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Section I

INTRODUCTION

For some years there has been a growing interest

in the implications of mesoscale oceanographic features for

acoustic propagation. One major obstacle to assessing these

implications had been the absence of a propagation model

capable of treating the range-dependent oceanography. With

the application to underwater acoustics of the parabolic

approximation to the wave equation (Tappert and Hardin,

1973: Tappert, 1974; Brock, 1978) this obstacle was overcome

and several investigators have estimated the acoustic field

in the presence of such mesoscale features as eddies.

Indeed, the spring 1978 meeting of the Acoustical Society of

America devoted an entire session to this subject.

Much of the work to date, however, has left

unaddressed several significant questions:

* * What is a useful, objective measure of the

acoustic importance of eddies?!

* For the purpose of acoustic studies, can a

parametric oceanographic model of eddies be

used?

The first question gets at the matter of how to characterize

the importance of eddies to ASW systems. Individual point

comparisons of the acoustic field with and without an eddy

present can generate arbitrarily large differences which are

largely misleading. Averaged propagation may indicate

* 1-1



-significant differences where they exist, but may obscure

interesting differences in the distribution of energy with

range and depth. In the work reported here an attempt is

made to define a measure of difference which may come closer

to being useful in the ASW systems analyses. The second

question is of importance primarily to physical oceano-

graphers. However, a satisfactory analytical eddy model

would provide a very useful parameterization for acoustic

studies. For this reason a recently-developed eddy model

(Henrick, 1978; 1979) is examined here in an attempt to

characterize measured eddies from some Pacific data col-

lected by ONR.

In the remainder of this report the eddy model

is described and applied to measured data. Following this

discussion, some acoustic results are summarized and com-

pared. Two major conclusions with respect to the questions

raised above are:

o The objective acoustic comparison developed

here shows some promise of usefulness, but

requires more evaluation before it can be

claimed to fulfill the stated need.

* The eddy model is not sufficiently flexible to

allow fitting the measured data with enough

accuracy for the acoustic studies. Some

suggestions for its extension are offered.

Finally, with regard to ASW implications of eddies, the

following conclusion is reached:

1-2
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*Except for the case in which the source (target)

is at the center of an eddy and the receiver is

outside it, the presence of the eddy has a

negligible influence on the acoustic field. In

the one case of interest, average level differ-

ences of 10 dB are observed at low frequencies

(20 Hz) which diminish at high frequencies (300

Hz).
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Section 2

EDDY MODEL DESCRIPTION

2.1. Basic Equations

For horizontal nonaccelerated flow in a friction-

less ocean, a balance exists between the Coriolis forces

and the pressure gradient. This relationship is expressed

in (1). In addition, from the hydrodynamic equations, we

may describe the vertical pressure gradient as a function of

density and gravitational acceleration (2). Differentiating

(1) with respect to z (3), (2) with respect to r (4),

equating the two, and rearranging terms, we end up with

(5). Typically, ao/az is much larger than ap/ar, but the

v/ o factor in front of the ap/az term reduces the impor-

tance of that term. Consider the following situation, in

which g, gravitational acceleration, is approximately 103 m

sec- 2 , 0-i and f, the Coriolis parameter, is approximately

i0-4 sec- 1 . This gives us a value for g/Pf on the order of

magnitude of 107. For v, current velocity, approximately

100 cm sec -1 , and if the vertical gradients are a thousand

times larger than the horizontal gradients, i.e., ap/az =
10 3 3 P/ar, av/az is approximately equal to 10 7 - 10 5 .

We may then effectively ignore the second term in (5),

which then becomes (6).

2-1
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where

f - Coriolis Parameter =2QsinO

v - Current Velocity

- Latitude

p = Density

p = Pressure

r -Horizontal Range

.2k = pg9 (2)

3 2p a ap
ara = (Pfv) =Pfuj + fv (3)

;2 p a g*p (4)

af v + fv2.2. ga
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p

- - ._ P v _ . (5)

v g B0Z pf 3r (6)

2.2. Henrick Eddy Model

The eddy model developed by R. F. Henrick at RPI

(Henrick, 1978; 1979) is defined under the following assump-

tions:

(a) The eddy is radially symmetric around a

vertical axis: i.e., the eddy is circular.

(b) The eddy experiences slow translation.

Thus, translational effects may be ignored,

and the eddy may be evaluated for a "snap-

shot" in time.

(c) The environmental effects of the eddy

vanish at a distance ro from its center.

(d) Environmental effects vanish at a depth

ZO.

(e) Salinity is invariant in this model, fixed

at 35 0/oo.

The eddy model is governed by the stream function

seen in (7). This function, X(r,z), consists of two inde-

pendent and separable terms, one a function of range, r, and

2-3
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the other a function of depth, z. The constant, k, indi-

cates eddy rotational direction, with k O implying a warm

eddy circulating in a clockwise manner, and k<O indicating a

cold eddy circulating in a counterclockwise manner. Equa-

tion (9) shows the depth-dependent component of the stream

function X. The constant B is empirically estimated through

a process which will be discussed in detail later.

X(r,z) k[J($or) - Jo(a()]z - (z° )J (7)

where

k r {omF(1)(O) - F(1)(zo)I (8)

60- First zero of J= 3.83

m J(x) 5821 max

+ > Eddy rotational direction

+ => Anticyclonic (warm, clockwise)

- => Cyclonic (cold, counterclockwise)

F(1 )(z) = (1+Bz) - i cos [iy(1)tn(l+Bz) +

(- sin *Y(1)tn(l+Bz) 
(9)
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Y 2(1) 2(
Zn(l+Bzo) (10)

This model uses dimensionless parameters scaled in
the following manner. All horizontal ranges are scaled by a
characteristic length scale, L. All depths are scaled by

the depth of the ocean, D. The characteristic length scale

is a function of D and S, where S is a dimensionless scaling

constant. This scaling constant is a function of g, gravita-

tional acceleration, co, surface sound velocity, and the

Coriolis parameter, 2 2sinO. For example, the dimensionless

horizontal range used in the eddy model is found by scaling

the dimensional range, denoted by the star(*), by the

characteristic length scale.

L f DS L - Characteristic Length Scale (m)

D - Ocean Depth (m)

S g (Dimensionless)

20 sino

= latitude

g = 9.8 m sec - 2

co = surface sound velocity

(m sec - )

= earth's angular velocity

- 7.29 x 10
-5 sec - 1

ro "-L' r fir*

L L

z._ Z 2 * Z *
0 D D

2-5
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9

This stream function is subject to several con-

straints which result from the initial assumptions (a) - (d)

discussed earlier. The stream function X(r,z) vanishes at a

horizontal range ro from the eddy center. Analogously, it

vanishes at a depth zo . In addition, the r derivative

3X/3r and the z derivative DX/az vanish at ro and zo ,

respectively. These constraints result from the vanishing

of eddy effects at ro and zo .  DX/)r and aX/3z represent

eddy velocity and density effects, which also vanish at ro

and zo . X/ar is actually current velocity (11), and the

depth derivative of this function appears in equation (12).

The value of aX/az, seen in equation (13), again shows two

independent and separable terms, one a function of range and

the other a function of depth. The depth-dependent term

contains the constant B. We now have an expression for av/3z

in terms of 3X/az. Returning to equation (6), we see an

alternative expression for Dv/z. Equating the two, inte-

grating with respect to r, and evaluating at the boundary

conditions to determine the value of the integration con-

stant, we are left with equation (14), where p is density

inside the eddy and P* is static density, i.e., density

outside the eddy. We now have a means for expressing the

perturbation to the density field caused by the presence of

an eddy.

V= a (11)
ar

-2= . X = X (12)

z rz 3z

2-6
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X k U (r) - J0 (3]~ B( L+Bz) 3 /2 ( +-L)sinc4

where a= €en(I+Bz)

£ = y i) (13)

= P-*I (14)

One means by which this density field may be

characterized is the equation of state developed by Mamayev,

for salinity constant at 350 /oo. This is seen in equation

(15). Substituting this expression into equation (14),

we get equation (16), where T is the temperature inside the

eddy and T* is static temperature, the temperature outside

the eddy. Rearranging this relationship and redimension-

alizing 2x/a z by Uog/fc o , where Uo is surface current

speed, equation (17) results. Substituting the expression

for a /az from equation (13), we find equation (18), which

expresses the relationship between the unperturbed and

perturbed temperature, T. Equation (18) is quadratic in T,

and may be solved for T. Sound velocity within the eddy may

then be computed using Wilson's equation.

2-7
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P s(70) 1 + 10O 3 28.152-.O735T-.00469T 2)J+ 45 x 1-7 (1L5)

ax~~ 10 J~- i735(T-T*) -.0469(T T~i (16)

.00469(T2 T* + .O735(T-T') c z(7

.04 *2 _ .0735(T-T*) - k [0r 0  O(a

(B(1+Bz) 3/2(E+-L)inLa (18)

2.3 Empirical Estimation of Model Parameters

Given a static temperature distribution, i.e., the
temperature distribution in the absence of an eddy, static
density may be expressed as a function of temperature
and pressure (depth), for salinity constant at 350/oo,

using Mamayev's equation of state, seen earlier in equation
(15). We may then generate a distribution of static density

as a function of depth, P5 (z), from the temperature data.
Henrick fits this density distribution to an algebraic
function for static density shown in equation (19). The

Levenberg-Marquardt algorithm, a non-linear least squares
regression algorithm, is used to fit this functional

2-8



form for static density to the observed density (temper-

ature) values. Estimates of Po, A, and B, which minimize

the residuals, are returned. This process may be extended

to fit this functional form to temperature and sound veloc-

ity observations directly.

P =z P0 + A z+ (A(1..(+Bz)-)I

where (19)

0

2-9
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Section 3

DATA

The data used in this analysis were collected

during May, 1976 as a part of ONR's ships-of-opportunity

program. Six parallel ships centered at 370 N traversed a

2500 km swath from 155 0 E to 1750W. The lateral spacing

between ships was approximately 45 km. The ships made

hourly XBT casts, alternating between T-4 and T-7 XBTs. This

resulted in a sampling density of 27 km. The resultant temper-

ature data have given us one of the best quasi-synoptic

pictures of mesoscale variability to date. Texas A&M

University merged the thermal data with deep ocean clima-

tology, to yield a three-dimensional characterization of

this swath, in terms of temperature(T), salinity(S), sound

velocity(c), and density (T). A schematic of the track may

be seen in Figure 1. Appendix A contains isothermal and

isovelocity sections for each of the six ship tracks. It is

evident from these temperature and sound velocity sections

that a significant amount of mesoscale variability is

present in this region of the Pacific.

We have modeled most of the eddies on these tracks

using the eddy model developed by Henrick. The eddies have

been characterized in terms of their horizontal (ro ) and

vertical (zo ) extent of influence, as well as the value of

the parameters P0 , A, and B. Table 1 summarizes the results.

Eddies from two of the tracks have been selected as an

illustration of the modeling process. A cold-core eddy.

located at 450 km along the track of the Schenectady , the

northernmost ship, and a warm-core eddy from the start of

the track of the Bristol County, the southernmost ship, will

be used for illustrative purposes.

3-1
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SCHENECTADY
+

45 km
+ ST. LOUIS

370 N FT. FISCHER

CAYUGA

ALAMO

BRISTOL COUNTY

1550E 1750W

I. 2500 Km

Figure 1. Track Schematic
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Section 4

MODEL RESULTS

The cold eddy on the Schenectady track has an

effective radius, ro , of 188 km and extends to a dc. th of

influence, zo , of 2000 m. The background sound velocity

conditions have been modeled using the Henrick model and the

resultant values of P o , A, and 2 may be seen in Table 2.

Using these parameters, the background density, temperature,

and sound velocity profiles may then be modeled. Figure 2

shows a comparison between the actual density profile and

the modeled density profile, determined by the parameters

Pot A, and B. The agreement is apparently quite good.

Figure 3 shows a similar comparison for the data and modeled

temperature profiles. These profiles also agree fairly

well, although there are some differences in the upper 00

m. These differences are relatively small, however, with

the modeled profile differing from the data on average by

only a few tenths of a degree. The modeled sound velocity

profile is compared to the data profile in Figure 4. In

this instance, there are some fairly significant deviations,

once again occurring in the upper 600 m. Note also that

while the deep gradients on these profiles are the same, the

modeled profile shows an absolute sound velocity at these

depths which is consistently greater than the sound velocity

seen in the data profile at the same depths.

Additional information may be seen in a comparison

of the actual and modeled eddy fields. Figure 5 shows the

modeled isothermal structure for this cold-core eddy.
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IFig. 2 Background Density Profiles Cold Eddy
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Fig. 3 Background Temperature Profiles Cold Eddy
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Fig. 4 ~ Background Sound Velocity Profiles Cold Eddy
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Figure 6 shows a superposition of the model isotherms with

the actual isotherms seen along the track. Some significant

deviations may be seen. The most significant deviation

results from the absence of eddy surface expression in the

model, whereas surface expression is clearly present in

the data. In addition, the model does not reflect the

asymmetry seen within the data. As one of the underlying

assumptions for the model is that the eddy is radially

symmetric, this represents a fundamental and irrecoverable

difference. These differences are perhaps not as large as

they appear, as the contouring process itself is quite

sensitive to small changes in temperature. Deviations of

several tenths of a degree, typically not considered exces-

sive, will result in major displacements of the isotherm

depths in regions where the temperature is nearly constant.

Figure 7 shows model isovelocity contours for the cold-core

eddy. Figure 8 shows the superposition of these model

contours with isovelocity contours from the Schenectady

track. The same differences between the model and the

data which were evident in the isothermal sections are also

evident in the isovelocity contours. Once again, we notice

the relative lack of surface expression in the model,

whereas surface expression is clearly indicated by the data.

In addition, the model does not account for the random

effects which are characteristic of a particular isotherm.

Turning to the warm-core eddy from the Pristol

County track, the effective radius for that eddy is 173 km,

slightly smaller than the radius for the cold-core eddy.

The depth of influence is slightly greater, extending to

2800 m. Background sound velocity data have been used to

estimate the values of the parameters P0o , A, and B, which

4-7
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Figure 6 Eddy Model Isotherms for Cold-Core Eddy
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Eddy Model Isovelocity Contours for Cold-Core Eddy

Figure 7
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Eddy Model Isovelocity Contours for Cold-Core Eddy
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may be seen in Table 2. The background density, temperature,

and sound velocity conditions have been modeled. Figure 9

shows a comparison of the density profile generated by the

model to the data density profile for this warm-core

eddy. As in the cold-core eddy case, the agreement between

the density profiles is quite good. Figure 10 shows a

similar comparison for the background temperature profiles.

Again, the deviations in the temperature profiles are more

apparent than those in the density profiles, but the devia-

tions averaged over depth are generally less than several

tenths of a degree. The sound velocity comparison seen in

Figure 11 does show some major differences. Once again, the

area of largest deviation is in the upper 600 meters of the

water column. Further, the deep gradient on the the model

profile is significantly smaller than that seen in the data

profile. This has some serious implications for the acous-

tical analysis which will be discussed in detail later.

Figure 12 shows the eddy model isothermal and isovelocity

sections for this warm-core eddy. Figure 13, which is a

superposition of these model isotherms and isovelocity

sections with the data isothermal and isovelocity sections,
again illustrates the lack of surface expression in the

model, the inability of the model to account for asymmetry

which is present in the data, and also the failure of the

model to account for random effects along a given isothermal

or isovelocity contour.
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Eddy Model Isothermal and Isovelocity Sections for Warm-Core Eddy
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Section 5

EDDY MODEL COMPARATIVE STATISTICS

In order to assess more accurately the dif-

ferences between the modeled density, temperature, and sound

velocity profiles and the corresponding data profiles,

direct comparison of the difference in sound velocity at

discrete points along the track is quite helpful. That is,

for every location in which a temperature or sound velocity

observation is available, the observed sound velocity

profile may be compared, on a point-by-point basis, to the

modeled sound velocity. Such a comparison for the cold eddy

is shown in Table 3. The mean sound velocity difference,

seen at the bottom of the table, is actually quite small,

less than 1.2 m sec- 1 . Similarly, the mean temperature

difference over all depths is small, less than .40C. This

is apparently quite good agreement. Looking in more detail

at the differences in sound velocity at selected depths, it

may be seen that the largest differences are indeed concen-

trated in the upper 600 m of the profile. This rein-

forces the information seen in the graphic display of sound

velocity profiles.

Similar statistics for the warm-core eddy may be

seen in Table 4, which once again shows a mean sound veloc-

ity difference and a mean temperature difference which are

quite small. The major differences remain concentrated in

the upper 400 to 600 m, with fairly good agreement

existing below those depths.

5-1
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* SOUND VELOCITY DIFFERENCE (DATA-MODEL) m sec-l

RADIAL DISTANCE FROM EDDY CENTER

Depth(m) 188 km 155 km 77 km 60 km

0 -2.50 -1.07 -12.70 -12.70

200 8.04 7.36 - 1.19 - 4.08

400 -1.07 -0.01 - .49 - 1.00

600 -3.16 -2.70 - .02 .85

800 -2.29 -1.96 .52.1

1000 -1.52 -1.29 .41 .66

1200 -0.79 - .64 .46 .63

1400 -0.27 - .18 .48 .58

1600 .07 .13 .47 .50

1800 .35 .38 .47 .45

2000 .52 .52 .44 .42

0 11sv - .24 .05 - 1.01 -1.16

IIT.25 .33 - .01 - .05

Table 3
Comparative Statistics Cold Eddy

5-2
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~ SOUND VELOCITY DIFFERENCE (DATA-MfODEL) mn sec-1

RADIAL DISTANCE FROM EDDY CENTER

Depth(m) 95 km 65 km 33 km

0 5.18 1.93 1.64

200 15.79 17.00 14.49

400 12.03 12.69 16.47

600 .56 - .99 4.95

800 - .56 -1.79 - .62

1000 .15 - .81 - .10

1200 .76 .03 .51

1400 1.15 .59 .92

1600 1.36 .95 1.15

1800 1.44 1.15 1.29

2000 1.43 1.23 1.33

2200 1.31 1.18 1.25

2400 1.10 1.02 1.11

2600 .79 .76 .83

2800 .49 .49 .56

3000 .07 .07 .12

usv 1.77 1.41 1.91

14AT .75 .66 .79

Table 4
Comparative Statistics Warm Eddy

. 5......3



* Section A

EDDY MODEL SUMMARY

The eddy model developed by Henrick has been

examined in some detail. This model provides an empirical

fit to the static or background density, temperature, and

sound velocity profiles for a particular ocean region.

These profiles, and thus the region, are characterized in

terms of the parameters 0 0, A, and B. The model then Rener-

ates the temperature and sound velocity fields within the

eddy, giving us an idea of the perturbations to these fields

which are caused by the presence of the eddy.

An evaluation of the model reveals that the mean

temperature and sound velocity differences are small.

Statistically, the modeled profiles are actually a good fit

to the data. It has been shown that the largest differences

are concentrated in the upper 600 meters. These differences

are attributable to the fact that the model does not permit

surface expressions. Further, the model fits the background

conditions to a smooth, highly regular profile. Thus, any

data profiles which are not smooth and regular will differ

significantly from the modeled profiles. These differences

appear primarily in the upper 600 m. typically the region of

the water column experiencing the most variability. This

poses somewhat of a problem for the acoustician, as most ASW

cases of interest have the source located within that region

of the water column. The use of this model for acoustic

analysis, therefore, will result in significant differences

between the observed and modeled conditions. On the basis

of this analysis, it appears as if a model upgrade is in

6-1
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! order before it can be used successfully for ASW prediction.

One suggestion for upgradine the capabilities of this model

might include the use of cubic splines or other, more

flexible, functional forms, which will give better local

approximations to these background profiles: also required

is an extension to permit eddy surface expressions.

Originally, it was intended that this model be

used to fit the data from the six ship tracks and to

parameterize the eddies on these tracks in terms of the the

constants Po, A, and B. The modeled eddies were then to be

used for acoustic analysis. The differences between the

modeled and observed sound velocity profiles resulted in

significant differences in the acoustic fields generated by

these profiles. Preliminary acoustic analysis of the model

results showed significant deviations in the manner in which

sound propagates under the modeled conditions. For example,

the differences in the deep gradient seen in the background

sound velocity fit for the warm-core eddy resulted in major

changes in the cycle distance of rays propagating under

these conditions. It was therefore judged that the model in

its present form was unacceptable for acoustic analysis, and

that the most accurate assessment of the acoustic properties

of these eddies would result from direct use of the measured

oceanographic data. The following acoustic analysis there-

fore is restricted to analysis of these data.

6-2
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Section 7

ACOUSTIC ANALYSIS

7.1. Introduction

The underlying purpose behind the following

acoustic analysis is to assess the acoustic impact of

mesoscale fluctuations as a function of varying source-

receiver geometry and source frequency. To that end,

two tracks have been constructed for use in propagation

modeling. The tracks contain the static or background sound

velocity profiles at their start. The background profiles

are extended for 185 km. Immediately following this range-

independent 185 km is a section of track containing an

eddy, either the warm-' or cold-core eddy from the Schenec-

tady or Bristol County track, respectively. The diameter of

both eddies was appioximately 370 km. Following the

eddy, there is another 185 km of background sound velocity

conditions. We therefore have constructed two acoustic

tracks, consisting of 185 km of range-independent conditions,

followed by 370 km of track containing an eddy (warm or

cold), followed by an additional 185 km of range-independent

track. For comparative purposes, a totally range-indepen-

dent track has been constructed, where the background sound

velocity profile which exists at 0 km is extended for the

length of the track, in this instance 740 km.

To evaluate the impact of varying source-receiver

geometry, we have selected four different situations. The

first has the source located at 0 km at the start of the

totally range-independent track. The second geometry has

* 7-1
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S1 the source located at 0 km. along the range-dependent track;

i.e., the track containing either the warm or the cold eddy.

The third geometry has the source one-half of a convergence

zone closer to the eddy, placing it at 30 km along the

range-dependent track. Finally, the effect of the source

located at the eddy center along the range-dependent track

has been considered. The depth of this source was held

constant at 30 m throughout this analysis. The receiver

depths considered were 95, 450, 700, and 900 m. Three

representative frequencies were selected for analysis.

Those frequencies were 20, 300, and 1000 Hz. The Parabolic

Equation (PE) model has been used to model propagation loss

(Tappert and Hardin, 1973; Tappert, 1974; Brock, 1978).

7.2 Cold Eddy 20 Hz.

Transmission loss calculations as a function of

horizontal range (in km) for a 20 Hz source located at

30 m as seen by a receiver located at 95 m may be seen

in Figure 14. Transmission loss has been calculated for

each of the source-receiver geometries discussed previously,

viz., a totally range-independent environment, a range-

dependent environment with the source located at 0 km,

a range-dependent environment with the source located at

30 km, and for a range-dependent environment with the

source located at the center of the eddy. For clarity of

presentation, the transmission loss curves have been aver-

aged over a horizontal range of one convergence zone, 60 km.

Thus, only variations occurring on a scale greater than 60

km are evident in these plots. In general, all four source-

receiver geometries considered here experienced similar

7-3
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1W levels of transmission loss. The track with the source

located at the eddy center experiences 1 - 2 dB less loss

than the other source receiver geometries. This is particu-

larly evident in the first 280 km of the track. Also of

note is the close correspondence between the range-dependent

environment with the source at 0 nm. and the one in which

the source is located one half of a convergence zone further

into the track, at 30 km.

Unaveraged transmission loss, corresponding

to the totally range independent environment and the range

dependent environment with the source at the eddy center

from Figure 14, may be seen in Figure 15. The conver-

gence zones in the range-independent environment remain

narrow, well-defined, and clearly discernable for the length

of the track. In contrast, the convergence zones in the

range-dependent environment with the source at the eddy

center broaden rapidly and show evidence of increasing

multipath at the farther ranges. While the peak energy

levels in the range-independent case are higher than those

in the range-dependent environment, the broader convergence

zones in the range-dependent case result in this environment

containing more energy, on average, than the range-indepen-

dent case. This was shown in Figure 14.

Moving the receiver slightly deeper in the water

column, to 450 m, produces transmission loss seen in Figure

16. Here we see that the range dependent environment with

the source at the eddy center shows clearly less loss

than the other environments considered. The totally range

independent environment exhibits the highest loss levels, at

times as much as 7 dB more than the environment with the

7-5
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source at the eddy center. This is also evident in Figure

17, which shows unaveraged transmission loss for the two

extreme cases, the range-independent environment and the

range-dependent environment with the source at the eddy

center. Convergence zones in the range dependent case shift

and overlap early in the track. Further, there are many

additional arrivals seen in the range-dependent track that

are absent in the range-independent environment. These

conditions result in the overall lower level of propagation

loss seen in the range-dependent environment.

Figure 18, which demonstrates the effect of a

receiver positioned at 700 m, near the sound channel axis,

shows similar findings. Once again, the range-dependent

environment with the source at the eddy center clearly

exhibits less loss. A receiver located at 900 m (Figure 19)

shows the same trends.

7.3 Warm Eddy 20 Hz.

Corresponding transmission loss figures for

a warm eddy may be seen in Figures 20 - 23. Figure 20,

which shows the effect of a receiver positioned at 95 m

in the water column, shows a relationship between source-

receiver geometry which is the inverse of that seen in the

cold-core eddy. In this instance, the range-dependent

environment with the source at the eddy center shows consis-

tently higher levels of loss than do the other environments.

The range-independent environment in this instance shows

consistently less loss. These differences are even more

apparent when considering a receiver located at 450 meters

7-8
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I

in the water column (Figure 21). In this instance, the

difference in transmission loss between the range-dependent

environment with the source at the eddy center relative to

the other geometries considered may be as much as 10 dR,

with the source at the eddy center experiencing higher

levels of loss within the warm eddy. Moving deeper in the

water column, a receiver located at 700 m (Figure 22) shows

the same general trends, although the differences between

the various geometries are not as marked. Figure 23 shows

transmission loss through a warm-core eddy for a receiver

depth of 900 m. Again, the relative levels of transmission

loss are consistent with previous observation. The environ-

ment with the source positioned at the eddy center shows as

much as 5 dB more loss relative to the other environments.

Comparison of Figures 20 - 23 shows the effect of

increasing receiver depth on transmission loss. It is

apparent from a comparison of these figures how the distri-

bution of energy changes as a function of receiver depth.

The relative levels of transmission loss for each of the

four environments considered here remain consistent at each

receiver depth. In general, the effect of shifting the

source half a convergence zone from 0 to 30 km is negligable.

In fact. the transmission loss curves for these two cases

often resemble closely that for a range-independent environ-

ment. Consequently, for the remainder of this analysis,

only the two most extreme cases will be considered, viz.,

the range-dependent environment with the source located at

the eddy center and the totally range-independent track.
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7.4 Cold Eddy 300 Hz.

An examination of the differences in transmission
loss for these same source-receiver geometries at 300 Hz reveals
some interesting findings. For the receiver located at 95 m
(Figure 24), the range-dependent environment with the source
at the eddy center shows 2 - 3 dS more loss than the range-
independent environment. This is the reverse of what was
seen earlier for the cold eddy case at 20 Hz. This is
somewhat of an anomalous observation, as this reversal of
the relationship exists only for this case and is seen in no

other instance.

Moving to a receiver depth of 450 m, (Figure 25)
it may be seen that this relationship has reversed itself,
and, once again, the range-dependent environment with the
source at the eddy center shows consistently less loss than

the range-independent environment. Figures 26 and 27,
showing transmission loss for receivers located at 700

and 900 m, respectively, echo these findings. In general,
the difference between the two environments is less dramatic

at 300 Hz than at 20 Hz.

7.5 Warm Eddy 300 Hz.

Propagation through a warm-core eddy at 300

Hz shows similarly consistent findings. For a receiver
located at 95 m (Figure 28), the range-dependent environment
with the source at the eddy center generally shows more loss

than does the range-independent environment, with the
exception of the first 50 nm of the track. This difference

7-17
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is understandable when we look at Figure 29, which shows the
unaveraged transmission loss plots for the same environment.

1ransmission loss for the source at the eddy center shows

the presence of a surface duct in the first 90 km of the

track. Energy remains trapped in this duct: thus, the
observed transmission loss for this range-dependent environ-

ment is actually lower than the corresponding range-indepen-

dent environment. Figure 30, which shows transmission loss

for a receiver at 450 m, indicates that transmission loss is
consistently higher for the range-dependent environment with

the source at the eddy center. It is clear that the surface

duct does not extend to this depth, as transmission loss is

lower for the source at the eddy center, even in the first 50

nm of the track. Figures 31 and 32, for receiver depths at

700 and 900 m, echo these findings.

7.6 Cold Eddy 1000 Hz.

Figure 33 shows transmission loss at 1 kHz through

the cold eddy for a receiver depth of 95 m and the source at

the eddy center. In the first 185 km of the track, the
range-dependent environment shows less loss than does the

range-independent environment. This trend reverses itself

past 185 km, with the range-dependent environment showing
slightly more loss by the end of the track. The markedly

higher level of transmission loss at 1 kHz compared to 300

Hz is due primarily to volume attenuation, which plays a

significant role at 1 kHz. Over the length of a 370 km
track, volume attenuation, computed by Thorp's Equation, is

approximately 25 dB. Volume attenuation plays a smaller
role at 300 Hz, amounting to only 5 dB attenuation over a

400 nm track.
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9 7.7 Frequency Fffects

The effect of variations in source frequency on

transmission loss is apparent from Figure 34, which shows

transmission loss in the range-dependent environment for 2O.

300, and [000 Hz. The constant offset in transmission loss

between the 20 and 300 Hz cases is primarily attributable to

surface image interference. At low frequencies, for a

shallow source and/or receiver, several paths combine

destructively to yield higher levels of transmission loss

than would be seen for a deeper source and receiver.

The effect of volume attenuation on the 1000 Hz

case is demonstrated by the dramatically higher levels of

transmission loss for that case. Recalline that volume

attenuation at 1 kHz, over 200 nm, is approximately 25 dB,

it is evident that were it not for volume attenuation, the

300 and 1000 Hz transmission loss curves would be quite

similar. Thus, the largest differences attrLhutahle to

frequency dependence are seen between 20 and 300 Vz. Above

300 Hz, there is relatively little additional impact on

transmission loss resulting from the eddy.
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Section P

' i COMPARATIVE ACOUSTIC STATISTICS

To quantify more precisely the differences between

the range-independent and ranee-dependent environments which

were seen in the previous transmission loss estimates, we

have constructed a measure of statistical difference for

comparative purposes. This measure is actually a relative

intensity difference, which is found by determining the

difference in intensity between any two environments rela-

tive to the intensity in a reference environment. The

relative intensity difference may he computed on a point-by-

point basis from the intensities of the acoustic field

within a fixed range-depth window. Figure 35 shows a

comparison of the range-dependent environment with the

source at the eddy center relative to the range-independent

environment at 20 Hz. The range window for this comparison

is 35 - 55 km. The depth window is from the surface to

150 m. The histogram shows the relative frequency of

occurrence within this window of the statistic (11 - 12)/12.

where I1 is the. intensity in the range-dependent environ-

ment and I2 is the reference intensity that of the range-in-

dependent environment. The histogram reveals that the

majority of the observations are at the positive end of tile

scale, indicating that the range-dependent environment with

the source at the eddy center, 11, has a higher intensity

over this range-depth interval than does the range-indepen-

dent environment, 12. This is reflected in the mean intensi-

ties, expressed in dB units, for each environment. The mean

intensity for the range-dependent environment is 91.3 dR,

whereas the mean intensity for the range-independent track

in the same window is 94.8 dB, 3.5 dB less.
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* Figure 35
RELATIVE INTENSITY DIFFERENCES FOR
COLD EDDY (2Q01Z)--CENTER (11) VS RANGE-] (12)

DEPTH-- 0.00 TO 500.00 FT
RANG[E~ 20.00 T!; 30.00 NMI
N= 133

MERN(I1) = 714.1419 X 10-1 91.283 OB
SOEV(11) = 77.537 X 101 - 91.105 05
MERN(12) = 33.084 X 10-1 = 941.804 09
SDEV(12) = 60.698 X 10-11 92.168 08

MEAN ( 11 2  =21.923

50EV (11-12 ) -32.238
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The nature of this relationship changes with

horizontal range, as is seen in Figure 36, which shows a

similar comparison for the range window between 55 and 75

km. In this instance, the distribution is positively skewed,

indicating that the range-independent environment has

more energy in it, for this range-depth window, than does

the range-dependent environment. This is also evident in

the mean intensities for these two environments, which show

that the loss associated with the range-dependent environ-

ment is higher in this instance than the loss associated

with the range-independent environment. In a similar

manner, Figures 37 and 38 examine the distribution of energy

in this fixed depth window for the next two 20 km range

windows.

Figure 39 shows the relative intensity difference

at 20 Hz for a warm eddy (I1) versus a range-independent

environment (12). The distribution in this instance is

positively skewed, indicating that the range-dependent

environment with the source at the eddy center shows higher

levels of loss than does the range independent environment.

This is consistent with the transmission loss curves exam-

ined earlier. Further, as both Il and 12 are intensities

greater than or equal to 0, the smallest value of the

relative intensity difference (It - 12)/12 is -1. It is

evident from the histogram and from the mean value of this

statistic that most of the points approach this lower limit

of -1.

Figure 40 shows relative intensity differences for

the next 20 km section of track, 55 - 75 km. In this

instance, the distribution is actually bimodal, although the

8-3



* Figure 36
RELATIVE INTENSITY DIFFERENCES FOR
COLD EDDY (20Z)--CENTER (II VS RANGE-1 (12)

* DEPTH-- 0.00 TO 500.00 FT
RRNGE-- 30.00 TO '0.00 NMI
N= 175

ME.N(I) = 9.124 X 10- - 100.398 :1B
SDEV(I1) = 15.400 X 10-11 - 97.851 DB
MEAN(121 = 22.124 X 10-11 - 95.551 .B
SDEV(12] = 45.080 X 10- 11  93. 150 3)

MEAN (112 =.303

SDEV (11-12o 0373

RELATIVE FREQUENCY (PER CENT)
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* Figure 37
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RELATIVE INTENSITT 0HFFEPFNCES FIR
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* Fi-ure 39

RELATIVE INTENSITY DIFFERENCES FOR
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Figure -10

RELATIVE INTENSITT DIFFERENCES FOR
WARM EDDT (20 HZ)--RS=CENPER (11) 9.N0 RANGE-I (12)
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majority of observat ions indicate that the ane-dependent

environment has more energy in this ranae-dppth window than

does the range-independent environment. Fxamination of the

mean intensity values in dB units for the two environment,

however, shows that the mean intensity in this window is

actually higher for the ranee-independent environment than

it is for the range-dependent environment. This illustrates

the potentially misleading conclusions that may he drawn

from a simple comparison of mean intensity over an opera-

tional window of interest. Rather, the use of the histo-

grams contributes significantly different information, which

may be important from a tactical perspective. Similarly,

Figures 41 and 42 depict the relative intensity differences

for the next 40 km of the track.

Relative intensity differences within a cold

eddy at 300 Hz may be seen in Figure 43. The depth window

remains the same as that for the 20 Hz cases, from 0 to 15n

m. The range window is considerably smaller in this

instance, here a 2 km window from 55 to 57 km alone the

track. The histogram indicates that within this range-depth

window, the range-independent environment contains more

energy than does the range-dependent environment. This is

also reflected in the mean intensities for the individual

windows and in the mean value of the statistic (11 -12)/1.

This relationship changes somewhat in the next

range window considered, between 74 and 76 km (Figure

44). While the mean intensity for each environment as well
as the mean value of the relative intensity difference

indicates that the range-independent environment has more

S-9
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Figure -11
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* Figure 42
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* Figure 43
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*Fisgur 44
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9

energy in it than does the range dependent environment, the

nature of this relationship has shifted somewhat, as is seen

in the histogram.

Relative intensity differences for a warm eddy at

300 Hz may be seen in Figure 45. The histogram indicates

that a significant number of observations within this

range-depth window show that the range-independent environ-

ment has more energy associated with it than does the

range-dependent environment. The mean relative intensity

difference within this range depth window, however, indi-

cates that the range dependent environment has more energy

associated with it than does the range independent environ-

ment. This is another example of the misleading conclusions

that may be drawn from the use of a single summary statistic.

Figure 46 shows, for the range window 74 to 76 km, a

reversal of this relationship. In this instance, the

range-dependent environment shows significantly higher

intensity than the range independent environment.
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Figure 45
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Figure 46
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Section 9

SUMMARY

In summary, the eddy model developed by Henrick

has been examined in detail. This model examines the

perturbations to density, temperature, and sound velocity

structures which result from the presence of an eddy.

Statistically, the modeled density, temperature, and

sound velocity profiles agree fairly well with the back-

ground conditions. The largest deviations from the observed

conditions occur in the upper 600 m. This is due primarily

to the lack of surface expression in the model, as well as

to its inability to model irregular profiles. This poses

a particular problem from an acoustic perspective as, for

ASW depths of interest, significant differences between the

observed and the modeled conditions will result. A model

upgrade is in order, to permit the modeling of irregular

profiles and eddy surface expressions. Cubic spline tech-

niques have been suggested as one means for modeling the

irregular profiles.

From the acoustic analysis, it has been demonstra-

ted that little difference exists between a range-dependent

environment with the source at 0 km and one in which the

source is located at 30 km. Shifting the source by half a

convergence zone, therefore, exerts relatively little

influence on transmission loss. The most significant

differences occurred between the range-dependent environment

with the source at the eddy center and the range-independent

environment. At 20 Hz, within a cold eddy, the range-

dependent environment may show as much as 10 dh less loss

9-I



than the range-independent environment. In the warm eddy

this relationship is reversed, with the range-dependont

environment showing more loss than the range-independent

environment. At 300 Hz, within the cold eddy, the same

general trends as those seen at 20 Hz are observed, with tho

exception of 95 m, where the range-independent environment

shows less loss than the ranRe-dependent environment. For

the warm eddy, the same trends are observed at 300 Hz

that were observed at 20 Hz. In general, there is less

overall difference between the two environments at 300 Hz

than at 20 Hz. At 1000 Hz, in a cold eddy. the range-

dependent environment shows less loss. The major difference

in transmission loss between 300 Hz and 1000 Hz is attribu-

table to volume attenuation.

The differences observed in the transmission

loss estimates were examined in more detail with the use

of comparative statistics such as a relative intensity

difference. These measures of statistical difference denict

the changing distribution of energy as a function of range

and depth along a given track, and may be used to pinpoint

more precisely areas where the presence of an eddy may have

a significant impact on tactical systems.

9-2
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Section 10

CONCLIIONS

From the work described here, three principal

conclusions can be drawn:

* With respect to ASW applications, eddies have

an appreciable influence on the distribution

of energy in range and depth only when the

target is near the eddy center. Furthermore,

the influence appears greater at low frequencies

(20 Hz) than at high frequencies (300 Hz) and

may amount to 10 dB, on average, for some

geometries.

* The Henrick eddy model is not sufficiently

flexible in its present form to fit measured

Pacific data with enough accuracy to be used

for acoustic studies. However, some nossible

improvements appear to be straightforward.

9 Some progress has been made here toward devel-

oping an objective, useful measure of the

acoustic influence of mesoscale features.
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APPENDIX A

TRACK ISOTHERMAL AND ISOVELOCITY CONTOURS
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