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ABSTRACT 

Sub-mesoscale coherent vortices of Mediterranean water called meddies can be found 

in the main sound channel of the Canary Basin. Their positive temperature and salinity 

anomalies create a +16 m s-1 sound speed aberration at 30o N. The meddy splits the sound 

channel into a thermal sound channel and a deeper hydrostatic channel. Examination of 

historical data reveals that the sound speed anomaly caused by the meddy is never large 

enough to exceed the limiting sound speed of the background main channel. 

The sound field generated by sources at 1000 Hz and 4 Hz were examined for seasonal 

and geometric variation in both non-perturbed (meddy absent), and perturbed environ

ments. The presence of a meddy had negligible effect on a shallow source in summer and 

only a weak effect in winter. Sound fields generated by sources at 500, 1000 and 2500 

m experienced large (up to 12 dB) variations in transmission loss. It was found that the 

meddy removed energy from the convergence zones and redistributed it into the shadow 

zones within the SOFAR channel. Strong modal coupling caused by large horizontal sound 

speed gradients at the meddy edge for frequencies above 6 Hz caused ray path instability 

and created a complex arrival pattern. 
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Chapter 1 

1.1 Introd uction 

Numerous small coherent, lens shaped vortices with anomalous water properties have 

been located within the oceans in the past two decades. The literature abounds with 

references to these structures called Submesoscale Coherent Vortices (SCVs). Three geo

graphical areas have been extensively reported in literature; the Arctic, [D'Asaro, 1988b; 

Hunkins, 1974; Newton et al, 1974, Manley and Hunkins, 1985] the Northwest Atlantic, 

[Lindstrom and Taft, 1986; Riser et al, 1985; Dugan et al, 1982; Zantopp and Leaman, 

1982; Elliot and Sanford, 1986a; and Elliot and Sanford, 1986b] and the Canary Basin 

[McDowell and Rossby, 1978; Armi and Zenk, 1984; Hebert, 1985; Kase and Zenk, 1986; 

Armi et al, 1989; Marshall, 1988; Armi et al, 1988; Richardson et al, 1989]. This thesis 

deals with those SCVs found in the vicinity of the Canary Basin. 

In general, Canary Basin SCVs are characterized by positive salinity (0.2-1.0 psu) and 

temperature (2.0-4.0 °C) anomalies. They are roughly 600 m thick, 50 km in diameter 

and are centered at a depth of 1100 m. They translate to the southwest at 1-3 em s-l, and 

rotate clockwise with a period of approximately 7 days [Armi and Zenk, 1984; Richardson 

et al., 1989]. The postulated lifetime of a meddy is as much as 7 years. 

McDowell and Rossby [1978] were the first to document the find of a large sub-surface 

anticyclonic eddy with positive temperature and salinity anomalies. They located this 

disturbance off the Bahamas and deduced that it must have originated in the Gulf of Cadiz 

from Mediterranean outflow water. They coined the name "MEDDY" (MEDiterranean 

edDY) to .describe the lens shaped structure. Subsequent investigations however have led 

to the belief that this was not in fact a meddy [Richardson et al., 1989] and had originated 

in another part of the world's oceans. 

A comprehensive review of these three types of vortices and their dynamics has been 

carried out [McWilliams, 1985] with the conclusion that these long lived, ubiquitous, but 

intermittent disturbances play a large contribution in heat, salt, and tracer transport 
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through the oceans. Similar results were obtained by Armi and Stommel [1983], and Armi 

and Zenk [1984]. It was evident, however, that conclusive results would require a detailed 

survey of a meddy over a period of several years in order to fully understand meddy decay 

and transport. 

In October 1984 Armi and Rossby began what would become a two year long interna

tional survey of a meddy; The Mediterranean Salt Lens Experiment (MSLE). In October 

1984 a meddy was found and seeded with four SOFAR floats. One float remained with 

the meddy for nearly two years, thus enabling the researchers to track and locate the 

meddy for subsequent measurements. This particular meddy acquired the name Sharon, 

and was surveyed four times [Armi et al., 1989]. Figure 1.1 shows the track and survey 

dates of Sharon during this two year experiment. In June 1985 a Canadian expedition 

(CSS Hudson cruise 85014, Hebert, 1985), as part of the Mediterranean Salt Lens Exper

iment, located Sharon and conducted, detailed CTD measurements, nutrient sampling, 

velocity measurements using expendable current profilers as well as a fixed mooring, and 

EPSONDE [Oakey, 1987] microstructure measurements [Hebert, 1988]. The CTD data 

was worked up by Hebert [1988] and then loaned to RRMC for acoustic research. The data 

consists of 207 CTD casts with measurements of salinity and temperature interpolated to 

every 10 dbar. The casts were arranged in radial arms from the expected meddy centre 

and therefore produced excellent radial information. Hebert was able to deduce that in 

June 1985 the meddy was slightly elliptic with an eccentricity of 0.7. Furthermore, he 

was able to determine the meddy centre. This allowed him to create an aggregate radial 

data file containing all the CTD casts averaged into radial "bins". Each bin contained an 

average profile valid over the bin width. The bin width varied from 20 km on the meddy 

outskirts to as little as 2 km near areas of strong mixing on the meddy edge. 

The conception of this thesis came from a discussion with Dr. Barry Ruddick while 

he was giving a lecture at RRMC, in the fall of 1987, on the meddy called Sharon. He 

allowed that there had been difficulties tracking the SOFAR floats, and that several times 



3 

2730 W 2230 W 1730 W 1230 W 730 W 
400 N 

350 N 

®-
300 N 

250 N 

o 
October 1986 

200 N 

DO 
I 
o 

1 
200 km 

~f.J 

Figure 1.1 Trajectory of a SOFAR float located in the Meddy called Sharon from October 

1984 to October 1986. Location and size (to scale) of the Meddy are indicated 

by circles. The solid inner circle represents the core of the Meddy (Chapter 2). 

[Courtesy of Hebert (1988)] 
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communication between CSS Hudson and the ensnared SOFAR floats had been lost. Sub-

sequent rough calculations indicated that the presence of a meddy created two smaller 

sound channels from the larger main channel, and could therefore create a significant per-

turbation to SOFAR channel sound propagation, without presenting a surface signature 

to warn acoustic operators. The temperature and salinity anomalies within a meddy rep-

resent up to an 16 m s-1 positive sound speed anomaly within the main sound channel at 

300 N; substantially altering the propagation path. Further motivation came from personal 

communication between Hebert and Munk [Hebert, 1988] when Munk outlined a proposal 

to monitor the transport of meddies acoustically. 

1.2 Thesis Outline 

The purpose of this thesis is to evaluate the sound field disturbance caused by the 

presence of a meddy within the main sound channel. The June 1985 CTD cast data was 

used to represent an average meddy that may be found within the Canary Basin. In 

chapter two I will review the scalar and dynamic properties of a meddy. Chapter three 

will initiate the acoustic investigation, with a short description of the propagation loss 

models used. This will be followed by ray traces and propagation loss results for a line 

of historical sound speed profiles along 300 N without a meddy. Consideration will also be 

given to a typical sound speed profile taken directly through the meddy core. Chapter four 

will examine sound propagation with the meddy present. Three cases will be examined; 

transmission across a meddy ip summer, transmission out of a meddy, and transmission 

across a meddy in winter. Finally, Chapter five will consist of a summary and discussion. 
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Chapter 2 

Review of meddy Characteristics 

2.1 General 

This chapter will familiarize the reader with the present understanding of a meddy's 

behaviour and its distinguishing features. The results from the two year survey of Sharon 

will be used to illustrate the parameters for all meddies with appropriate references to 

other published results. I will follow the terminology used in Armi et at. [1989] concerning 

meddy parts and peculiarities. A meddy has two zones, first, the inner, homogeneous core 

which is surrounded horizontally by the second, the intrusive zone. Figure 2.1, a vertical 

slice through a meddy, illustrates this concept. 

Figure 2.1: A conceptual vertical slice through a meddy (not to scale). 

Water within the core is called meddy Core Water, while that within the intrusive 

zone is called meddy Mixed Water. The core of the meddy is defined to be that region 

containing homogeneous warm and salty (>36.2 psu) water. It is an area of almost non

existent horizontal gradients and very small {3 X 1O-4psu m-1 and 3 X 10-3 °Cm-1} 

vertical gradients in both T and S. The intrusive zone is characterized by thermohaline 

intrusions and hence strong lateral mixing across the resulting large horizontal and vertical 
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gradients of temperature and salinity. Numerous salinity and temperature inversions are 

present in this zone. 

The meddy will in general decay in both horizontal and vertical extent over its lifetime. 

The rate of decay is time dependent and related to the size of the temperature and salinity 

anomalies [Armi et al., 1989]. During the Mediterranean Salt Lens Experiment the meddy 

called Sharon was sampled four times in two years. Table 2.1 lists the size parameters for 

each survey. In October 1984 the core was 48 km in diameter; one year later the meddy 

Core Water had been entirely replaced by meddy Mixed Water. The intrusive zone also 

decreased in size: in October 1984 it was 58 km in radius while in October 1985 it had 

withered to 34 km . One year later, in October 1986, it still measured 31 km in radial 

extent. 

2.2 Scalar Properties 

The four surveys conducted on Sharon are discussed here with particular attention 

paid to salinity, temperature, and density. Figures 2.2, 2.3 and 2.4 are all from Hebert 

[1988] and are reproduced here with the authors permission. The triangles located at the 

bottom of the plot indicate radial averaging bin position. The distance between triangles 

is indicative of the bin (Chapter 1) width. 

2.2.1 Salinity 

Figure 2.2 shows radius-depth contour plots of salinity taken during all four surveys. 

The core has been shaded grey to aid in distinguishing the various zones and their temporal 

evolution. The thick contour line (35.8 psu) represents the center of the intrusive zone. 

The core area is water that is unchanged since the meddy was created, whereas the large 

gradient region surrounding this core is continually being mixed and diluted. The most 

striking feature of these plots is the decrease in size of the anomaly over the two year 

period. It is also evident that the meddy thickness is inversely proportional to radius. 

Volumetrically, the major aging process is the thermohaline intrusions [Armi et al., 1989]. 
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Table 2.1. meddy Size Parameters: Major length values for meddy Sharon for all 4 surveys. 

(Reference Hebert, 1988.) 

Radius (km) 

Survey Date Core meddy Thickness (m) 

October 1984 48 58 750 

June 1985 15 38 550 

October 1985 ",0 34 425 

October 1986 31 75 
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Figure 2.2: Contours of salinity in (r, p) for the four survey periods: (a) October 1984, (b) 
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PSU] is used to represent the core and thick contour line [S = 35.8 PSU], the 

centre of intrusive region. contour interval is 0.1 PSU. The triangles show the 

location of the centre of each radial bin and the value below each triangle is the 

bin half-width in kilometers. 

[Adpated from Hebert (1988)] 
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In October 1985 (Figure 2.2c) the core zone was estimated to be 2 km in diameter and is 

believed to have disappeared shortly thereafter as the intrusions had pierced the meddy 

Core Water. 

These four illustrations do not indicate the fine structure present at the edges of the 

meddy, as it has been smoothed out during the averaging process to present fairly smooth 

gradients. As the meddy evolved, anomalous fragments of water broke away from the 

meddy and were advected away from the core by the background mesoscale eddy field 

[Armi et al., 1989; Ruddick, 1987]. The large salinity gradients present at the top, bottom 

and lateral edges of the meddy are all driving forces for different mixing processes. The top 

of the core is a likely site for double-diffusive thermohaline convection, while the bottom 

is conducive to double-diffusive salt-fingering. Notice that the meddy appears to decay 

more rapidly from the bottom than the top. 

2.2.2 Temperature 

Figure 2.3 illustrates potential temperature (81 ) versus radius and depth for all four 

surveys. Potential temperature here is referenced to 1000 dbar. The characteristics of 

each plot follow those of the salinity plots. 

2.2.3 Density 

Figure 2.4 depicts potential density versus range and depth for all four survey periods. 

Potential density (0'1) is referenced here to 1000 dbar. The shaded region enhances that 

area where salinity is greater than 36.2 psu, and the thick line, the centre of the intrusive 

zone (35.8 psu). The isopycnal separation within the meddy is greater by a factor of two 

to that oJltside the meddy in the first survey (October 1984, Figure 2.4a). This difference 

slowly decreases with age, indicating that the velocity of the meddy also decreases with 

age. The anticyclonic lens shape is highly visible and extends vertically beyond the salinity 

signal to as shallow as 300 dbar. 
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2.3 Dynamic Properties 

2.3.1 Velocity 

12 

During the Mediterranean Salt Lens Experiment (MSLE) a variety of velocity mea

surements were made during the first three surveys. The majority of these have been 

displayed in several works; ego Armi et al. [1989]; Hebert [1988]; Richardson et al. [1989]. 

A meddy rotates anticyclonically with respect to the background water. The azimuthal 

velocity increases linearly with radius to a maximum before decreasing exponentially to 

zero. The central core is therefore in near solid body rotation. Between the core and in

trusive zones is a salinity front or region of high salinity gradient [see for example Hebert, 

1988]. In the first three surveys of Sharon the radius of maximum azimuthal velocity 

occurred inside this front [Armi et al., 1989]. Maximum azimuthal velocities (radius) 

recorded were 34 cm s-1 (24 km), 19 cm S-1 (19 km), and 17 cm S-1 (14 km) during 

the October 1984, June 1985 and October 1985 surveys respectively. In the first two sur

veys the velocity maximum coincided (± 1 km) with the radius of the core-intrusive zone 

boundary. The azimuthal velocity returned to zero at the edge of the intrusive zone in all 

three cases. Armi and Zenk [1984] found three lenses in the Canary Basin in 1981. They 

found azimuthal velocities averaging 22 cm S-1 between 20 and 40 km radius, and there 

is also indication that maximum azimuthal velocities occurred at or about the range of 

maximum salinity gradient. 

The vertical shear in the hb~izontal velocity attained its maximum values immediately 

above and below the meddy while its minimum value was at the meddy mid-depth within 

the core. 

The meddies from the MSLE all translated to the southwest at speeds between 1.1 and 

3.0 cm s-1. Armi and Zenk [1984] calculated that all three of their lenses were advecting 

through the mesoscale eddy field at speeds of order 5 cm s-1 {O(5 cm 8-1)} towards the 

southwest. 
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2.3.2 Vorticity 

In all cases a meddy is anomalously low in potential vorticity compared to its back

ground water. Mediterranean water is a reservoir of low potential vorticity water that 

pulses into the Atlantic. The anomalously low values of potential vorticity create a closed 

circulation that traps the water within the meddy [Marshall, 1988]. This results in the 

characteristic high coherence and long lifetime. A strong vorticity gradient exists at the 

edge of the meddy and may contribute to its eventual disappearance. Armi et al., [1989], 

found that the vorticity of the core did not change significantly during the first year 

(October 1984 to October 1985). 

The spin of the meddy relative to the earth is called relative vorticity. In the MSLE 

it was found that the relative vorticity changed signs (negative to positive) at a radius 

collocated with the salinity front between core and intrusive zones. 

2.4 Decay rates and Mechanisms 

Hebert [1988] found that the heat and salt content of Sharon decreased with time in a 

manner that indicated mixing processes other than just horizontal and vertical diffusion. 

While a core zone was present (October 1984 to October 1985) the core decayed horizon

tally at 40 m day-I while the edge decayed at 100 m day-I. The meddy thickness decay 

rate was constant at 1 m day-I. These rates shrunk the meddy so that its October 1986 

volume was only 6% of October 1984's meddy. 

Upon examination of figures 2.2, 2.3 and 2.4 it is evident that mixing processes are 

at work in four major areas of a meddy. The first is the core, an area stably stratified 

in both s~linity and temperature and of little or no finestructure. The second area is the 

upper surface of the core which is unstable to double-diffusive thermohaline convection, 

and is a location of relatively strong velocity shear. The lower surface of the meddy 

constitutes the third area. It also is an area of high velocity shear and is unstable to 

double-diffusive processes in the salt finger sense. The fourth area is the intrusive zone 

surrounding the core. This area is characterized by strong horizontal velocity, vorticity, 
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salinity and temperature gradients. Numerous temperature and salinity inversions within 

this zone indicate the presence of thermohaline intrusions of vertical length scales 25-50 

m [Hebert, 1988]. The alternating gradients of salinity and temperature enhance the 

mixing process by creating locations for double-diffusive processes to occur. This complex 

environment entails that more than one single process is responsible for the decline of a 

meddy [Ruddick and Hebert, 1988]. 

Within the core the stratification dictates primarily horizontal diffusion along isopyc

nals [Hebert, 1988; Ruddick and Hebert, 1988]. Thermohaline convection above the core, 

and salt finger convection below the core are the mechanisms that determine meddy thick

ness. Hebert [1988] estimated that salt fingers were causing the meddy to lose salt at 900 

kg s-l, and that if this was the only process causing the meddy to decay Sharon would 

have lasted for another 30 years. 

In the two chronicled years of Sharon's life, she decreased in thickness from 750 to 

425 m at a constant rate [Hebert, 1988]. This indicates that the double-diffusive processes 

worked at a constant rate over the two year period. The rate of change of the radius, 

however, was not constant. Sharon shrank from 100 km in diameter in 1984 to only 

35 km by October 1986. This rate decreased as soon as the reservoir of low potential 

vorticity water in the core was pierced by higher potential vorticity water from horizontal 

intrusions [Hebert, 1988]. Therefore, the driving force behind the intrusions was itself 

subject to decay. 

The intrusions were responsible for the largest changes in volume of Sharon and have 

been present in every meddy located so far. There are several different mechanisms capable 

of creating them. The dynamics and theories of thermohaline intrusions are reviewed by 

Ruddick and Hebert [1988] and compared to the June 1985 data. One possible cause is the 

alternating vertical gradients of salinity and temperature created by the quasi-horizontal 

motion within the core. These enhance vertical mixing by double-diffusion and create 

buoyancy fluxes that drive pressure and density perturbations. The perturbations in turn 
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drive the interleaving motions[Armi et al, 1989]. A second cause; McIntyre instability, 

resulting from the diffusion of momentum and mass at different rates, was found by Hebert 

[1988] to be unlikely. A third possible cause for the intrusions requires the meddy to spin 

off smaller eddies with an aspect ratio O(f/N) [Armi et al., 1989]. This calculation yields 

an aspect ratio (h/L) of approximately 2 * 10-2 for June 1985. This process would require 

further investigation to prove conclusively that it played a substantial part in meddy decay. 

In June 1985 the EPSONDE turbulence profiler was used to measure the temperature 

and velocity microstructure. High turbulence levels and intense temperature microstruc

ture were seen at the periphery of the core. Armi et al. [1989] therefore hypothesed that 

vertical mixing at the top and bottom, and in the intrusions at the side is driven both by 

double-diffusion and shear-driven mixing. 

Other possible decay processes include turbulent dissipation [Hebert,1988], and meso

scale shear and strain [Ruddick,1988]. McWilliams [1985] discusses other possible large 

scale mechanisms that are common to all SCVs. 

2.5 Frequency, Life and Death 

The fractional area occupied by a meddy at any instant in the Canary Basin is 0.04-

0.08 [Armi and Zenk, 1984], indicating that as many as 15-30 meddies are in residence at 

anyone time. Marshall [1988] calculates that given a rough life expectancy of 1-2 years, 

there could be as many as 50 me.ddies in the North Atlantic. This is based on meddies 

being created from 10 days of outflow from the Strait of Gibraltar. Marshall [1988] further 

explains that the entire Mediterranean salt tongue may in fact just be the remnants of these 

meddies ~ they track across the Atlantic Ocean. The evidence of salty fragments of water 

being discarded from the meddy edges as it moves through the surrounding water mass 

[Armi et al., 1989] lends credence to this proposal. This mixing process is also discussed by 

Armi and Stommel [1983] for diffusion at medium scales. Armi and Stommel found that 

one of 143 stations located within the ,a-triangle (centered at 27°N 32°30'W) had positive 

salinity anomalies (0.6 psu) representative of a meddy. From this they calculate that there 
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was a 0.7% chance of finding a meddy within this region. {The term ",B-triangle" refers to 

a triangular area where investigations were conducted to investigate the use of the ,B-spiral 

as a diagnostic tool for absolute geostrophic velocity determination.} 

A review ofthe National Oceanographic Data Centre (NODC) database by Armi and 

Zenk [1984] indicate a concentration of meddy-like anomalies along the Mediterranean salt 

tongue on the 0'1 = 32.2 surface. There are several small-scale, "meddy" like anomalies five .. 

to twenty-five kilometers in diameter, that may represent the trail of the larger meddie~. 

There still remains one major question concerning meddies; how they are formed. 

Many different proposals have been ventured but without direct observations almost all 

are feasible. Recent measurements by the University of Washington's Applied Physics 

Lab [personal communication Hebert, 1989] indicate that they may have come close to 

observing such an event. Hydrographic detective work indicates that the most likely 

meddy formation area is located to the west of the Strait of Gibraltar, close to Cape 

St. Vincent [Armi and Zenk, 1984]. This is in agreement with backtracked SOFAR float 

trajectories [Richardson et al., 1989]. 

Perhaps the most widely accepted generation mechanism for meddies deals with the 

temporal interaction between the Strait of Gibraltar and bottom topography in the Gulf of 

Cadiz although this is still speculative. D'Asaro [1988a] suggests a formation mechanism 

for Arctic SCV s that is based upon reduction of potential vorticity by frictional torques 

on boundary currents. He suggests that a similar mechanism in the Gulf of Cadiz close 

to Cape St. Vincent produces meddies. Griindligh [1981] witnessed an increase in flow 

that combined the flow down two Canyons in the Gulf of Cadiz that may be a possible 

formation mechanism [Hebert, 1988]. The normal flow down (or up) these Canyons may 

also contribute to meddy formation following the arguments of D'Asaro [1988a]. 

The death or dispersal of a meddy has been witnessed several times [Richardson et al., 

1989] and may occur in several ways. Sharon decayed away from any topographic influence 

in about four years [Richardson et al., 1989], while one meddy was seen to collide fatally 
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with Hyeres Seamount(31°N 29°W) [llichardson et al.,1989]. This meddy was similar in 

. size to that studied by Armi and Zenk [1984] which was heading towards the seamounts 

as well. The plot of NODe anomalies [Armi and Zenk, 1984] indicates that the majority 

of meddies must run into the roughly north-south wall of seamounts extending south from 

the Azores. llichardson et al., [1989] believe that it would therefore be rare to see a 

meddy on the other side of the mid-Atlantic ridge. The solitary station found by Armi 

and Stommel [1983] in the .a-triangle, was at roughly 26°32'N, 29°06'W; to the west and 

south of these seamounts. This meddy had traveled 2000 km from its suspected formation 

site which at advection speeds of roughly 1.3 cm s-1, gives it a lifetime of 4.9 years. This 

is not the oldest meddy located. llichardson et al. [1989] estimate that their meddy Three 

is anywhere from 4 to 7 years old. The single station in the .a-triangle still had a salinity 

anomaly of greater than 0.6 psu with a maximum salinity of roughly 36.0 psu. This does 

not indicate a weak diluted meddy that will soon fade away. 

One problem with observing a meddy death is linked to the method used to track 

them; SOFAR floats. As the meddy decreases in size, floats tend to fallout of the bottom 

of the meddy before the destruction is complete [llichardson et al., 1989]. 
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Chapter 3 

The Acoustic Environment 

3.1 Introduction 

The presence of mesoscale anomalies in the ocean has a significant effect on the char

acteristics of the sound field and sound propagation [Spindel and Desaubies, 1983]. The 

majority of numerical and experimental acoustic investigations of the mesoscale field has 

concentrated on readily apparent disturbances such as the Gulf Stream System [Baer, 198Q; 

Weinberg and Zabalgogeazcoa, 1977; Vastano and Owens, 1973; Spindel and Spiesberger, 

1981; Beckerle et al., 1980; and Steinberg and Birdsall, 1965]. Petitpas and Browning, 

[1986] have investigated the acoustic characteristics of a South Atlantic warm core eddy, 

while Nysen et al. [1978] have investigated sound propagation through an East Australian 

Current eddy, and an investigation of the mesoscale field in the North Pacific was con

ducted by Emery et al. [1979]. More recently Mellberg et al. [1987] modeled the acoustic 

propagation across a Marginal Ice Zone eddy. 

The success of acoustic tracking and experiments such as Ocean Acoustic Tomogra

phy [Munk and Wunsch, 1979] require that we obtain an understanding of the acoustic 

interference caused by sound speed anomalies such as eddies, fronts, internal waves and 

meddies. The knowledge so gained could be used to fine tune tomographic measurements 

[Munk and Wunsch, 1979], and indicate areas where present theory is inadequate [Mercer 

and Booker, 1983]. 

3.2 The numerical experiment 

3.2.1 General 

The opposing effects on sound speed of warm temperatures at the surface and pressure 

at depth (>1000 m) create a unique environment within the oceans for long range sound 

transmission. The SOFAR channel enables long range acoustic transmission by trapping 

acoustic energy. Resident within this channel are the sub-mesoscale features we know as 

meddies. Figure 3.1 shows typical sound speed profiles through a meddy along with both 

a historical profile at 300 N 25°W, and a canonical profile [Munk,1974], typical of that 

region. Note that the presence of a meddy breaks the hydrostatic sound channel normally 



..-e --..c: 
~ 

Po. 
Q,j 

c:I 

o 

1000 

2000 

3000 

4000 

5000 

1490.0 

Sound speed (m S-l) 

1500.0 1510.0 

'. 
/ " ---::::::. ....... ::::::"'---
I _} " 

i '------ "-I _ -" 

j ,-' 
'/ -

//'r 
{j> 
t~ 
\\ 
~,~, 

, \., 
~, 
,,~. 

,~ 

1520.0 1530.0 
~ 

1540.0 

Figure 3.1: Typical sound speed profiles in the vicinity of the Meddy. 

1550.0 

Canonical profile 

Meddy core 

Intrusive zone 

Historical profile 

I-' 
\0 



20 

present into two smaller channelsj a thermal channel above the meddy and a hydrostatic 

channel below the meddy. 

The sound speed anomaly presented by Sharon (figure 4.1, pg. 41) is approximately 13 

m S-1. Estimates of sound speed gradients caused by Sharon can be obtained from figure 

4.1. The horizontal sound speed gradient in the intrusive zone is 7.5 m s-1/9 X 1O-3m = 

8.3 X 10-4 s-1. Vertical gradients above and below the meddy core are of 0(10-1 S -1). 

Archival data yield a normal horizontal sound speed gradient of 0(10-5 S-1). 

Figure 3.2( a) is a plot of relative vertical sound speed gradient (co = 1500.0 m s-1) 

for a profile through the meddy core. This plot comes from a CTD cast at a radius of 

0.4 km from the meddy centre. The large variations in sound speed above and below the 

core are quite evident as is the small vertical gradient within the core. Figure 3.2(b) is a 

similar plot on the meddy edge (radius 44 km). The dynamic environment at the meddy 

edge dominates. It is reasonable then to assume that there are large horizontal and 

vertical sound speed gradients in the vicinity of a meddy. The vertical gradients within 

the water column remain roughly two orders of magnitude greater than the maximum 

observed horizontal gradient, so vertical refraction will continue to dominate as it does in 

the background. This will allow the use of a two dimensional model to explain most of 

the acoustic disturbances. 

3.2.2 A note on Models 

There were two readily available range dependent acoustic propagation loss models 

at RRMC when I started this thesis. These were obtained from the Defence Research 

Establishment Atlantic (DREA) Halifax in VAX and DEC-20 format. Both models were 

adapted for use on the HP9000-500 computer that has been extensively used for acoustic 

research at RRMC and became operational in May 1989. The two programs are GRASS 

(Germinating Ray Acoustic Simulation System) [Cornyn, 1973] which utilizes ray theory, 

and a normal mode program developed at DREAj PROLOS, [Ellis,1985j Leverman, 1982 

(informal communication)]. Both models make use of the adiabatic approximation to 

solve the required partial differential equations and accordingly are limited to a weakly 
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range dependent environment. The methods of solving the scalar wave equation and the 

limitations imposed by the adiabatic approximation are discussed in Appendix A. 

The presence of mesoscale features of any sort invariably mean non-negligible horizon

tal sound speed gradients and therefore non-negligible gradients in the index of refraction. 

The presence of these non-negligible horizontal gradients provides a separate problem 

when using an acoustic model that has been developed under an adiabatic approximation. 

Milder [1969] discusses the required conserved properties for both ray and wave theory. 

Milder's equation which can be written following Beckerle et al., [1980], 

(3.1) 

is the condition for which one may ignore mode-coupling. 

For our meddy; del dx = 4.8 * 10-4 S-1, c=1500 m S-1, and X, the ray cycle length, is 

roughly 50.0 km within the SOFAR channel. This yields a minimum wavelength of 255 m. 

The frequency must therefore be much lower than 6 Hz in order to neglect mode coupling. 

The SOFAR float used to track Sharon transmitted at about 250 Hz [Hebert, 1985] and so 

mode coupling must be considered in order to deal with the initial motivation for this thesis 

(Chap 1). Mode coupling must be considered in order to investigate sound transmission 

through mesoscale features with large horizontal sound speed gradients [Beckerle et al., 

1980]. The parabolic equation model recommended for investigating sound transmission 

across mesoscale features [Spindel and Desaubies, 1983] was not available for conversion 

to the HP 9000 in time for completion of this thesis. 

Therefore I have used GRASS to model sound transmission at 1000 Hz while PROLOS 

is used at 4 Hz. This follows the rule of thumb explained in Cornyn [1973] for ray model 

validity. The ray traces produced by GRASS were used to illustrate the acoustic field and 

aid in interpreting transmission loss plots from the sources. 

The goal of this thesis is to investigate the anomalies caused by the presence of a 

meddy within the sound channel and not complex boundary interactions. For this reason 

I have modeled the ocean with a flat, low loss floor at 5000 m consistent with values 

reported in Hamilton [1974], and a flat perfectly reflecting surface. I have selected four 
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source and receiver depths to investigate the four zones of a typical meddy profile. These 

. are; 100 m to cover shallow sound propagation and reception, 500 m to examine sound 

propagation within the thermal sound channel above the meddy, 1000 m to investigate a 

source or receiver within the meddy core, and 2500 m to observe the sound field beneath 

a meddy. 

Geographically I have chosen to examine sound propagation along 30oN. Northrop 

and Colborn [1974] have produced a review of SOFAR channel depth and axial sound speed 

in the Atlantic Ocean. In the Canary Basin the contours of sound channel axial velocity 

and depth run east-west. Examination of north-south transmission would magnify the 

high horizontal sound speed gradients caused by the meddy and contaminate the effects 

caused solely by the meddy. In the vicinity of 30o N, 25°W the axial sound speed is about 

1500 m s-1 while its depth is almost 1600 m [Northrop and Colborn, 1974]. 

3.2.3 The Data 

The radially binned data obtained by Hebert [1988] was used to model the meddy as a 

circular, symmetrical disturbance. Pressure was converted to depth using the hydrostatic 

relationship and sound speed was calculated using an equation proposed by Lovett [1978]. 

Historical sound speed gradients were used to extend the CTD data to 5000 m. Deeper 

than 2000 m the seasonal variation in the historical profiles was negligible and within the 

accuracy of the sound speed equation used (±0.05 ms- l ). The historical extensions were 

splined on to en1rure continuity to the second derivative and to eliminate the possibility of 

false caustics [Pederson, 1964]. This provided a circular meddy for the June 1985 survey 

period that is symmetric about its center. This may not quite be true as it is believed 

that the meddy was slightly elliptical at this time frame. It still provides a good example 

of a meddy and should not introduce any large errors. 

Three data sets, each representing a different meddy environment, were run through 

the models at each frequency and source/receiver geometry. Transmission across a meddy 

in summer, transmission out of a meddy, and transmission across a meddy in winter were 

the three data sets used. In June a mixed layer exists in the Canary Basin that is not 
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present in July and August. In order to isolate the disturbance caused by the meddy this 

was removed and will be considered in Chapter four under seasonal effects. 

3.3 Historical profiles 

Historical sound speed profiles were obtained from the FACT 9D (Fast Asymptotic 

Coherent Transmission Loss model version 9D) acoustic database along latitude 300 N. 

These profiles are historical averages and the environment they represent will in all like

lihood never exist. They do however act as a good representation of a background, or no 

meddy case. The profiles were examined for obvious discrepancies with published data 

[Northrop and Colborn, 1974] in order to discern possible contamination by meddies. No 

obvious anomalies were readily visible. The southward extension of the Mediterranean salt 

tongue is responsible for a 3 m s-1 sound speed increase centered at 1100 m. Figure 3.3 is 

a plot of the historical profiles for July. Ray traces for this environment are presented in 

figures 3.4 through 3.7, for the four source depths; 100, 500 1000 and 2500 m respectively. 

In all ray plots only refracted (R) and surface-reflected refracted (RSR) rays are shown. 

All rays that intercept the bottom are discontinued for clarity. Ray angles are shown from 

-14° to +14° in one degree increments. The 0° ray is shown as a dashed line for ease of 

reference and positive angles are downwards. 

Figure 3.4 indicates typical convergence zone (CZ) propagation for a 100 m source. 

The CZs appear at 61, 122, 183, and 244 km, evenly spaced at rv 61 km and 8 km wide at 

100 m. The deepest turning refracted-only rays adding energy to the CZ oscillate between 

the surface and 4200 m within the SOFAR channel. Figure 3.5 for a source at 500 m shows 

CZ and sound channel propagation. The CZs are closer to the source; 59, 120, 181, and 242 

km. They are wider (12 km at 100 m) and contain less energy than those from a shallow 

source. Rays that were part of the CZ at the surface for a 100 m source, are now refracted 

within the sound channel between 100 and 4200 m. A source at 1000 m shows rays that 

follow refracted paths between 700 and 2300 m. These are shallow (±3°) angle rays. The 

deepest turning refracted rays for a 1000 m source that still contribute to the CZ near the 

surface vertex at a depth of 4050 m. After 65 km in range the water column between 700 

and 2500 m is well covered. The shadow zones between the CZs are filled by shallow angle 
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rays. A deeper source at 2500 m (figure 3.7) covers most of the water column. The half 

zones spread apart creating a shadow zone between them near the surface, but covering 

more of the deep water column than shallower sources. This effect is consistent with the 

expected results from a sinking source [Urick, 1982J and is present at both 500 and 1000 

m source depths to a lesser extent. The information contained in a ray for tomography 

purposes is highly dependent upon its turnover and turnunder depths [Mercer and Booker, 

1983J. Rays emanating from a 2500 m source do not therefore "sample" the water column 

between 600 and 2500 m. The inference of mesoscale structure within this important depth 

range would be virtually impossible. Mercer and Booker [1983] recommend a source and 

receiver situated close to the sound channel axis for this reason. The "inference shadow 

zone" for a source at 1000 m (500 m above the axis, figure 3.6) is from 1000 to 2200 m. 

3.4 Meddy Core 

Rays for a range independent profile through the meddy core are traced here to 

illustrate the extreme difference between the case of no meddy present and that when 

a meddy is present. In reality, a meddy at 300 N presents a disturbance to the sound 

field of only ~ 100 km. The sound field disturbance caused by a meddy will therefore be 

somewhere between these two cases. Figure 3.8 is a typical sound speed profile through a 

meddy core. There are 3 sound channels present in the water column; the large scale sound 

channel between the surface and ~4200 m; the thermal channel above the meddy between 

1100 and ~300 m ; and the deep hydrostatic channel below the meddy. A comparison of 

these three channels can be shown via their trapping coefficients, K [Brekhovskikh and 

Lysanov, 1982]. 

(3.2) 

Here Cb is the sound speed at the channel boundary and Cl is the sound speed at the 

source depth. Table 3.1 below is a summary of the three sound channels. The maximum 

ray angle that will be trapped by the duct if the source is right on the axis is represented 

by X = sin-1(K). None of the source depths I have used are on the axis, so the trapping 

coefficients will be lower for sources investigated here. 
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Figure 3.8: Smoothed Meddy core sound speed profile. 
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Table 3.1: Depths, boundaries and trapping coefficients for the three sound channels present 

within a typical, summer Meddy profile. 

Axis Axis Boundary Trapping 
Depth Speed Sound speed coefficient Xmax 

Zo Co K sin- 1 (K) 

Sound channel (m) (m s-l) (m s-l) ( degrees) 

Main 

(0-4200 m) 1800.0 1500.0 1534.0 0.19 10.8. 

Thermal 

(300-1100 m) 600.0 1504.0 1515.5 0.12 7.1 

Hydrostatic 

(1100-3300 m) 1800.0 1500.0 1515.5 0.14 8.2 
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FiglJre 3.9 is a ray plot for a 100 m source. Strong CZ propagation is evident. The 

CZ refracted rays cycle between 0 and 4200 m, producing CZs roughly every 65 km that 

are 10 km wide at 100 m. The CZs are 2 km wider at 100 m than those of the historical 

environment. Convergence zones in figure 3.9 are centered every 66 km at 100 m, as 

compared to 61 km in figure 3.4. This means that the CZ increases in range '" 2.5 

km every time the ray bundle passes through the meddy anomaly. This could lead to 

erroneous range prediction. These ray paths lose little energy resulting in strong CZs with 

little transmission loss. Figure 3.10 for a source at. 500m shows the strength of the thermal 

sound channel above the meddy. The trapping coefficient for this source (equation 3.2) 

within this channel is ",0.1 with Xmax = 6°. Thirteen of the plotted rays cycle within 

-this channel and account for the majority (62%) of the refracted energy. Energy that at 

shallower source depths contributed to the CZs is now refracted into this sound channel. 

Spreading of the ray structure outside of the thermal duct is larger than in the historical 

environment of figure 3.5 due to refraction by the sound speed anomaly at 1100 m. Several 

rays cycle in the main sound channel between the surface and 4100 m. The meddy sound 

speed anomaly is not large enough to refract these rays down into the hydrostatic channel 

beneath the meddy. At 1000 m (figure 3.11) the thermal channel still exists (Xmax = 2.6°) 

trapping 29% of the total refracted energy, but 71% of the refracted energy is contained 

within the larger sound channel. The maximum angle ray trapped within the main sound 

channel here is 7.5°. A source at 2500 m , figure 3.12, sends 62% of refracted energy into 

the hydrostatic channel beneath the meddy and the remaining 38% into the main sound 

channel. Table 3.2 summarizes the percentages for all four sources and the three channels. 

The core profile used here would only exist for about 30 km at 300 N as the intrusive 

zone would weaken the sound speed anomaly at ranges of greater radius. The main sound 

channel is present at all times, and although it is weakened by surface mixing in winter, it 

will refract or focus all energy that passes through a meddy due to the high limiting sound 

speeds of this channel (1534 ms-1 ) compared to the meddy maximum value (",1515 ms-1 ). 

The interaction between these three channels is dependent on source/receiver geometry, 

frequency and direction of propagation. Chapter four examines this geometric dependence 
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Table 3.2: Sound channel energy levels for source depths of 100,500, 1000, and 2500 m. 

Percentages refer to the percent of all refracted only energy contained within the 

channel. 

Channel 

Thermal 

300-1100 m 
1504.0-1515.5 m s-1 

Meddy Hydrostatic 

1100-3300 m 
1500.0-1515.5 m S-1 

Main Channel 

0.0-4200.0 m 
1500.0-1527.0 m s-1 

Source Depth (m) 

100 500 1000 2500 

(1525.0 m s-1 )(1507 m s-l) (1514 m s-l) (1506 m S-1) 

0.0 62.0 29.0 0.0 

0.0 0.0 0.0 62.0 

100 38.0 71.0 38.0 
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by evaluating the transmission of sound across a meddy and out of a meddy. The vertical 

distribution of sound within the water column is illustrated using ray plots produced by 

GRASS. Transmission loss curves for a 4 Hz source as calculated using the normal mode 

program PRO LOS are used to evaluate low frequency disturbances. 
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Chapter 4. Range Dependent Environment 

4.1 Introduction 

The sound propagation disturbance caused by the presence of a meddy at different 

ranges and frequencies is examined. Results for 1000 Hz are presented separately from 

results at 4 Hz. Ray traces are shown for 1000 Hz followed by a discussion outlining the 

differences between perturbed (meddy present) and un-perturbed (meddy absent) cases 

as they apply to acoustic tracking, and ocean acoustic tomography. Transmission loss 

differences will be discussed but no plots are presented for 1000 Hz due to the inadequacy 

of ray models such as GRASS to handle such a strongly range dependent, environment. 

Results at 4 Hz consist of transmission loss curves and subsequent discussion. 

4.2 Sound Propagation at 1000 Hz 

4.2.1 Transmission across a meddy 

The sound speed disturbance caused by the presence of a meddy centered at a range 

of 100 km from the source was imposed upon the historical environment illustrated in 

figure 3.3. The 80 km wide meddy is thus located in the vicinity of the first and second 

convergence zones (CZ). The resulting environment is presented in figure 4.1. The largest 

sound speed anomaly is centered at 1100 m and reaches greater than +15 m s-1. The 

strong sound speed gradients surrounding the core are located between the first and second 

CZ and are readily apparent. Rays were traced and transmission loss calculated for 4 

source depths and 4 receiver depths. Figures 4.2 through 4.5 are the ray traces produced 

by GRASS for sources at 100, 500, 1000 and 2500 m respectively. 

The sound speed at the surface is 1534 m s-1. This creates strong downward refraction 

due to the magnitude of the negative vertical velocity gradient. The deep ocean positive 

gradient creates a sound channel with an axis at 1600 m. The limiting depth of this channel 

is 4300 m, leaving an 13 m S-1 positive sound speed depth excess. These conditions are 

favorable for strong CZ formation. Henrick and Burkom [1983] have shown that serious 

transmission losses within the CZ occur due to horizontal sound speed gradients only when 
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a ray's turning sound speed change is large compared to the sound speed depth excess. 

When a ray's turning point changes, the ray "samples" a different water depth and its 

change in travel time will be a result of both the perturbation and the new water it travels 

through. Mercer and Booker [1983] and Georges et al. [1986] indicate that this may lead 

to substantial errors in solving the inverse problem in ocean acoustic tomography. The 

change in turning depth of a ray is therefore an important component of the sound field 

disturbance caused by a meddy. 

Figure 4.2 is very similar to figure 3.4 (historical, source at 100 m) except that the 

second and subsequent CZs are slightly offset due to refraction as the rays pass through 

the meddy. Not all rays are refracted equally so the CZ width increases faster with range 

than does the un-perturbed case of figure 3.4. The transmission loss curves (not shown) 

for sources at 100m and receivers at 100,5001000 and 2500 m in the two environments are 

nearly identical. Modal coupling is not present in the historical environment due to the 

weak horizontal sound speed gradients. An indication of the strength of modal coupling 

present is the amount of change in ray cycle length [Beckerle et al., 1980]. The steep rays 

forming a CZ path from a shallow source do not change appreciably in ray cycle length as 

they pass through a meddy, so it is evident that modal coupling is only weakly present at 

shallow source depths. The symmetric meddy does not therefore produce a serious change 

in transmission loss within the CZs. 

Figure 4.3 for a source at 500m presents a more complex picture. There are obvious 

changes in ray cycle length, turning depths and sound energy distribution that are all 

caused by the meddy splitting the sound channel. The redistribution of energy is due to 

the presence of the thermal channel above, and hydrostatic channel beneath the meddy. 

Some energy is taken from the CZ and placed into the thermal channel above the meddy. 

This energy is returned to the first half zone of the CZ after leaving the meddy. More 

energy is stripped from the CZ when it is refracted below the meddy where it is then 

refracted into the shadow zones between caustics. Rays that contributed to the CZ by 
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following RSR (Surface Reflected Refracted) paths prior to the meddy become higher loss 

RSBR (Surface Reflected-Bottom Reflected) rays and take even more energy out of the 

CZ. The changes in turning depths are indicative of the strong sound speed gradients felt 

by the shallow rays. The 0° ray for example (dashed line) turns between 500 and 2600 m 

until it encounters the meddy at 65 km where it then descends to 3250 m before turning 

up to vertex at 400 m. When this ray leaves the meddy's influence at ",,140 km it resumes 

its old turning range. Not all rays return to their old turning ranges upon exiting the 

meddy's influence, some sample entirely different depths of the water column. 

The changes in ray cycle length indicate strong modal coupling for this environment. 

A glance at figure 4.3 indicates that maximum modal coupling occurs at the meddy edges. 

A change in cycle length of 17 to 43 km depending on the ray so affected is indicative of 

strong modal coupling. The strongest example is that of the ray trapped in the thermal 

channel above the meddy. Its ray cycle length changes from 60 km to 20 km and then 

back to 63 km. Transmission losses in the vicinity of the edges, where the modal coupling 

appears to be strong will not therefore be accurately calculated using GRASS. The ray field 

changes caused by redistribution of the sound energy, create differences in the calculated 

transmission loss produced by GRASS. The shallow rays that are refracted out of the CZ 

structure into the shadow zone create a 3 dB gain at 170 km, 7 dB at 230 km and almost 

10 dB at 290 km for receivers at)OO and 500 m. The redistributed energy also produces 

2-5 dB gains for receivers at 1000 and 2500 m. These small quantities are subject to error 

due to the large amount of modal coupling that occurs for a source at this depth. 

The .above disturbances agree with arguments made by Mercer and Booker, [1983] 

concerning mesoscale disturbances and acoustic tomography. The feasibility of ocean 

acoustic tomography, Munk and Wunsch [1979], was based upon the assumption that 

ray paths were stationary and that changes in travel time will remain linearly dependent 

upon perturbation strength. Mercer and Booker, [1983] showed these assumptions were 

invalid and the success of an acoustic tomography array would require initialization with 
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a complete hydrographic survey followed by an accurate initial calculation of eigenrays 

between source and receiver. Since that time three dimensional calculations have shown 

the inadequacy of a two dimensional model to calculate travel time changes and arrival 

structure [Mercer et al., 1985] This aspect was therefore not investigated here. Three 

dimensional results are investigated by Baer [1980] using a parabolic equation model and 

by Georges, et al. [1986] using Hamiltonian ray tracing. These results indicate that the . 

same errors caused by non linear arrival structure (see for example Georges et al., 1986) 

and ray path instability for a larger disturbance are also a problem for a meddy. 

Figure 4.4, for a source at 1000 m, reveals the same general characteristics as figure 

4.3. The 1000 m source is only 100 m above the depth of maximum sound speed within 

the meddy so the resulting sound field is therefore expected to be seriously disturbed by 

the meddy's presence. Redistributed energy from the second half zone of the first CZ is 

trapped in the thermal channel before being redirected to the shadow zone between half 

zones of the same CZ. Similarly energy is taken from the first half zone of the second 

CZ by the hydrostatic channel beneath the meddy and redirected to the shadow zones 

between CZs. Some RSR rays are refracted by the meddy into higher loss RSBR rays. 

Shallow angle rays experience the sudden changes in horizontal sound speed gradient in the 

intrusive zone, resulting in abrupt changes in ray curvature. Here six shallow angle rays 

(+2°, -2°, -3°, -4°, -5°, _6°), are trapped in the thermal channel. Three shallow rays 

are trapped beneath the meddy, (-1°,0°, + 1 0) along with five steeper rays (+3° - + 7°). 

All rays, except for a few steep angles, experience changes in turning depth and cycle 

length, accordingly the ray field before the meddy is quite different from that after the 

meddy. The water column between 300 and 2900m after the meddy is devoid of shadow 

zones due to the redistribution characteristics of the meddy. The widespread changes in 

turning depth and cycle length indicate extreme modal coupling occurring around the 

meddy. 
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Transmission loss calculations for a source at 1000 m using GRASS indicate that at 

100 m the meddy enhances transmission through the water column by 2-3 dB between 

convergence zones. A 500 m receiver will experience 3 dB less transmission loss over 

the meddy, and 3-5 dB gain between subsequent CZs. At 1000 m the transmission loss 

curve is relatively smooth compared to the equivalent historical plot. Coherent summation 

(Appendix A) of rays produces CZs for a 1000 m receiver in the historical case but not 

when the meddy is present. The type II Gaussian summation (Appendix A) which is more 

accurate at intermediate and longer ranges [Cornyn, 1973] agrees ±1 dB with that given 

for the historical profiles. A receiver at 2500 m experiences exactly the same loss out to 

110 km as its counterpart in an historical environment. After this range the two curves 

oscillate back and forth, with the largest discrepancy at 260 km of 3 dB. 

The symmetric "butterfly" ray trace at 2.500 m in the historical case (figure 3.7) is 

quite different from that in the meddy case; figure 4.5. The largest difference is caused by 

the refraction of the 0° ray when it encounters the bottom of the meddy at ",90 km. The 

pattern of caustics present in figure 3.7 is now destroyed. The ray pattern of figure 4.5 

again provides a readily apparent visual clue to the strength of modal coupling caused by 

the sound speed changes associated with a meddy. Ray paths are changed to the extent 

that substantial redistribution of energy throughout the water column between 200 and 

3400 m occurs. 

Transmission loss curves for a source at 2500 m and a receiver at 100 m indicate a 

larger loss between pairs of half zones of 2-3 dB when a meddy is present. For a receiver 

at 500 m enhanced transmission is present in the first half zone due to the presence of the 

0° ray while there is greater loss between half zones of 2-6 dB due to the destruction of 

the shallow shadow zone between half zones (30, 100, 160, 220 and 280 km, figure 3.7). 

Deeper receivers show similar transmission loss curves for both environments, with the 

major differences being only in the destruction of the caustics at 2500 m in the historical 

environment, and the redistribution of this energy into the shadow zones between half 
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zone pairs. In both cases (1000 and 2500 m) the curves oscillate within 2 dB of each 

other. 

In summary, the presence of a meddy within the sound channel serves to redistribute 

energy within the water column by changing ray cycle lengths and vertex depths due to 

the strong sound speed gradients surrounding a meddy. Ray cycle length is an indicator of 

which mode is carrying the majority of the energy. A decrease in ray cycle length indicates 

energy transfer to a higher order mode, while an increase in cycle length indicates energy 

transfer to a lower order mode. The relative change in cycle length is therefore indicative 

of which modes couple. 

The total effect of modal coupling is proportional to the number of rays that violate 

the parameters dictated by equation 3.1 and the principle of the ray invariant. The 

effect of a meddy can be quite drastic on an ocean acoustic tomography system due to 

the instability of ray paths, and non-linear arrival structure as modeled by Georges et 

al., [1985]. The disturbance caused by the presence of a meddy in the sound channel is 

highly dependent on the geometry of source, receiver and the actual disturbance. Strong 

negative sound speed gradients near the surface in summer refract energy at steep angles 

through the meddy producing little or no effect on the sound field for a shallow source. 

Redistributed energy from deep sources generally results in enhanced propagation for 

receiver depths other than at source depth. Strong focussing when the receiver and source 

are at the same depth is weaker when the meddy is present as the energy is redistributed 

to the shadow zones. 

4.2.2 Transmission out of a meddy 

Half of a meddy was imposed on the historical data set in order to investigate trans

mission out of a meddy. The sources are located on a vertical line through the meddy 

core at range 0, with the environment continuing out to a range of 300 km. The resulting 

environment is shown in figure 4.6. It is expected that strong modal coupling will force 

the sound field to undergo drastic alteration at the meddy edge as it did in section 4.2.1. 
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In this case however only one side of the meddy will affect the propagation of sound and 

the resulting deviation will not be as strong as that for transmission across a meddy. The 

resulting ray plots are shown in figures 4.7 through 4.10 for sources at 100,500, 1000 and 

2500 m respectively. 

Figure 4.7 illustrates rays for a shallow source. Several shallow angle rays from a 

source at 100 m are refracted a small amount on the first downward leg through the· 

meddy. By the time they return to 1300 m they are outside the meddy's influence. There 

are four CZs equally spaced at 61.2 km, all 5.8 km wide at 100 m. 

A source at 500 m, figure 4.8, radiates into the thermal sound channel between 300 

and 1100 m. This sound channel was discussed in Chapter three in conjunction with 

figure 3.10. It traps 62% of all refracted energy that would normally contribute to the 

construction of CZs. In this environment it is refracted out the end of the thermal channel 

into the main sound channel where it oscillates from 300 to 3000 m between CZs. The 

meddy in this instance concentrates more energy into the shadow zones. Strong modal 

coupling is evident at 38 km at the meddy edge as illustrated by the changes in ray cycle 

length and turning depths. Transmission loss curves show consistent 3 dB gain at a 500 m 

receiver compared to a receiver at 100 m and even larger gains at 1000 and 2500 m receiver 

depths. Comparison with transmission loss curves from the historical environment show 

weaker CZs but also less shadow zone loss for a receiver at 100 m. A receiver at 500 m 

has weaker CZs and better coverage in the shadow zones compared to a 500 m receiver in 

figure 3.5. Gains are similar for receivers at 1000 and 2500 m. 

In figure 4.9, a source at 1000 m shows less influence due to the meddy. The first half 

zone of the CZs is untouched by the meddy, but the second half zone loses energy due to 

trapping by the thermal channel above the meddy. The resultant redistribution of energy 

reduces the horizontal extent of the shadow zone between CZs. Sound propagation at 

1000 m suffers by 5 dB between CZs, while it is enhanced for a 2500 m receiver. The 1000 

m source in the historical, no meddy, case concentrated most of this energy between 800 
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and 1300 m (figure 3.6), leaving wide shadow zones at 2500 m. Only four rays have their 

cycle length and turning depths changed appreciably, indicating weaker modal coupling. 

In section 3.4, rays were traced for a typical core profile ( figures 3.9-3.12). Transmission 

loss calculations for this environment and one where the meddy exists for only 50 km differ 

by 2 dB at 50 km to a maximum of 20 dB at 300 km. In all cases the range independent 

environment yields higher values of transmission loss. 

A 2500 m source below the meddy redistributes sound energy over almost the entire 

environment (figure 4.10). There is a big difference between what is shown here and what 

is shown in figure 3.12 ( core profile) or figure 3.7 ( historical). The entire water column 

between 300 and 3200 m is covered by refracted rays. The changes in ray cycle length and 

ray path stability that are characteristic of the meddy environment as rays encounter the 

large gradients surrounding the meddy are quite apparent in the first 60 km. Comparison 

with transmission loss curves obtained from figure 3.7 shows that the only differences 

larger than 1-2 dB are in the shadow zones for receivers at 1000 and 500 m depth. 

4.2.3 Seasonal effects 

The strong negative gradients present at the surface in the summer tend to produce 

strong convergence zone propagation, continually focussing the sound back into the water 

column. In late winter or early spring, historical sound speed profiles show the presence 

of a mixed layer almost 180 m deep. The sound speed at the surface is 1520 ms-1 , much 

less than in the summer but still larger than that within the meddy. The meddy that 

I have used to illustrate sound propagation through a meddy environment still had its 

core intact. The core water is unchanged since its formation and therefore, the sound 

speed value it has is characteristic of all meddies with an intact core, and will be the 

maximum sound speed found in a meddy. The sound speed anomaly may increase as 

the meddy advects into different background water, but it will never be larger than the 

surface sound speed unless the meddy is advected north of about 40oN. The surface duct 

profile of late winter represents the lowest that the surface sound speed gets at 300 N and 
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will therefore represent the largest surface sound speed difference in background profiles 

at these latitudes. 

The meddy sound speed profiles used in figure 4.1 were adapted to include the surface 

duct present in historical profiles from late winter. The resulting environment is presented 

in figure 4.11. Figure 4.12 is a plot of the rays for a 100 m source in this environment. 

The mixed layer acts as a weak surface duct and traps some energy, but only as far as 

the meddy core where it is refracted deep into the water column. The meddy in this 

case redistributes energy from a shallow source into the shadow zones, unlike the summer 

environment where it has negligible effect. The presence of the meddy also converts some 

RSR rays into purely refracted (R) paths, resulting in weaker but wider CZs. Refracted 

energy that has been redistributed remains beneath 200 m. The rays do not change 

appreciably in cycle length. Turning points change for those RSR rays converted to R 

paths. The change in turning points results from downward propagation through the 

meddy core. 

A source at 500 m, figure 4.13, is below the surface duct and presents much the 

same ray field as the summer profile, figure 4.3. The major difference between the two 

environments is that RSR energy also contributes to reducing the size of the shadow zones. 

The type II, gaussian weighted, transmission loss curves produced by GRASS for a 1000 

Hz source are identical to those pr~duced in the summer. The ray plot for a 1000 m source, 

figure 4.14, is virtually the same again except for some refraction in the intrusive zone on 

the meddy edges, and the redistribution of RSR energy out of the CZ into the shadow 

zone. Transmission loss curves are almost identical as those for figure 4.4 (summer), except 

for small enhancements to the shadow zone between CZs. A source at 2500 m, figure 4.15, 

provides the same results: slightly enhanced propagation beyond the meddy and within 

the shadow zone between CZs. 
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The largest change in propagation between summer and winter occurs at shallow 

sources, within the mixed layer which is a leaky surface duct. The weakly ducted propa

gation reduces the amount of energy refracted or reflected down into the meddy and aids 

in redistributing some of the strong CZ propagation energy into the shadow zones. The 

effects produced by modal coupling at the meddy edges are not reduced from those present 

in summer. The changes in vertex depths and ray cycle lengths of the refracted propaga

tion paths are still substantial and will remain a problem for tomographic inversion. 

4.3 Low frequency propagation 

The violation of the ray invariant, and the presence of modal coupling dictates that 

the frequency of propagation must be much less than 6 Hz for this environment in order 

to ignore modal coupling. Consequently modal coupling will be present at all frequencies 

to a varying degree. Assuming that the effects of modal coupling are negligible and can 

effectively be ignored at 4 Hz without introducing large error, propagation loss calcu

lations were made at 4Hz for the above environments. PROLOS was used to calculate 

propagation loss at this low frequency. To reduce the interaction of complex boundaries, 

they were removed as much as possible in order to focus entirely on the disturbance to 

sound propagation caused by a meddy. 

The historical environment of figure 3.3 was used as the non-perturbation case. Source 

and receiver depths remained the ,same. Four transmission loss profiles are plotted in each 

figure in order to compare sound transmission from one source depth to all receivers. In 

this manner it is possible to obtain a vertical appreciation for the sound field. 

4.3.1 Historical environment 

Figures 4.16 through 4.19 are PROLOS transmission loss plots for sources at 100, 

500, 1000 and 2500 m respectively. PROLOS only calculates transmission loss for the 

discrete spectrum of modes (Appendix A). Coherent transmission loss is plotted to indicate 

the deep water propagation characteristics such as CZs and shadow zones. Figure 4.16 

illustrates the large differences in transmission loss with receiver depth at this frequency 
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and environment. The largest loss is for a 100 m receiver in a strict CZ environment 

consistent with the ray trace of figure 3.4. It is interesting to note that at a receiver depth 

of 500 m, the CZ loss is 12 dB less than that at 100 m. A receiver at 1000 m experiences 

the greatest transmission loss fluctuations, with almost 30 dB difference between the CZ 

and the shadow zone. A receiver at 2500 m has a scalloped transmission loss curve due 

to the periodic upturning and downturning ray bundles. There is a large improvement in 

transmission loss as the source sinks. At 500 m, figure 4.17, almost all features remain 

the same, but suffer 12 dB less transmission loss. There is more energy in the shadow 

zones at this source depth due to the increased refraction within the sound channel due 

to the source depth. Most of the refracted energy that enters the sound channel must be 

staying above 2500 m since at this depth the shadow zones deepen. Figure 4.18 shows the 

mode transmission loss for a source of 1000 m in the historical environment. The modal 

interference pattern produced at all four receiver depths agrees well with the ray plot of 

figure 3.6. Transmission loss at 1000 m is less than that at 500 m, indicating sound channel 

propagation that does not reach either 500 or 2500 m. The shadow zones are narrower for 

the 1000 m receiver, but wider for all other receivers. At 2500 m the interference pattern 

also creates convergence and shadow zones that correspond to those portrayed in figure 

3.7. These four plots will be compared to those produced by PROLOS with a meddy 

within the sound field. 

4.3.2 Low frequency sound transmission across a meddy 

The environment used in figure 4.1 was adapted to the PROLOS input routine and 

transmission loss calculated for the same four receivers and sources. At 1000 Hz we 

witnessed little if any interaction with the meddy for a shallow source. Figure 4.20 is 

the transmission loss curves for a 4 Hz source at 100 m. The receiver at 100 m receives 

enhanced propagation compared to the non-perturbed case. 

When a 100 m source is present, receivers at 500 m experience 2 dB gain in the 

CZ prior to the meddy at 60 km compared to the non-perturbed case. Subsequent CZs 
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receive 3 dB less transmission loss. Energy appears to be backscattered by the meddy 

as the shadow zone between 10 and 40 km receives 10 dB less transmission loss. Shadow 

zones after the meddy receive 10-12 dB more energy than when the meddy is absent. 

Receivers at 1000 and 2500 m experience negligible difference in transmission loss. 

A source at 500 m (figure 4.21) produces an overall gain of ",,12 dB at all receiver 

depths compared to a 100 m source. Comparison of transmission loss curves for the no-

meddy and meddy cases indicate several differences. CZ peaks at 100 and 500 m receiver 

depths after the meddy are offset by 2 km and are 3 dB stronger. Shadow zones for 100 

and 500 m receivers are filled with 5-12 dB more energy when the meddy is present than 

when it is absent. 

A source at this depth (500 m) also appears to backscatter energy into the first shadow 

zone for receivers at 100, 500 and 1000 m. There is a 12 dB gain for a receiver at 100 m. 

A source at 1000 m, figure 4.22, shows a reduced transmission loss of 3-7 dB within 

the shadow zones for receivers at all four depths. There is little other difference between 

perturbed and non-perturbed cases. Less energy is transmitted to shallower depths than 

a 500 m source does when the meddy is present. The meddy has little effect on the 

transmission loss levels (figure 4.23) produced by a source at 2500 m. 

Thus the meddy is capable of redistributing energy at 4 Hz. The smooth nature of 

the transmission loss (TL) curves over the meddy's range of influence indicate that there 

is little or no modal coupling occuring. Individual wave numbers from PRO LOS confirm 

that the modes are independent between water segments. The equation used to confirm 

that the modes are indeed independent comes from Nagl et al., [1978]. They specify that 

the adiabatic approximation is valid when 

(4.1) 

Where n denotes mode number, and p the segment number. 
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Figure 4.20: Transmission loss at 4 Hz for a 100 m source in the environment of figure 4.1. 

Modes are summed coherently. 
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Modes are summed coherently. 
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Modes are summed coherently. 
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4.3.3 Low Frequency Transmission out of a meddy 

The environment in figure 4.6 was entered into PROLOS to compute low frequency 

transmission out of a meddy. The resulting transmission loss curves will be compared to 

the historical transmission loss curves to determine the ability of a meddy to disturb the 

sound field. Transmission loss from a source at 100 m provides 3 dB gain in transmission 

loss within the CZ for receivers at 100 and 500 m. This is illustrated in figure 4.24. The 

shadow zones between CZs for a 100, 500 and 1000 m receiver are filled in to the extent 

that they offer 5 dB gain between the second and third CZ, while the gain is 12 dB at 

270 km between the fourth and fifth CZ. The energy mostly comes from the deep water 

column where a 2500 m receiver experiences a corresponding increase in transmission loss. 

The convergence zones at 100 m are also narrower, indicating that the meddy takes energy 

from the CZ paths and places it in the shadow zones in the upper water column. If the 

same source is placed at 500 m in the thermal sound channel, (figure 4.25) a similar set 

of events occur. The modal interference pattern for a 500 m source indicates 2 dB gain 

for a 100 m receiver, and 1 dB gain at 500 m for CZ propagation. The shadow zones also 

fill, but only at shallow depths (100 and 500 m). There is a 10 dB difference between the 

transmission loss at 270 km for a 100 m source with and without a meddy. The meddy 

strips the energy from the CZ and feeds the shadows. The rayplot of figure 4.8 illustrates 

this further. This is not the casefor a 1000 m source which takes energy from the second 

half zone and refracts it into the water column between CZs. Receivers at 100, 500 and 

1000 m benefit, but a receiver at 2500 m acquires more transmission loss (figure 4.26). The 

2500 m sQurce below the meddy does a similar thing: no gain is provided to the shallow 

CZ receivers, but the shadow zones are filled in by 2 dB for all receivers (figure 4.27). 

4.3.4 Low frequency transmission across a meddy in Winter 

PROLOS calculations were made for the late winter environment in the Canary basin 

as described in section 4.2.3, but because the weak surface duct will not trap a 4 Hz signal 
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Modes are summed coherently. 
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it had absolutely no differences from those curves produced for transmission across a 

meddy. 
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Modes are summed coherently. 
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Figure 4.27: Transmission loss at 4 Hz for a 2500 m source in the environment of figure 4.6. 

Modes are summed coherently. 
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The presence of abnormally large horizontal sound speed gradients at the meddy 

edges and within the intrusive zone create strong modal coupling. The changes in ray 

cycle length illustrated in figure 4.4 indicate the strength of this phenomena. The accepted 

"action" that must be conserved to allow modal coupling effects to be negligible is discussed 

by Milder [1969]. Equation 3.1 is his resulting frequency limitation. The gradients at 

the meddy edge reduce the frequency at which modal coupling effects can be ignored 

to much less than 6 Hz. Normal mode transmission loss calculations at 4 Hz using the 

model PROLOS indicate that modal coupling is not a contributing factor at this low 

frequency. Nagl et al., [1978] have provided a formula based on the ray invariant that uses 

wavenumbers of successive modes in neighboring water segments to indicate the presence 

of modal coupling at low frequencies. 

Beckerle et al., [1980] indicate that the change in ray cycle length experienced by 

a ray indicates modal coupling. The calculation of that ray angle's equivalent mode 

number, before and after the change in ray cycle length, may allow one to determine 

which modes couple. The accuracy of a model based on the adiabatic assumption to 

effectively predict sound propaga:tion through a realistic range dependent environment is 

difficult to determine. It is evident that if modal coupling is present then the ray path 

becomes unstable [Mercer and Booker, 1983], the arrival structure becomes non linear, 

and the predicted transmission loss experiences large oscillations. 

The presence of anomalous high horizontal sound speed gradients, such as those 

surrounding the meddy core therefore require specialized calculations based upon thorough 

measurements of the environment [Georges et al., 1986; Mercer and Booker, 1983; Mercer 

et al., 1985]. The equations describing modal coupling are well known, see for example 

Brekhovskikh and Lysanov [1982] (Appendix A), but until recently computer limitations 
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made their solution a costly alternative. Evans [1983] has developed a normal mode 

model that is capable of handling modal coupling and the continuous spectrum of normal 

modes in the near field of a source. This model is an exact numerical integration of the 

wave equation [Kuperman, 1985] and its limit of application is limited only by available 

computer time. The presence of modal coupling in a typical slice across a meddy precluded 

the investigation of its effects with two dimensional ray trace models such as GRASS, and 

adiabatic normal mode models such as SUPERSNAP and PROLOS. Its presence was 

therefore noted and the results limited accordingly. It is still possible to evaluate the 

disturbance to the sound field caused by a meddy in comparative terms as done here. 

5.2 Summary of results at 1000 Hz 

The presence of a meddy within the sound channel acts to defocus the strong con

vergence caused by the opposing sound speed gradients at the ocean surface and bottom. 

Ray traces indicated a redistribution of energy from these areas of high focussing factor 

into areas of the water column that would normally feel only high loss bottom bounce 

propagation or diffraction. This result can be a mixed blessing. It removes energy from 

convergence zone paths that are important in long range acoustic tracking, and places 

the lost energy in the main sound channel over weakly attenuated paths that travel long 

distances. 

The presence of a meddy within the sound channel has a minimal effect on sound 

propagation for a shallow source. A shallow source (at a sound speed above the limiting 

sound speed of the thermal sound channel above the meddy, 1515.5 m s-l) produces 

steeply refracted rays that do not experience the abnormally strong horizontal sound 

speed gradients at the meddy edges. They are therefore only weakly refracted by the 

meddy and do not deviate substantially from those paths produced in a non-perturbed 

environment. 

Sources within the thermal sound channel at 500 and 1000 m experience a larger de

viation. Shallow departure angles experience strong horizontal sound speed gradients at 
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the meddy edges and are strongly refracted. The large horizontal sound speed gradients 

present at the meddy edge produce ray path instability ( modal coupling). The resultant 

change in ray path structure creates a complex arrival structure at a receiver. This ar-

rival structure is a problem for acoustic tomographers and operators conducting acoustic 

tracking. 

The meddy produces transmission loss variations as large as 12 dB for source depths 

within the limiting depths of the thermal channel. Energy is removed from convergence 

zones and distributed into the main sound channel when the ray leaves the meddy's in-

fluence. Sources at 2500 m, below the meddy are within the hydrostatic sound channel. 

When the meddy is absent this produces good long range transmission within the sound 

channel. The imposition of a meddy into the environment redistributes energy within the 

water column. 

Receivers at 100 and 500 m experience reduced transmission loss in the shadow zones 

and reduced CZ strength. Receivers at 1000 and 2500 m experience weaker losses in the 

shadow zones, and increased loss in the region of focusing by as much as 10 dB at 25-00 

m. In summary the meddy redistributes energy within the water column. Shallow sources 

are only weakly affected by the presence of the meddy, while deeper sources experience 

substantial variation in the sound field. 

5.3 Summary of low freguen~y results 

The relative absence of modal coupling at 4 Hz allowed the opportunity to examine 

transmission loss plots closely. The presence of a meddy had a substantial effect on trans-

mission loss experienced throughout the water column at 100 and 500 m source depths. 

Smaller variations were found for 1000 and 2500 m sources. The worst transmission loss 

was for a shallow source at 100 m. The transmission loss experienced here was 12 dB more 

than at any other source depth and did not differ from summer to winter. Except for this 

factor of 12 dB, sources at 100 and 500 m produced the same redistributive effects. The 

meddy redistributed energy in the water column by changing the width of the CZs and 
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decreasing the loss in the shadow zones. CZs beyond the meddy are offset by 2-3 km, and 

are narrower than those in a non-perturbed environment. They do however experience 2-3 

dB gain. Shadow zones for these two source/receiver depths are decreased by 5-12 dB. 

A source at 1000 m reduced the shadow zones for all receivers by 3 to 7 dB, but 

sent less overall energy to shallow receivers than a source at 500 m. A 2500 m source's 

modal interference pattern was not substantially changed by the presence of a meddy. The 

transmission loss curves of section 4.3.2 show the presence of substantial diffraction and 

back scattering for sources at 100, 500 and 1000 m within the shadow zone from 10-40 km. 

The resulting gain approaches 12 dB for a shallow receiver. The meddy is thus capable of 

redistributing energy at low frequencies. 

5.4 Conclusions and recommendations 

The presence of a meddy within the sound channel presents a substantial sound 

speed anomaly that alters the distribution of energy within the water column. Sources 

at sound speeds greater than the maximum sound speed in the meddy, ",1516 m s-1, are 

not substantially affected by the meddy's presence. Transmission at low frequencies is 

substantially improved by the presence of a meddy at source depths below this limiting 

sound speed. The strong modal coupling at the meddy edges precluded the accurate 

evaluation of transmission loss at higher frequencies. The meddy is capable of refracting 

sound energy into shadow zones that normally receive little energy. Results of this thesis 

indicate that there are differences of as much as 12 dB for the perturbed and non-perturbed 

cases. This energy comes from the strong CZs that are important to acoustic tracking at 

medium ranges. The result is reduced transmission at ranges considered here. Long range 

propagation within the sound channel will benefit since more energy is following low loss 

paths. 

The meddy is capable of causing ray path instability and a complex arrival structure 

and will present a problem to acoustic tomographers. The magnitude of the problem will 
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require investigation using a three dimensional acoustic model that is capable of handling 

strong horizontal sound speed gradients. 

Further work is also required to evaluate the disturbance to sound transmission caused 

by the intrusions at the edges of a meddy core, and the presence of smaller scale anomalous 

water fragments (Chapter 2) at the meddy edges. The fairly high chance of finding a 

meddy in the Canary basin (4 to 8%, Chapter 2) indicates that there may be more than 

one meddy creating a disturbance to the propagating sound field. These two problems 

may be investigated using a method similar in nature to that of Emery et al. [1979] based 

upon the statistics of sound propagation in a random inhomogeneous ocean [Kohler and 

Papanicolau, 1977]. 
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Appendix A 

Solutions of the scalar wave equation 

A.I General 

Sound propagation in the oceans follows the scalar wave equation, 

(AI) 

where p is the acoustic pressure, and the operator D == :t +u· V' is the derivative in the large 

scale velocity field u. If it is assumed that the source creates a harmonically dependent 

pressure disturbance, i.e. p ~ eiwt , and the large scale velocity field u is neglected, the 

Hemlholtz equation is arrived at 

(A2) 

The ocean waveguide is assumed to be range dependent such that c = c(z, r). The 

wavenumber k(z, r) = w/c(z, r), where w is the angular frequency of the source. The 

index of refraction, J.L(r) = co/c(r) may be used to write A2 as 

(A3) 

where ko = w/co. Co is a reference of sound speed. 

Equation A2 may be solved in several ways. For a complete description see Brek

hovskikh and Lysanov [1982]; Keller'and Papadakis [1977] and Desanto [1979]. PROLOS 

uses a normal mode solution that requires boundary conditions and is a frequency depen

dent solution, whereas GRASS uses ray acoustics and is independent of frequency. These 

two methods are discussed further below. 

A.2 PROLOS 

The solution of normal modes constitutes a classic eigenvalue problem yielding an 

infinite number of eigenvalues and eigenfunctions that are summed to provide a solution 

subject to boundary and source conditions. In general only a few modes are required at 
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low frequencies and in shallow water. The number of modes required to provide a solution 

may be roughly approximated by 

(A4) 

where H is the water depth and A the acoustic wavelength. The required number of modes 

thus increases with water depth and frequency. 

In a range dependent environment a solution to A3 is sought in the form 

N 

P = L 'Pn(r)1/Jn(z, r) (A5) 
n=l 

Here the eigenfunctions 1/Jn (z, r) are expanded via the expansion coefficients 'Pn (r ). This 

is substituted into A3 and solved. It is assumed that the eigenfunctions, 1/Jn(z, r), are 

orthogonal to arrive at the governing equations for the expansion coefficients 'Pn(r). 

N N 

[\7; + k~(r)]'Pn(r) =onm(r)1/Jn(ZO) - 2 L Anm \7 r'Pm(r) - L 'Pm(r)Bnm (A6) 
m m 

The coupling coefficients Anm and Bnm are 

(A7) 

(AS) 

where her) is the water depth. 

These equations describe a complex environment where every mode n interacts with 

all other modes m =I n. The adiabatic approximation assumes that these coupling coeffi-

cients are negligible and that a mode remains independent of the other modes as it travels 

through the medium. The interaction between modes may be neglected when the change 

in the index of refraction, jL2(z, r) is small over a classical ray period compared to the 

energy level spacing k; - k~ between modes. [Milder, 1969]. 
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For a range dependent environment Brekhovskikh and Lysanov [1982] state that the 

cycle range of the ray must be small compared to the scale of horizontal variation of the 

medium. 

X -« 1 
M 

(A9) 

The ray cycle length is X, and M is the scale of horizontal variation. PROLOS makes 

the adiabatic approximation, i.e. it assumes that modes propagate in the waveguide inde-

pendently of the others. The acoustic pressure (A5) can therefore be written as a sum of 

eigenfunctions. 

N 

p(z, r) = L 'I/ln(ZO)'I/ln(z, r)H~l)(Kn(r)r) (A10) 
n=l 

[Brekhovskikh and Lysanov, 1982]. PROLOS uses equation AlO to calculate the acoustic 

pressure field and then the acoustic propagation loss. In A10 'I/ln( z, r) is the normalized 

modal eigenfunction at depth z for range r, Kn(r) is an average wave number Kn(r) = 

~ J: kn( r )dr where k n( r) is the eigenfunction or wave number of the nth mode at range 

r. H~l) is the zeroth order Hankel function of the first kind. 

A.3 GRASS 

The ray approximation may be used when the scale of variation of the index of 

refraction, J.L( r, z) is much smaller than the acoustic wavelength. The elliptic Helmholtz 

equation (A2) may be solved by assuming a solution of the form 

p =A(z, r)eikoS(z,r) (All) 

where A(r) is an amplitude factor and S(r) a phase factor. This assumption produces 

a second differential equation, the eikonal equation, which is more amenable to solution. 

The eikonal equation [Cornyn, 1973], 

(A12) 
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is integrated to obtain the surfaces of constant phase S(z, r) which define wave fronts. 

The orthogonal trajectories to these fronts are defined as rays. The direction of a ray at 

a point is then given by a unit vector normal to the wavefront and passing through the 

point in question. 

Two critical assumptions are made obtaining equation (A12) from equation (A3), 

first 

(A13) 

and secondly 

A(z, r)V'S2(z, r)+2V' A(z, r) . V'S(z, r) < < ko (A14) 

Equation (A13) is violated when there are localized sources present. Equation (A14) 

is violated when V' A(z, r) is large as may occur at a caustic, shadow zone, focal point or 

due to diffraction effects at a boundary or object [Cornyn, 1973]. 

An alternate method of deriving the eikonal equation is to use Fermat's principle of 

minimum travel time. The eikonal equation (A12) must be integrated numerically over 

the entire propagation path in a range dependent environment [Spindel and Desaubies, 

1983]. If only small variations in range are present then the rays may be calculated using a 

mean profile p( z) [Spindel and Desaubies, 1983]. The adiabatic invariant of Milder [1969], 

I = ~ f pdz = ~ J fl sin (}dz 
211" 211" 

(A15) 

is then approximately conserved over a ray cycle length X. This requires that the changes 

in medium vary slowly over each ray period so that ray parameters do not change rapidly 

over the period. 

Intensity calculations in geometrical acoustics require that the initial distribution of 

rays be known. The amount of energy arriving at a receiver is proportional to the number 

of rays that arrive at a receiver and their physical spacing. Focal points and caustics 
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produce small ray separation and high intensity. When two rays are not separated at 

all, 00 intensity incorrectly results. There are several ways of calculating intensity in a 

ray model. The two I have referred to in this thesis are coherent ray summation and 

type II Gaussian weighted summation. These are completely explained in Cornyn [1973]. 

Coherent summation takes into account the relative phases of the arriving rays at the 

receiver but are inaccurate for most long range and short range uses. GRASS routines 

do not calculate the phases correctly in the vicinity of caustics or account for phase shift 

properly due to bottom interaction [Cornyn, 1973]. Type II Gaussian summation is a 

statistical summation that is calculated using all the rays traced out to the receiver range. 

Each ray is given a weight in the summation depending on its distance from the receiver. 

The result is more satisfactory at medium and long ranges. 
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