= I. The NL x NL matrix 
P P 

V VT 
is called resolution matrix. The model parameters Will 

P P 

be perfectly resolved if V spans the complete space of the 

model parameters. 

Data resolution: 

The data resolution matrix is given by 

N=AA =U U
T 

P P 

The data are perfectly resolved if U covers the complete 

space of data. 
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Solution in the presence of noise: 

The solution obtained in the previous section 

represents the case of noise free environment. In real 

situations, uncertainties prevail in the estimation of 

ranges between the source and receiver moorings over the 

observational time. In the presence of strong ocean currents 

at different depths, cyclonic and anticyclonic gyres of 

various sizes, internal waves etc, undesirable shifts of the 

sensor(s) in the vertical and horizontal directions do take 

place due to the excursions of the moorings. These shifts 

(5 to 10 m over 4000 m in the vertical and 25 to 50 m over 

300 km in the horizontal) though are small, apparently 

contribute to the ray arrival times and in turn, the model 

parameter ( Sc). The results could be improved further by 

incorporating travel time corrections to the measured values 

using eqns. (B.3) and B.4). 

The true travel time data could be considered as the 

sum of the travel time perturbations measured during the 

observations and the noise. 

ST 	= ST 	+ E 
true 	obs  

... (B.8) 

Operating generalized inverse operator on either side 

of the above eqn., one obtains the following Solution 

V  r l 
U
T
(6T 	) =V r - 1 U T (6T 	) + V r-1  UT (E) .,.(13.12) 

p 	p 	true 	p p 	p 	obs 	P P 	p 
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Closeness ratio: 

The ratio between the sum of the factor model and Sum 

of the data matrix (data kernel) is considered as the 

measure of closeness of the model data: 

Measure of closeness = E 1
2 

/ Ep 1
2 

1 
1=1 	1=1 

...(B.10) 

where 'k' is the number of factors and 'p' is the rank of 

the data matrix A (kernel). 

Estimation of temperature: 

While the sound speed perturbations are computed from 

the above model, the much needed quantity - the variability 

of the ocean temperature field could be infered from the 

sound speed field. The sound speed and the temperature (0) 

fields are related by an empirical relation 

Sc 	 - a 60 
0 

...(B.11) 

where a = 3.2 x 10 -3/ / C, is the coefficient of sound Speed 

and c is the reference sound speed. 0 
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Canonical sound speed profile for the Central Bay of Bengal 
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Abstract: Following Munk's .canonical theory, an algorithm has been presented for 
computing sound channel parametthrs in the western and southern Bay of Bengal. The 
estimated canonical sound speed profile using these parameters has beep compared with 
computed values for a set of CTD and hydrocast data. The analysis indicates appreciable 
variation in the perturbation coefficient s deem over short intim, particularly in the eastern 
region. This has an important implication in ray tracing, where the range dependency of the 
acoustic field can be ihtroduced with suitable modification. In the region where.the channel 
axis' is - nearly symmetrical about tOe upper and lower bound, thenanonical profile almost 
reproduces the computed one. The results of the exponential, stratified model lead to a 
reasonable/realistic fit with the ocean beneath the thermoclipe. 

Keywords. Tomography; canonical; sound channel; stratificntion w r- ale; nertarlOpn 
--ve 	4r 

coefficient. 

1. Introduction 

Ocean acoustic tomography, as a feasible technique, has been accepted for monitoring 
mesoscale variations in the oceans (Munk and Wunsch 1979). This utilizes the 
knowledge of sound-speed field and its variability, along with the ray path geometry 
and ray arrival structure within the ocean. While the former has been studied earlier 
(Prasanna Kumar et al 1988) wherein the sound-speed field has been represented by 
two high energetic modes (the first mode being a numerical bean profile) the latter 
could be achieved through simulation studies for a given source-receiver configur-
ation (Somayajulu et al 1985). 

For simulation studies a parametric representatiotr of the sound-speed profile is 
needed (Jones et al 1985). In the present study, we construct a representative sound-
speed profile for the Central Bay of Bengal (figure 1) in an analytical form following 
Munk's theory (Ramana Murty et al 1987). This theory enables us to present the 
sound-speed profile at any geographical location with the help of a few parameters 
obtained from hydrographic data, apart from its implictition in ray tracing. 

t To whom correspondence should be addressed. 
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Figure 1. Location of CTD and hydrocast stations. 

2. Materials and methods 

The canonical expression for the sound-speed profile (Munk 1974) is 

C(Z)= C, [l + c(ri + e"— 1)], 	 (1) 

where rl = 2(Z Z 1 )/B is the dimensionless distance above sound channel axis, B the 
stratification scale and c the perturbation coefficient. After obtaining the coefficients a 
and b, (Appendix A) the sound-speed may be computed from the above expression (1). 
The computational procedure is given in Appendix A. 

To assess the suitability of the canonical sound-speed profile, a typical set of 
hydrographic data from the Bay of Benal were obtained by discrete (hydrocast) and 
continuous sampling (figure 1). These data sets were subjected to cubic spline (for 
continuous data) and weighted parabolic (for discrete data) interpolation (Reininger 
and Ros 1968) to obtain observations at closely spaced depth (10 m) intervals. From 
these data, the sound-speed has been computed following Chen and Millerio (1977) to 
obtain the sound speed at the channel axis (C,) and the depth of the channel axis (Z 1 ). 
The next step was to determine the upper and lower bounds of integration ( — a, f3) for 
the integrals appearing in Appendix A for computation of the stratification scale B 
and perturbation coefficient E (figure 3). This is explained in the next section. 
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Figure, 2. Sound-speed profiles along the transect shown in , figure 1. 
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Figure 3. Schematic representation of sound- speed profile. 

3. Results and discussion 

Iii the Bay of Bengal the speed of sound is higher at the surface than at the bottom 
(figure 2). This indicates an effective acoustic wave guide lying below depths of 140 to 
250 m (solely due to depth limitations). For this reason, the upper bound has been 
tentatively chosen at 250 m for computational convenience. The Central Bay of 
Bengal has an average depth of 3 lull, This depth has be taken as the lower bound. 
The sound channel model parameterg used for computation of the speed of sound are 
shown in table 1. The values of a and /3 shown in this table were computed ,. as 
explained in Appendix A. To understand how closely the canonical profile follows the 
values computed from hydrogr4hic data, plots of departures with depth at each of 
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Table 1. 	Canonical sound channel model parameters. 

a 
(m) (m) 

Z, 

(m) 
CI 

(m/s) (km) x 10 -3  

CTD data 

Stn. 2 250 2490 1490 1493.72 1.4148339 6.27009 
Stn. 3 250 2490 1480 1493.36 1.4144729 7.70402 
Stn. 4 250 2490 1460 1493.50 14152324 7.36964 

Hydrocast data 

#2859 250 3000 1660 149242 1.7100943 826990 
#2858 250 3000 1580 1493.37 17285531 6.53254 
#2856 250 3000 1490 1492.38 1.7367017 6.69301 
#2855 250 3000 1670 1492.09 1.7217247 7.00319 
#2854 250 3000 1690 1492.29 1.7214069 7.18058 
#2853 250 3000 1500 1491.60 1.7343166 7.52465 
#2852 250 3000 1450 1492.61 1.7359395 7.14998 
#2851 250 3000 1470 1492-21 1.7342341 7.76116 
#2850 250 3000 1660 1491.98 1-7178526 9.13943 
#2849 250 3000 1600 1491.64 1.7251973 7.96145 
#2848 250 3000 1500 1495.03 1.7506714 3.44785 
#2847 250 3000 1320 1490.87 1.7510667 7.65039 
#2846 250 3000 1590 1491.62 1.7252729 8.61798 

Mean values for the above hydrocast data 

250 	3000 	1490 1492.10 1.7344670 7.3407460 

the stations were made. It can be seen that the canonical profile closely follows the 
sound speed profile computed from hydrographic data, though there are some 
departures at the top layer. The deviations are presented in terms of a percentage in 
tables 2, 3 and 4 for CTD data, while for hydrocast data the typical patterns are 
presented in figure 4. It is evident from the tables as well as from the figure that the 
percentage deviation is a maximum at the upper bound (250 m) and with an increase 
in depth the error decreases rapidly towards the channel axis. However, below the 
channel axis Z 1 , the error is very small and is confined to a maximum value of 0-2%. 
Based on the data along the transect of figure 1, the sound-speed profiles were averaged 
(figure 4b) and a model profile was developed. One observes that at the upper and 
lower bounds, the departures are 8 m/s and 4 m/s respectively, indicating a best fit. 
However, these small departures of the canonical sound-speed from the computed 
sound-speed in the upper layer is less likely to affect acoustic rays with low emergence 
angle, as their path will be confined to the deeper layers of the SOFAR (sound fixing 
and ranging) channel only. But the steep angle rays which undergo near-surface 
refraction, may, to a certain extent, be affected by these deviations. This need not 
introduce serious errors while inferring the gross features of the media, because the 
path lengths of steep angle rays are very small near the surface (compared to deeper 
layers) due to high gradients (0.1 m/s per meter at 250 m compared to 0.06 m/s per 
meter at 3000 m). 

The special variation of the perturbation coefficient, stratification scale and depth of 
sound channel axis from the western Bay to the eastern Bay is shown in figure 5. The 
spatial trends of B and Z 1  are the same. The variation of perturbation coefficient, 
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Table 2. Comparison of canonical fit with computed sound-speed profile at Stn, 2. 

Sound-speed 
computed 

Depth 	 Canonical 	from 
Z 	(Z - Z 1 ) 	sound-speed hydrographic data 	 Percentage 
(km) 	(km) 	(km/s) 	(km/s) 	Deviation 	deviation 

0.25 -1.24 1.521989 1.503570 0.018 1.225 
0-50 -099 1.509206 1498440 0.011 0.719 
0.75 - 0.74 1.501216 1496620 0-005 0.307 
1.00 - 049 1496589 1494720 01302 0-125 
1.25 -0.24 1494325 1.493960 0-000 0024 
1.50 0-01 1493721 1493790 0.000 0.005 
1.75 026 1494282 1'493390 0001 0060 ' 
2.00 0.51 1495661 1494810 0.001. 0057 
225 076 1497615 1 ,496980 0.001 0.042 
2-49 1.00 1.499872 1.499870 0001 0067 

Table 3. Comparison of canonical fit with computed sound-speed profile at Stn. 3. 

Sound-speed 
computed 

Depth 	 Canonical 	from 
Z 	(Z - Z 1 ) 	sound-speed hydrographic data 	 Percentage 
(km) 	(km) 	(km/s) 	(km/s) 	Deviation 	deviation 

025 -1.23 1.527338 1.507360 0.020 1.325 
050 - 098 1.511904 1498940 0013 0865 
075 - 073 1.502276 1.496740 0006 0370 
1.00 - 048 1.496726 1.494720 0002 0134 
1.25 - 023 1494040 1.493880 0.000 0011 
1.50 0•2 1493364 1493440 0000 0.005 
1.75 027 1 ,494101 1.493400 0001 0047 
2-00 050 1495829 	., 1494530 0.001 0•087 
2.25 077 1.498254 1.496950 0.001 0-087 
245 097 1.500402 1.499010 0-002 0102 

Table 4. Comparison of canonical fit with computed sound-speed profile at Stn. 4. 

Sound-speed 
computed 

Depth 	 Canonical 	from 
Z 	(Z - Z1 ) 	sound-speed hydrographic data 	 Percentage 
(km) 	(km) 	(km/s) 	(km/s) 	Deviation 	deviation 

025 - 1.21 1.524385 1.507560 0-017 1.116 
050 - 0.96 1.510245 1499100 0011 0743 
075 - 0.71 1.501450 1.496640 0.005 0-321 
1.00 - 046 1-496419 1.494580 0-002 0123 
1.25 - 021 1494036 1493850 0-000 0012 
1.50 0.04 1 ,493517 1.493550 0.000 0002 
1.75 0-29 1.494310 1492190 0002 0-142 
2430 054 .  1.496027 1.494250 0.002 0119 
2.25 079 1498394 1497100 0-001 0086 
2.49 1.03 1.501099 1.500090 0-001 0167 
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Figure 4. Comparison of canonical sound -speed profile (MP) with computed (CP) profile 
for hydrocast data. 

which is interpreted as the fractional adiabatic velocity increase over scale depth 
(Munk 1974), in the western part of the Bay is small (ranging from 6.5 to 7.5 x 10'). 
It shows a gradual increase from the west to the east. However, in the eastern Bay it 
varies considerably, indicating the highly variable nature of the sound-speed field in 
this part. This was reported earlier (Prasanna Kumar et al 1988). The appreciable 
variation in E and B in this area (between 800 and 1000 km) indicates the range 
dependency of the sound-speed field. This allows one to introduce the range 
dependency by suitably modifying the perturbation coefficient, which is needed for 
realistic numerical ray-tracing to accurately predict the arrival sequence of the 
acoustic signals. 

From this study it is evident that the exponential stratification model gives a 
reasonable fit to the ocean beneath the thermocline. For the simulation studies from 
the derived analytical form of the profile, one can proceed to higher order derivatives 
in a closed form for ray computation and intensity calculations. But very close to the 
region of the thermocline, the observed variability in B and E indicates the inadequacy 
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Figure 5. Spatial distribution of perturbation coefficient e, stratification scale B and depth 
of the sound channel axis Z, along the track. 

of the canonical profile in reproducing the sound` speed profile to the expected level. 
The reason for this could be the large scale wind forcings, and the considerable 
quantities of fresh waters discharged during the south west monsoon. Incidentally, 
recent studies by Munk and Wunsch (1987) pointed out the difficulty in reproducing 
the sound-speed profile by an analytical form when seen against the computed profile 
(from temperature, salinity and pressure) and other model profiles. 
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Appendix A 

The canonical expression for the sound velocity profile (Munk 1974) in terms of a 
dimensionless distance above the sound channel axis is 

	

C(Z)=-- C,[1 + c(ri + e" —1)], 	 (A.1) 

where the dimensionless distance above the channel axis Z, is 

= 2(Z — Z,)/B. 
By writing 

W = Z — Z 1 , 

4 
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we have 
c(z)=c(w+z,)--e(w). 

By expanding the exponential, the non-dimensional form of (A.1) is 

C(W)  ^ 1  + 2(E/32) w2 3(E/B 3  ) W 3 , 	 (A.2) 
C i  

Designating e/B 2  = a and elir = b, we find (A.2) can be rewritten as 	 • 

f(W)=—
E(w)

= 1 + 2aW 2 	 (A.3) 
C i  

The parameters a and b can be obtained by fitting the measured f (W) to the 
expression in (A.3) by least squares. 

Define the error as 

[f(W)— 1 — 2aW 2  +lbW3 ]2  dW 

and use the condition 

0.1 	Of 
-372 (a, b) = 0, -

1
-1-3,  (a, b) 0, 	 (A.4) 

ra 
(W)— 1 — 2aW 2  + lbW 3 ]W 3  dW = 0 	 (A.5) 

Introducing the notation 

fa 
[f (W)— 1]W 2  dW = r 1 , 

j•P 
[f (W)— 1] W 3  dW= r 2 , 

fil 
W 4  dW= tt,, 

-a 
fP 

W 5 dW=u2, 
--a 

fU 
w6 dw=p 3 , 

--,,, 

equations (A.4) and (A.5) reduce to 

r 1  2ap i  +117,12 2  = 0, 	 (A.6) 

r 2  — 2ap- 2  + 	0, 	 (A.7) 

In vector form, the set of equations (A.6) and (A.7) are 

Gh = r. 	 (A.8) 
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If the matrix G is not singular, one obtains from equation (A.8) 

h = G -  'r. 
where 

G --= 
(2ii 1 — 41 1 2 , 

2412  — 4113)' 

h= ( 	r  

b ' 	— r 2  . 

If G is not invertible 
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(A.9) 

(A.10a,b) 

h = (GT  G) - 1  GT  r 	 (A.11) 

knowing G -1  and F from the hydrographic data a and b can be computed, as well as B 
and e. From B and s the sound-speed is calculated by the equation 

C(Z)= C 1 [1 E (2 73 - -1- exp( 2W/B)— 1)1 
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A Solution to the Inverse Problem in Ocean Acoustics 
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ABSTRACT 

The methodology and software developed to reconstruct a vertical sound speed profile as a part 
of studies on the marine acoustic modelling, using the ray path lengths and the travel time perturbations 
in tomographic layers are outlined. For a stratified ocean, considering the range independent nature 
of the medium, geophysical inverse techniques are employed to reconstruct the sound speed profile. 
The reconstructed profile for a six layer ocean, with five energetic modes, is in good agreement with 
that of the assumed profile thereby indicating the usefulness of the model. The effect of noise caused 
by the excursions of the source and receiver moorings; When expressed in terms of travel-time 
differences, results in the sound speed changes up to 0.1 per cent. 

1. INTRODUCTION 

Ocean acoustic tomography is a remote sensing tool 
for screening the interior structure of the ocean, layer 
by layer, utilising the propagation characteristics of 
sound waves in the ocean'. One of the many important 
features of the ocean is the presence of the sound 
channel which acts as a waveguide (Fig.1). This channel, 
also called SOFAR channel, enables propagation of 
sound over large distances along wholly refracted paths 
traversing through many layers of the sea. Acoustic rays 
passing through diverse layers of the ocean interior, 
therefore, contain history of these layers through which 
they transgress. Decoding these signatures as received 
at the acoustic sensors situated at known distances from 
the sources of origin of known sound signals leads to 
an understanding of the interior structure of the oceans. 
This can be examined by simulation of acoustic models 
or by conducting field experiments using acoustic 

! transmitters and receivers mounted on mooring 
systems. 

The acoustic modelling consists of a study of forward 
and inverse problems. In the forward problem perfect 
boundary conditions are used to step a system forward 
Received 8 January 1991, re-revised 6 August 1991 
• Ocean Engineering Centre, IIT, Madras-600 036  

in time and space. The results can be summarised in 
terms of the solution of partial differential equations. 

In the present study, the reference sound speed 
profile as a function of depth, for a uniformly deep and 
layered ocean, forms the input for integrating the partial 
differential equations (for a given domain) to estimate 
the ray parameters (Fig. 1)it These parameters include 
the ray path length, and travel time of acoustic pulse 
along different rays connecting the source and the 
receiver. The information on travel time perturbations 
and data kernel comprising ray path lengths for a 
reference ocean result from the forward model. 

In the inverse problem2, the model parameters are 
inferred, given a set of observations consisting of travel 
time perturbations and the noise statistics over an 
interior domain and the boundaries. 

2. RAY ACOUSTICS 

The sound propagation in the sea has been described 
by a linear, second order, partial differential equation 3 

 in the scalar form known as the wave equation. 
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Figure 1. Schematic presentation of acoustic rays from source to receiver. 

where ¢ is a potential or a pressure perturbation and 
C is the speed of sound [C= C(x,y,z,t)]—a function of 
space and time. 

Equation (1) can be solved following either the wave 
theory or ray theory. In the wave theory, functional 
solutions of linear, second order, partial differential 
equations for assigned boundary conditions are sought 
using standard techniques 4  while the ray theory pertains 
to solving `eikonal equation' associated with wave fronts 
(eikonal is a surface in three-dimensional space). An 
equivalent way of formulating the ray theory is based 
on fermat's principle—path of minimum travel 
time—for getting the trajectory of the sound pulse or 
signal. Both eikonal and Fermat's procedures lead to 
the basic Snell's law of wave refraction. 

In the present study, the ray theory has been 
preferred due to its simplicity and the convenience with 
which the inverse problem could be tackled. The basic 
equations governing the ray path, in two-dimensional 
space are given by3  

d (n dx) an 
	

(n dy) = an 
ds 	ds 	ax 	ds 

	
ds 
	ay 	(2) 

where &ids = cos 0 & dylds = sin e 	 (3) 

x and y are independent variables representing 
rectangular spatial coordinates, C is the dependent 
variable (C = C (y)), s represents the arc length along  

the ray, n is the index of refraction, and B is the angle 
of the ray wrt the horizontal (Fig. 1). 

These equations are numerically implemented as 
explained in the following. 

Using Eqn (3) and refractive index n = Co/C, Eqn 
(2) is expressed as 

	

„ dC 	d 	ac 

	

cosu — 	- 	cos u = 

	

ds 	ds 	ox 

. 	a C 	d 	. 
sin 0 —

ds 
– C — sin 0 = ac 

ds 	Sy 

following chain rule 

d 0 cos = – sin e— and 
ds 

sin 0 = cos B —de 
ds 

now, 

	

dC ac dr ac dy 	 ti 
ds ax ds ay ds 

= cose dc  — + sin 0 ac— 
ax 	ay 
	 (6) 

Substitution of Eqns (5) and (6) in Eqn (4) leads to 

d  
ds 

d 

ds 

(4) 

(5) 
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de = 1 

	
sin 
	

— cos 0 
a 

—
ds 

— —
C 

sin 0 
ax 

Now, the ray travel time is 

T 
 [ C (s)ri ds 
= 

The above equations govern the ray path geometry 
and sound pulse travel time along the ray paths. 

Based on the above acoustic model, forward 
problem is defined as the process of predicting the 
results of measurements on the basis of a general model 
and a set of specific conditions relevant to the problem 
at hand. In a nutshell, this is expressed as 

ac 
ay ) 	 (7) 

(8) 

1490 1500 1510 	1520 	1530 1540 1550 

SOUND SPEED (m/s) 

     

PREDICTION 
OF DATA 

 

MODEL 
PARAMETERS 

     

 

I MODEL I 

 

-O Figure 2. Reference sound speed profile for the Arabian Sea. 

     

      

Each ray traces a unique path as determined by the 
angle of emergence at the source. A single pulse emitted 
at the source reaches the receiver as an ensemble of 
multiple rays, arrival time for which differs by few 
milliseconds. The (refracted) eigen rays—connecting 
the source and receiver—computed froth the reference 
sound profile (Fig. 2) are shown in Fig. 3, while the  

various ray parameters computed are presented in 
Table 1. 

Inverse problem helps determine estimates of the 
model parameters. 

 

	I-)MODEL  ESTIMATES OF MODEL' 
PARAMETERS DATA 

   

Figure 3. Eigen ray plot. 

91 



DEF SCI J, VOL 42, NO 2, APRIL 1992 

Table 1. Acoustic ray parameters 

Source 
angle 

(deg) 

Loop 
length 

(km) 

Fractional 
length 

(km) 

No. of loops 
and rays 
identified 

Turning 
depth 1 

(m) 

Sound speed 
and turning 
velocity 1 

(m/s) 

Turning 
depth 2 

(m) 

Sound speed 
and turning 
velocity 2 

(m/s) 

Path 
length 

(km) 

Travel 
time 

(s) 

Ray arrival 
angle 

Ray termi- 
nation depth 

(m) 

8.7967 60.066 59.738 4 (5,-5) - 188.10 1511.60 -3281.83 1511.61 302.081 201.0966 8.759 -1800.63 

7.0020 66.221 35.116 4 (5,-4) - 282.60 1505.10 -2886.63 1505.13 301.310 200.9317 -6.993 -1799.98 

6.3066 75.114 74.658 3 (4,-4) - 341.47 1502.99 -2739.24 1502.99 300.969 200.7605 6.287 -1800.29 

5.7016 75.123 74.631 3 (4,-4) - 575.46 1501.33 -2617.83 1501.33 300.796 200.7528 5.675 -1799.05 

4.8826 65.370 38.520 4 (5,-4) - 830.88 1499.35 -2462.71 1490.34 300.678 200.8604 -4.872 -1800.09 

3.9471 60.144 59.425 4 (5,-5) -1065.85 1497.45 -2313.63 1497.45 300.525 200.9081 3.917 -1799.51 

2.9263 60.195 59.220 4 (5,-5) -1270.03 1495.85 -2156.09 1495.85 300.366 200.9112 2.889 -1799.61 

2.0008 50.237 48.814 5 (6,-6) -1479.72 1494.81 -2017.08 1494.81 300.285 200.9428 1.950 -1799.27 

-0.7949 46.805 19.172 6 (6,-7) -1847.41 1494.04 -1652.17 1494.04 300.213 200.9484 0.649 -1799.76 

-1.9559 49.755 1.470 6 (6,-6) -2010.88 1494.77 -1487.14 1494.77 300.283 200.9451 -1.909 -1799.72 

-3.3022 59.829 0.856 5 (5,-5) -2216.86 1496.38 -1189.44 1496.38 300.423 200.9149 -3.276 -1799.22 

-3.9300 59.853 0.737 5 (5,-5) -2311.19 1497.42 -1070.43 1497.42 300.525 200.9126 -3.912 -1800.51 

-5.3864 67.976 28.097 4 (4,-5) -2557.09 1500.52 - 696.82 1500.53 300:779 200.8366 5.357 -1800.86 

-5.6972 74.875 0.097 4 (4,-4) -2616.76 1501.31 - 577.52 1501.32 300.800 200.7594 -5.686 -1799.64 

-6.3147 74.889 0.445 4 (4,-4) -2740.92 1503.02 - 340.40 1503.01 300.976 200.7675 -6.302 -1799.26 

-6.9011 67 208 31.168 4 (4,-5) -2865.51 1504.79 - 289.14 1504.78 301.237 200.8791 6.878 -1800.22 

-8.8685 59.935 0.325 5 (5,-5) -3303.91 1511.98 - 185.65 1511.91 302.124 201.1069 -8.864 -1800.73 

Source depth (m) --1750; Receiver depth (m)=.4800; Range (km).300 

In the present context, the inverse problem is to use 
the acoustic travel times along resolvable ray paths and 
any other data (amplitudes could also be used) to obtain 
an estimate of the model perturbation, i.e., sound speed 
perturbation, against a reference profile. 

The travel time differences (between predicted and 
observed through field experiment) of sound signals are 
operated by the generalised inverse operators 2  for 
reconstruction of sound speed fluctuations.  

application of inverse methods in ocean acoustic 
tomography has been suggested by Munk and Wunsch' 
and later implemented by Comuelle ll  , and Cornuelle, 
et a/12 . 

Considering a single source-receiver system, 
separated by few hundred kilometers, with eigen rays 
covering i paths and j layers located in a stratified ocean, 
close to the (deep) sound channel axis, the travel time 
along a ray path i is given by 

3. MATHEMATICAL FORMULATION OF INVERSE 
PROBLEM 

T = EJR/Cj  (9) 

Inverse methods have been treated widely for a 
variety of problems in geophysical literature 5-7  for 
determining the distribution of some parameters in the 
earth's interior. The generalised inverses and the 
regularising techniques are used in these studies to 
measure quantities on the earth's surface that are 
functionals of the distribution of physical parameters at 
depth. Many papers have also appeared on the 
application of inverse methods to ocean circulation 
studies8-1° , using known field of horizontal density 
gradients to compute geostrophic velocity. The  

where Rif  is the path length of ray i in layer j and Ci  is 
the sound speed corresponding to layer j. 

The general model of sound speed field can be 
written as 

C(x,y,z,t) = C o(z) + 6 C(x,y,z) + t C(x,y,z,t) (10) 

where c(z) is the mean reference sound speed, the 
deterministic refractive term, 8C (x,y,z) represents the 
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departure in sound speed due to mesoscale eddies and 
fronts which can be modelled deterministically and A C 
(x,y,z,t) indicates the random fluctuations caused by 
internal wave phenomena, small scale turbulence, etc. 
The approximate size scales are C. = 1500 rn-1 , 6C 
smaller than C. by a factor 10-2  and A C much smaller 
by a factor 10-4  than Co . The last term for modelling 
the mesoscale phenomena, however, is neglected. For 
a range independent case such as the one considered 
here, the problem becomes limited to the estimation of 
(SC (z-) where j indicates the number of layers. 

The inversion procedure developed here is based 
upon the assumption that the perturbation in sound 
speed is much less compared to the mean sound speed 
(oC/C. << 1). Similarly, the departure of the perturbed 
path from the reference path is negligibly small WA. 
<< 1, where 1, is the path length of ray i). 

Thus for a given i number of identifiable eigen ray 
paths and j number of layers, one obtains, unknowns 
in (SC viz, number of layers (NL) and linear equations 
having number of eigen rays (NR), in the matrix form 

A6C =ST, oC = 6Ci) , 6T = {6Ti } 	(11) 

where A is data kernel (-R.. 20) obtained from the 
!I/C  

initial (forward) model, set in a matrix form, 6Ti  are 
deviations of the measured travel times from the 
reference values, and oc are desired model parameter 
perturbations in the form of a column vector which are 
to be determined. 

The system in Eqn (11) can be separated into (i) 
over-determined problem (more data than unknowns), 
(ii) even-determined problems (same number of 
equations as unknowns), and (iii) under-determined 
problems (more unknowns than data). The solutions of 
the equation are of the form 

Over-determined case: 6C= (A TA)-1. A  7.6  T  
(minimises data error) 

Even-determined case: 6C = (A4 ) 6T 

Under-determined case: 6C = A T  (AA T)-1  6T 
(minimizes model error) 

Least square method solves the completely 
over-determined problem by minimising the squared 
Euclidean length, i.e., er  e [where e = 6T— A 6C1, and 
has a perfect model resolution, i.e., A -1  A = I. The  

even-determined case will have only one solution with 
no estimation error. Minimum length OC T  6C is as 
small as possible) method solves the completely 
under-detenhined problem and has a perfect data 
resolution, i.e., AA-1  = I. Generalised inverse \(A -g) 
that solves the intermediate, mixed-determined 
problems will have data and model resolution matrices 
that are intermediate between these two extremes 2. 

So far, the solutions of different types of system of 
equations and usefulness of the generalised inverse 
solution have been described. In the following, the 
construction of the generalised inverse operator using 
singular value decomposition (SVD) employing the 
eigen function technique has been considered. The 
advantages_ef this technique are: (i) it is objective and 
does not impose a pre-determined form to the data, (ii) 
provides an objective means of ranking uncorrelated 
modes of variability to determine weak signals or noise 
from the data, and (iii) provides the modes of variability 
which are not correlated with one another. 

SVD is a factorisation of the operator matrix (A) 
into a set of orthonormal eigen vectors and associated 
eigen values. The observations are decomposed into 
linear combination of orthogonal eigen vectors, which 
in turn determine a linear combination of model 
parameters. Comprehensive reviews could be seen from 
the works of Wiggins6 , Lanczos13 , Jackson 14 , Wiggins 
et al 15 , Wunsch16  and Tarantola 17 . 

4. GENERALISED INVERSE SOLUTION 

Equation (11) is solved by SVD of the matrix A 
consisting path lengths of eigen rays i in each of the 
layers j expressed as a product of three matrices 2.13.18  

A 
	

VT 
	(12) 

(NR x NL) 
	

(NR x R) (R x R) (R x NL) 

where NL is the number of (tomographic) layers, and 
NR is the number of resolvable rays. 

The columns of the U and V matrices are 
orthonormal, i.e., UTU = I and VTV = I. U and V are 
the respective coupled eigen vector matrices for the 
eigen value problems defined as 

(AA 7) u = 1 2 u 	 (13) 
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(A TA)v = 1 2v 	 (14) 

In Eqn (12) F is a diagonal matrix of non-zero 
singular values (1 2) of A, and R (R min (NL, NR)) 
is the rank of the matrix A. Obviously the rank of all 
the three component matrices will be R and hence all 
diagonal elements of I' are squares of the singular, 
non-zero values. Here, the computational details of the 
SVD of a rectangular matrix alone are outlined since 
only standard numerical routines4 • 19  exist to compute 
the eigen values and corresponding eigen vectors of 
square matrices. 

In general, the number of layers in the ocean is 
usually less than the number of eigen rays. This leads 
to a situation of over-determinacy which arises when 
one attempts to predict the data. It would be also much 
easier to solve the first eigen value problem (Eqn 13) 
than the second (Eqn 14). 

Equation (13) yields U and r, while V is calculated 
using the equation 

VT= 	UTA 
	

(15) 

Having got U, r and V, the model parameter (SC 
can be determined. Premultiplying Eqns (13)-(15) by 
U T, the following is derived 

U T  ABC= U T ST 

=>U T UFV T OC=U TOT 

= > V T  (5C = U TOT 
= > V T  (5C =I' UT OT 

Premultiplying the Eqn (16) with V we get 

Cp  = VV T oC= (V U T ) (57' 

If VVT  equals I (if the rank of the matrix A = NR), 
the solution of Eqn (11) is 

(5C = (5C = (V r- t T  ) oT = (A 11 ) oT 	(18) 

If VVT  = I (a case in the presence of noise in model 
space) 

(5Cp  = (5C = (v r - ' ur) BT = (Ap l) 
	

(19) 

For better estimates the resolution in the model 
space VV T  of Eqn (19) is improved. This is done by 
judiciously selecting the p eigen vectors or ranking the 
singular values of the data kernel in a descending order. 
The noise in the data kernel (matrix A) prevailing in 
the form of small eigen values increases the rank of the 
matrix apart from amplifying the solution. This, 
however, does not provide any additional or useful 
information on the sound speed perturbation. So, it can 
be trusted that the solution to the present problem is 
obtained through considerations of optimisation. 

So far the solution for the generalised inverse 
pertains to the case of noise-free environment. In 
the following, solutions where acoustic noise cannot 
be overlooked particularly while making field 
observations, have been considered. 

5. SOLUTION IN THE PRESENCE OF NOISE 

In the acoustic field experiments, uncertainties 
prevail in the range estimations between the source(s) 
and receiver(s) over the observation time. These are 
due to the presence of currents at various level surfaces, 
along the vertical, eddies of various sizes, internal 
waves, etc that cause undesirable vertical and horizontal 
excursions of the moorings. Such movements (10 to 
20 m over 4000 m in the vertical and 25 to 50 m over 
500 km along the horizontal) though small, apparently 
contribute to changes in the ray arrival times, and in 
turn, in the model parameter (oC). With the help of 
accurate position keeping systems such as the 
inclinometers and bottom mounted acoustic 
transponders, these errors could be minimised. The 
results could be improved further by incorporating a 
correction factor for travel-time data in Eqns (18) and 
(19). 

The true travel-time data could be considered as the 
sum of perturbation and noise in the travel time. That is 

oTtrue  = BTU  E 	 (20) 

Operating generalised inverse operator on either 
sides of Eqn (20) the following solution is obtained. 

VP r .1 upr T  ) = VP u;  Tom) 

v,, F;,1 PT  (e) 	 (21) 

The sequence of operations of the above procedure 
in the form of a flow chart is given in Fig. 4. 

(16) 

(17) 
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CSTARTD 

I 
READ 

T, A, NL, NR, NF 
AND DELN 

COMPUTE COVARIANCE MATRIX B 

CALL EIGEN FOR DECOMPOSITION 
ur VT 

COMPUTE 
VNUT  

vr -1 U (T DELN) 

ESTIMATE 6 C 	I 
I 

OUTPUT 

( STOP 2  

Figure 4. Flow chart of sequence of operations for the procedure in 
Eqn (21). 

Closeness ratio: The ratio between the sum of the factor 
model and that of the data matrix is considered as the 
measure of closeness of the model data. 

Measure of closeness = 	12./e 12 i=i. 

	
(22) 

where k is the number of factors and p is the rank of 
the data matrix A (kernel). The eigen functions 
associated with the largest eigen value represents the 
data best in the least square sense, while the second 

function (in rank) describes the residual mean square 
data. The closeness ratio is expressed in percentage in 
order to enable one to judge the contribution of 
different modes, arranged in descending order, for 
better reproduction of the model profile. 

6. VALIDATION OF THE MODEL 

From the technological point of view, preliminary 
tests need to be carried out before the conduct of a 
practical tomographic study. These tests include 
demonstration of some essential properties of ocean for 
long range propagation. Of these tests, resolving the 
rays (eigen rays) and means to observe and identify 
them to sufficient accuracy is amongst the most desired. 
These rays must also be checked for their stability. 
Various measurement errors are to be estimated. 

For identification of the rays, one must compare the 
observed pattern with a prediction based on available 
sound speed profile—archived or exclusively collected. 
This would enable realisation of the fact that some peaks 
would be attenuated and some unresolvable. For ray 
prediction and identification, the mean profile is used. 

In the present study, environmental hydrographic 
data from the Arabian Sea, available in the form of 
seasonal mean values of temperature and salinity at 
standard oceanographic depths has been utilised to test 
the software in respect of the acoustic model described 
hitherto. Using the internationally accepted formula of 
Chen and Millero2°  for the determination of sound speed 
based on this data, vertical profiles depicting the sound 
speed distributions (computed) have been drawn. From 
these profiles a mean profile considered as a reference 
profile has been worked out (Fig. 2). The mean sound 
speed profile shows higher speeds, around 1542.6 m/s 
at the surface and 1523.6 m/s near the bottom. A 
minimum sound speed of about 1493.9 m/s occurs 
around 1750 m depth. 

Considering this reference sound speed profile as 
the base, the range-independent nature of the ocean 
forward model is solved for preparation of data kernel 
and predicting travel times (Table 2 (a)). 

After completing the above, in order to provide the 
necessary test data on travel-time perturbations for the 
inverse model, the winter mean profile has been chosen 
as the assumed profile to generate possible 
perturbations in travel times. Numerical experiments 
have been conducted considering different ocean layers 

95 



DEF SCI J, VOL 42, NO 2, APRIL 1992 

Table 2(a). Results of computations in noise-free data 

No. of rays = 17; No. of layers = 6; No. of factors = 5 
Travel-time data 

.0262 .0330-.0552-.1171-.0377-.0377 .0035 .0007 .0330 

.0388 .0190 	.0383 	.0369 	.0381 	.0317 .0287 .0262 

Data- kernel 

.28485E+02 .33904E+02 .29815E+02 .53191E+02 .84437E+02 .72057E+02 

.30233E+02 .55343E+02 .41340E+02 .64383E+02 .10981E+03 .00000E+00 

.29458E+02 .67507E+02 39682E+02 .60598E+02 .10352E+03 .00000E+00 

.00000E+00 .86665E+02 .49406E+02 .67874E+02 .96650E+02 .00000E+00 

.00000E+00 .00000E+00 .11769E+03 .96955E+02 .85835E+02 .00000E+00 

.00000E+00 .00000E+00 .73707E+02 .13498E+03 .91633E+02 .00000E+00 

.00000E+00 .00000E+00 .00000E+00 .22513E+03 .75040E+02 .00000E+00 

.00000E+00 .00000E+00 .00000E+00 .26601E+03 .34072E+02 .00000E+00 

.00000E+00 .00000E+00 .00000E+00 .30001E+03 .00000E+00 .00000E+00 

.00000E+00 .00000E+00 .00000E+00 .27320E+03 .26888E+02 .00000E+00 

.00000E+00 .00000E+00 .20004E+02 .19358E+03 .86640E4-02 .00000E+00 

.00000E+00 .00000E+00 .71623E+02 .13724E+03 .91464E+02 .00000E+00 

.00000E+00 .48621E+02 .58087E+02 .77594E+02 .11628E+03 .00000E+00 

.00000E+00 .84992E+02 .49533E+02 .69466E+02 .96612E+02 .00000E+00 

.28825E+02 .66808E+02 .39553E+02 .61975E+02 .10362E+03 .00000E+00 

.24251E+02 .46156E+02 .33821E+02 .59513E+02 .13730E+03 .00000E+00 

.28151E4-02 .33439E+02 .29498E+02 .53364E+02 .83148E+02 .74325E+02 

Sum of the diagonal elements of matrix A = .63403510E+06 

E(I) Closeness ratio 

Eigen value No. 1 .490E+06 .77329440E+00 

Eigen value No. 2 .113E+06 .95130920E+00 

Eigen value No. 3 .148E+05 .97463330E+00 

Eigen value No. 4 .102E+05 .99078120E+00 

Eigen value No. 5 .463E+04 .99808370E+00 

Eigen vectors 

-.3764E-01 -.1240E+00 -.181.5E+00 -.8832E+00 -.4117E+00 -.2813E-01 

.1240E+00 .3976E+00 .3705E+00 -.4597E+00 .6858E+00 .8720E-01 

-.2362E+00 -.5730E+00 .7311E+00 -.4425E-01 -.1399E-01 -.2814E+00 

.2066E+00 .4329E+00 -.6364E-01 .1579E-01 -.5762E-01 -.8731E+00 

-.1064E+00 .5558E+00 .5113E+00 -.7398E-01 -.5667E+00 .3023E+00 

Sum of 5 eigen values =.63282010E+06 

Matrix V(trrsspose) XV 

.1000E+01 -.1288E-06 .9529E-07 -.1969E-07 .3920E-07 

-.1288E-06 .1000E+01 .2235E-06 .314E-07 .5716E-07 

.9529E-07 .2235E-06 .1000E+01 .1966E-07 .2367E-06 

-.1969E-07 .3148E-07 .1966E-07 .1000E+01 .5399E-07 

.3920E-07 .5716E-07 .2367E-06 .5399E-07 .1000E+01 
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Generalised solution 

- 4.852344E-001; 	9.722964E-001; 	1.1879250; 

- 6.755120E-002; 	-8.519714E-001; 	-5.458165E-001 

(4 to 8) to infer the optimum number of layers for 
reproducing the sound speed profile with utmost 
accuracy. 

7. RESULTS AND DISCUSSION 

As expected, it has been found that the range of 
variation in the ray loop lengths lies between 50 to 70 
km. Ray convergence regions could be seen at every  

32 km range (approx) due to ray bending caused by the 
refraction at the upper as well as lower boundaries. The 
extent of the upper and lower limits of thd channel 
correspond to depths of 180 and 3300 m respectively. 
The duration of ray arrivals spreads over 420 ms. Rays 
with emergence angles between 5° and 6° arrive early 
compared to the near-axial ones. Rays with emergence 
angles exceeding 6° arrive last as obtained from the 
forward model. 

Table 2(b). Computation in the presence of noise 

No. of rays = 17; No. of layers =4; No. of factors = 4; noise = .0001 

Travel-time data 

	

.0262 	.0330 	-.0552 -.1171 -.0377 -.0377 .0035 	.0007 	.0330 

	

.0388 	.0190 	.0383 	.0369 	.0381 	.0317 .0287 	.0262 

Sum of the diagonal elements of matrix A + .71317230E06 

Eigen value No. 1 

Eigen value No. 2 

Eigen value No. 3 

Eigen value No. 3 

E(I) 	Closeness ratio 

	

.693E+06 	.97111230E+00 

	

.113E+06 	.98865420E+00 

	

.148E+05 	.99726240E+00 

	

.148E+05 	.10000020E+00 

Sum of 4 Eigen values = .71317380E+06 

Eigen vectors 

	

-.4337E-01 	-.7667E+00 	-.6398E+00 	-.3049E-01 

	

-.3832E+00 	.2976E +00 	-.2915E+00 	-.8244E+00 

	

-.5486E-00 	.5558E+00 	-.6847E+00 	-.4682E+00 

	

.9210E+00 	.1208E+00 	-.1922E+00 	-.3165E+01 

Matrix V(trrsspose) XV 

	

.1000E +01 	.2995E-07 	.6231E-07 	.1252E-07 

	

.2995E-07 	.1000E+01 	-.4702E-07 	-.6559E-08 

	

.6231E-07 	-.4702E-07 	.1000E+01 	-.1618E-07 

	

.1252E-07 	-.6559E-08 	-.1618E-07 	.1000E+01 

Generalised solution 

7.151362E-001; 	1.5748040; -2.0042110; -4.939731E-001 
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Generalised solution 

	

-4.852344E-001; 
	

9.722964E-001; 
	

1.1879250; 

	

-6.755120E-002; 	-8.519714E-001; 	-5.458165E-001 

(4 to 8) to infer the optimum number of layers for 
reproducing the sound speed profile with utmost 
accuracy. 

7. RESULTS AND DISCUSSION 

As expected, it has been found that the range of 
variation in the ray loop lengths lies between 50 to 70 
km. Ray convergence regions could be seen at every  

32 km range (approx) due to ray bending caused by the 
refraction at the upper as well as lower boundaries. The 
extent of the upper and lower limits of the channel 
correspond to depths of 180 and 3300 m respectively. 
The duration of ray arrivals spreads over 420 ms. Rays 
with emergence angles between 5° and 6° arrive early 
compared to the near-axial ones. Rays with emergence 
angles exceeding 6° arrive last as obtained from the 
forward model. 

Table 2(b). Computation in the presence of noise 

No. of rays = 17; No. of layers =4; No. of factors = 4; noise = .0001 

Travel-time data 

	

.0262 	.0330 	-.0552 -.1171 	-.0377 	-.0377 .0035 	.0007 	.0330 

	

.0388 	.0190 	.0383 	.0369 	.0381 	.0317 .0287 	.0262 

Sum of the diagonal elements of matrix A + .71317230E06 

Eigen value No. 1 

Eigen value No. 2 

Eigen value No. 3 

Eigen value No. 3 

E(I) 	Closeness ratio 

	

.693E+06 	.97111230E+00 

	

.113E+06 	.98865420E+00 

	

.148E+05 	.99726240E+00 

	

.148E+05 	.10000020E+00 

Sum of 4 Eigen values = .71317380E+06 

Eigen vectors 

	

-.4337E-01 	-.7667E+00 	-.6398E+00 	-.3049E-01 

	

-.3832E+00 	.2976E+00 	-.2915E+00 	-.8244E+00 

	

-.5486E-00 	.5558E+00 	-.6847E+00 	-.4682E+00 

	

.9210E+00 	.1208E+00 	-.1922E+00 	-.3165E+01 

Matrix V(trrsspose) XV 

	

.1000E+01 	.2995E-07 	.6231E-07 	.1252E-07 

	

.2995E-07 	.1000E +01 	-.4702E-07 	-.6559E-08 

	

.6231E-07 	-.4702E-07 	.1000E+01 	-.1618E-07 

	

.1252E-07 	-.6559E-08 	-.1618E-07 	.1000E+01 

Generalised solution 

7.151362E-001; 	1.5748040;  -2.0042110; -4.939731E-001 
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Table 3. Solutions of various modes for six- and four-layer numerical experiments 

Tomographic 
layers 
(m/s) 

Reference assumed Through inversion 

Sound speed 
gradient 

(s) 

Sound 
speed 
(m/s) 

Sound 
speed 
(m/s) 

4 modes 
sound speed 

(m/s) 

Deviation 

(%) 

5 modes 
sound speed 

(m/s) 

Deviation 

(%) 

6 modes 
sound speed 

 (m/s) 

Deviation 

(%) 

Six-layer numerical experiment 
0- 400 1508.32 1507.84 1507.99 0.009 1507.83 0.001 1507.01 0.055 0.1007 

400- 800 1500.75 1501.72 1500.88 0.055 1501.72 0.000 1501.76 0.002 0.0075 
800-1200 1497.55 1498.73 1497.% 0.051 1498.73 0.000 1498.58 0.010 0.0082 

1200-2000 1494.86 1494.77 1494.67 0.066 1494,79 0.001 1494.76 0.001 0.0020 
2000- 3000 1503.35 1502.50 1503.35 0.056 1502.49 0.001 1502.66 0.010 -0.0122 
3000-4000 1523.60 1523.04 1522.59 0.029 1523.05 0.001 1523.26 0.014 -0.0167 

Four-layer numerical experiment 

0- 400 1508.32 1507.84 1508.40 0.037 1507.75 0.005 1509.03 0.078 0.1010 
400 -1750 1497.70 1498.14 1498.00 0.009 1499.10 0.064 1499.27 0.075 0.0620 

1750 -3000 1500.46 1500.50 1500.07 0.028 1498.72 0.118 1498.45 0.136 0.0100 
3000-4000 1523.60 1523.60 1522.62 0.064 1523.54 0.003 1523.10 0.032 0.0170 

The ray travel-time deviations between the reference 
and perturbed cases show variations between 0.7 ms 
and 117 ms (Table 2 (a)). The positive perturbations in 
sound speed gives rise to negative perturbations in travel 
time and vice versa. The ray path lengths (km) covered 
by 17 eigen rays in each of the six tomographic layers 
(Table 2 (a)) indicate diverse sampling by the eigen rays 
in each of the layers. The upper 180 m of the water 
column has not been sampled due to depth limited 
nature of the sound speed profile. Realising that only 
six layers are chosen and more number (17) of rays 
prevail, the system of equations in Eqn (11) becomes 
over-determined. A solution for this can be obtained 
by treating the data over the entire water column in a 
way similar to that of a solution under least square 
sense. 

Using the data kernel, singular value decomposition 
has been performed, and the generalised inverse 
operator computed. Travel-time perturbations are used 
by the generalised inverse operator to obtain the inverse 
solution (Table 2). 

The generalised inverse solutions for a typical, 
pre-set number of layers, viz, for 6-and 4-layer models 
have been worked out considering different energetic 
modes (4 to .6). The deviations between the 
reconstructed and the perturbed/assumed profiles are 
obtained (Table 3). From this, it can be noticed that 
for the case of six-layer numerical experiment. by 
considering five energetic modes, the reconstructed 
profile of sound speed is well in agreement with that of 
the assumed profile. 

The closeness ratio (ratio between the sum of the 
factor model and sum of the data matrix/data kernel, 
presented in Table 4) indicated that the first five modes 

Table 4. Eigen Values and corresponding closeness ratio for six- and 
four-layer mode 

Six-layer model Four-layer model 

Eigen 
value 

Closeness 
ratio 

Eigen 
value 

Closeness 
ratio 

0.490 x 106  77.32 0.693 x 106  97.11 
0.113 x 106  17.81 0.125 x 105  1.75 
0.148 x 105  2.33 0.614 x 10°  0.86 
0.102 x 105  1.51 0.195 x 104  0.28 
0.463 x 104  0.73 

100.00 0.121 x 10°  0.20 

100.00 

(arranged in descending order) gave rise to 99.8 per 
cent information. This enabled reproduction of the 
original profile. By considering six modes, a small eigen 
value term which is present in the denominator of the -
Eqn (18) has amplified the noise instead of increasing 
the accuracy of the solution. 

This is due to the fact that the eigen values are 
arranged in descending order and as the singular values 
decrease in size (1 2), the structure of the corresponding 
eigen vectors (columns of U and V) becomes more 
complex and wavelike in nature. The eigen vectors 
corresponding to the largest eigen value indicate that 
the large scale features can best be determined. As the 
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Figure 5. Assumed and reconstructed sound speed profiles for a six -layer model. 
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Figure 6. Assumtd and reconstructed sound speed profiles for a four-layer model. 
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eigen vectors corresponding to smaller and smaller eigen 
vectors are incorporated, smaller scale features surface 
in the inverse estimates. These features cannot be 
determined like the large scale features due to the 
inverse of the 1i 2  of F. 

The assumed initial profile and the reconstructed 
one with five modes for the six-layer numerical 
experiment have been shown in Fig. 5. The two profiles 
are close to each other. Similar exercise carried out for 
a four-layer model with two modes (Fig. 6) showed 
more departures indicating the usefulness of the 
six-layer model over the four-layer one. 

The effect of noise arising from the horizontal 
movements of the moorings, on which the sensors are 
suspended, when expressed in terms of travel-time 
differences/perturbations resulted in negligible per cent 
change in the reconstructed sound speed profile. 
For example, a travel-time difference of 0.0001 s 
(Table 2 (b)) in the form of noise yielded a change of 
0.1 per cent of the sound speed as seen from the 
corresponding values in the respective layers (Table 3) 
for a four-layer case. 
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