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Chapterr 2 

Seabedd effects on underwater acoustic propagation 

2.11 Introductio n 

Inn this chapter, the ocean environment is introduced from an acoustic point of view. In the 
scopee of the thesis, devoted to estimating bottom properties through acoustic means, 
particularr attention is paid to the interaction of the sound with the seabed. In addition, the 
modell  that is used for calculating the propagation of sound under water throughout this thesis 
iss described. 

Inn Section 2.2 the wave equation, governing the propagation of sound, is presented, and the 
parameterss that influence the propagation of sound are identified. In Section 2.3 these 
parameterss are considered in more detail and typical values for these parameters are given. In 
Sectionn 2.4 the normal-mode technique for estimating solutions to the wave equation is 
described.. The influence of bottom type on the acoustic propagation is illustrated in Section 
2.5.. To this end, two ocean environments are defined, which differ with respect to their 
bottomm characteristics. The seabed reflection coefficient is introduced and calculated for the 
twoo environments. Further, the transmission loss, i.e., the difference between the transmitted 
andd received signal level, is determined for these two environments. In addition, the effect of 
bottomm type on the shape of the received signals is shown. As a last illustration, work carried 
outt for model validation purposes is presented. This example from practice shows the impact 
off  bottom type on the acoustic propagation using real acoustic data. 

2.22 Propagatio n of soun d throug h the water 

Thee propagation of sound is governed by the wave equation1 

V .(lv/>)—^-f ^^  = 0 (1) 
pp pc2 dr 

withh P the pressure, p the density, and c the sound speed. 
Fromm this equation it is seen that the propagation of sound is influenced by parameters of 

thee medium, viz., the sound speed and the density. A parameter not yet introduced, but also 
influencingg the propagation of sound, is the attenuation constant. When modeling the acoustic 
propagation,, all these parameters need to be known both in the water column, and in the 
seabedd underlying the water column. These parameters are considered in Section 2.3. In 
Sectionn 2.4 a technique for determining solutions to Eq. (1) is described. 
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2.33 The ocean-acoustic environment 

Inn this section the parameters, both in the water column and in the seafloor, influencing the 
propagationn of sound are considered. In addition, this section presents guidelines for the 
typicall  values encountered for each of these parameters. 

2.3.11 The water column 

Thee ocean is an acoustic waveguide that is limited from above by the sea surface and from 
beloww by the ocean bottom. The sound speed in the waveguide plays the same role as the 
indexx of refraction in optics. It is a function of the temperature, the salinity, and the depth in 
thee water column. A device that is often used for estimating the sound speed as a function of 
depth,, the 'sound speed profile', is the Conductivity-temperature-Depth (CTD) sensor. Also 
expendablee bathymetry temperature (XBT) measurements are sometimes carried out for 
measuringg the sound speed profile (using independent measurements or a database for 
obtainingg the salinity). Sound speed profiles show different behavior for different seasons and 
forr different geographical positions. Figure 1 shows both a typical summer and a typical 
winterr profile, respectively, both taken in the same shallow water area (~ 100 m water depth). 
Thee winter profile shows lower sound speeds due to the lower water temperature. The sound 
speedd profile corresponding to the summer profile increases from the top to about 15 to 18 m 
waterr depth due to the increase of pressure with depth, with the water temperature remaining 
(almost)) constant. The corresponding layer is denoted as the 'surface duct'. Below 18 m there 
iss a strong decrease in sound speed due to a decrease in temperature. The layer corresponding 
too this strong decrease is called the 'thermocline'. 

surfacesurface duct 

thermocline thermocline 

 1 

//

,-- ' ' ' 
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Fig.. 1 Typical winter (solid) and summer (dashed) sound speed profile. 

Thee sea surface is a rough surface due to the presence of sea surface waves. These waves 
resultt in scattering of sound, i.e., the sound is scattered away from the specular direction. The 
influencee of the rough sea surface on the acoustic propagation is often modeled as a loss term. 
Thiss loss term is dependent on the amount of roughness, i.e., the heights of the sea surface 
waves,, and therefore on the speed of the wind above the water. Another effect of the rough 
seaa surface is the presence of air bubbles in the upper part of the water column. These air 
bubbless result both in a scattering of the sound at the bubbles, and in a change of the sound 
speedd in the bubble region. Typically, the entrainment depth of the bubbles equals 0.4 m for 
windd speeds less than 7 m/s, and increases, for example, to 0.8 m at 10 m/s wind speed. 
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2.3.2 2 Thee seafloor 

Thee other boundary of the waveguide is the sea floor. For shallow water environments (water 
depthh of several 100 m), with sound propagating over distances that are many times larger 
thann the water depth, the sound experiences a considerable interaction with the sea floor. 
Consequently,, the sea floor has a large influence on the propagation of the sound. This 
influencee is dependent on the sea bottom type, and therefore, information on the sea bottom 
parameterss is essential when modeling the propagation of sound through shallow waters. At 
thee same time, bottom parameter estimation through acoustic means becomes feasible. The 
bottomm parameters comprise, for example, the density, the attenuation constant, and the sound 
speedd in the sea bottom. In what follows we will consider some of these parameters and 
indicatee the range of values encountered. The articles that are referred to have a widespread 
usee in the underwater community, and form the standard literature on this topic. 

Twoo sediment parameters not yet introduced are the porosity and the grain size. They are 
denotedd as geo-technical parameters. It is relatively easy to determine these parameters with 
standardd techniques, and they can be used, by employing empirical relations as shown below, 
forr determining the density, the sound speed, and the attenuation. These latter three 
parameterss directly influence the acoustic propagation and are called geo-acoustic parameters. 
Whenn determining their values using bottom samples, they can either be measured directly 
fromm the sample, or be estimated indirectly from the geo-technical parameters. 

Figuree 2 shows the sediment grain size plotted versus the sediment porosity. 
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Fig.. 2 Grain size versus porosity. 

AA term often used in relation to porosity is the 'void fraction', which is the volume of voids 
dividedd by the total volume. The porosity is known to depend on a number of factors, the 
mostt important of which is the grain size, which explains the strong correlation between these 
twoo parameters in Fig. 2. In this figure also an empirical relation between these two 
parameterss is presented, which is obtained as a fit  through a large amount (> 500) of 
measurements.. The expression for this relation is 

ss = 20.8 +9.43 p-0.334 <p2 
(2) ) 
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withh cp being the - log of the grain size in mm, and s the porosity (%). No error on this 
regressionn equation is provided since this error could not be obtained from (Bachman ) 
unambiguously,, but it roughly amounts to about 10 %. The regression equation is valid for 
porositiess from 36.7 % to 85.8 %, and for grain sizes of ~1 urn to -570 urn. 

Figuree 3 shows for a set of sediment types the density p (g/cm ) versus the porosity s (%). 
Alsoo shown is the theoretical relation' 

PP = P«*/(1-") + />*" (3) ) 

Inn this expression n is the fractional porosity (n = s/l 00), and the subscripts w and solid 
denotee water and mineral solids. The value for psond amounts to about 2.7 g/cm3. 
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Fig.. 3 Density versus porosity. 

Figuree 4 shows the compressional wave speed cp versus the density. In addition, an 
empiricall  relation between these two is shown3 

c=c= 2330.4-1257 p + 487.7 /r 3 mis (4) ) 

Thiss expression has been derived as a fit  through several hundreds of measurements, and is 
validd for 1520 < cp < 1840 m/s and 1.25 < p < 2.10 g/cm3. Note that for the low densities (< 
1.44 g/cm ) the sound speed is relatively insensitive to density. In some sediments (see 
(Hamiltonn ) and (Orsi )) velocity might decrease with increasing density in this range. This 
behaviorr appears only for high porosity sediments with no rigidity, i.e., without strength. It is 
welll  known that longitudinal sound speed depends on the two medium parameters 
compressibilityy {ft) and density according to 

(5) ) 

Regardingg the sediment as a suspension of mineral particles in water, and thereby regarding /? 
andd p in Eq. (5) as the total compressibility and density, cp becomes 



9 9 

[nfi.[nfi.  + (1 - n)Psolld ]  [npw + (1 - n)PsM ] 
(6) ) 

whichh is known as Wood's equation. The relation between compressional wave speed and 
densityy as predicted by the Wood's equation is shown in Fig. 4 as well, clearly exhibiting a 
minimumm in sound speed as a function of density. The presence of gas bubbles in the 
sedimentt can further reduce c„. 
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Fig.. 4 Compressional wave speed versus density as obtained from measurements (squares). Also 
indicatedd is the empirical relation obtained as a fit through a large amount of measurements (solid 
line,, and dotted below the densities for which the fit is valid). The dashed lines indicate the error. 
Thee (-.) line indicates the relation as predicted by Wood's equation. 

Fromm measurements it was found that the attenuation approximately increases linearly with 
frequency5,, and can thus be expressed in dB/A., with X the acoustic wavelength. In (Hamilton ) 
thee values of the attenuation constant a are related to porosity. Roughly the attenuation 
constantt amounts to about 0.2 dB/A, for high porosity sediments (s > 60 %), whereas it has a 
valuee of a bout 0.8 dB/A. for sandy sediments (s < 40 %). 

Alll  seabed parameters considered above can vary with depth, both as a result of the 
increasee in pressure and temperature5 when going deeper into the bottom, but also as a result 
off  the fact that the sediment can consist of several layers on top of each other. The complete 
sett of seabed parameters influencing the acoustic propagation is often denoted as the geo-
acousticc model of the real seabed. The parameters for the geo-acoustic model need to be 
knownn up to the 'effective acoustic penetration depth'. At high frequencies (several kHz), 
bottomm information is required only for the few upper meters, whereas at lower frequencies, 
informationn on bottom parameters is needed up to much deeper depths into the sediment 
(severall  tens of meters). A complete geo-acoustic model of the seabed requires information of 
alll  geo-acoustic parameters up to the effective acoustic penetration depth. Obtaining such a 
detailedd description is not feasible under practical circumstances and approximations are 
necessary.. Measurements roughly indicate that the attenuation increases with increasing depth 
forr silt-clay sediments, whereas it decreases with depth for sand-silt sediments.' However, the 
effectt is relatively small and is generally neglected. Also in (Hamilton5) measurements are 
presentedd that illustrate the effect of depth in the sediment on the density. The exact behavior 
dependss on sediment type, but in general the density increases when going deeper into the 
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sediment.. For example, the measurements indicate for a sediment with an upper sediment 
densityy of-1.52 g/cm3 an increase up to -1.55 g/cm3 over 20 m. The effect of this increase on 
thee acoustic propagation can often be neglected. The effect of depth in the sediment on the 
sedimentt sound is dependent on sediment type. Velocity gradients in sediments are usually 
positive,, with the velocity increasing linearly or parabolic. In the remainder of the thesis, the 
velocityy is assumed to increase linearly. Typical values for the gradient are 1 s'1. For sand 
typee sediments the gradient is often somewhat higher (4 s"1). Although a gradient of 1 s"1 

resultss in an increase of sound speed of only 20 m/s over 20 m depth, this can have an impact 
onn the sound propagation, and often is accounted for. 

Thee effect of the sediment layering can easily be taken into account. However, for layers 
thatt have thicknesses similar to the effective acoustic penetration depth the layering can be 
neglected.. Also for thinner sediment layers the layering is often not taken into account when 
modelingg the sound propagation. Justification for the single sediment layer assumption is 
obtainedd from literature. Here it was found that inversions of synthetic data, calculated for a 
multii  -layer bottom, and using a two-layer model for the forward calculations with linearly 
varyingg sound speeds, resulted in properties of the two-layer bottom that fitted the properties 
off  the actual multi-layer model reasonably well. The sediment is overlying a medium called 
thee sub-bottom. This medium is modeled as a homogenous layer. 

2.44 Normal-mod e solutio n of the wave equatio n 

Whenn employing the matched field inversion technique (see Chapter 1), bottom properties are 
estimatedd by calculating the received acoustic signals for a large set of candidate 
environments.. The candidate environment that results in modeled signals that show maximum 
similarityy with the measured acoustic signals (as received on a dedicated receiving system) is 
takenn to be the true environment. Since for each new unknown environment a large number of 
calculationss are needed, a very strict requirement on the propagation model is that the 
calculationss are fast. This prevents the use of models based on finite elements and finite 
differences.. Also the model needs to be applicable to a wide range of frequencies, thereby 
excludingg the use of ray based models which are only valid in the high frequency limit.' 
Anotherr requirement is that the model should be suitable for environments that vary both in 
thee depth- and the range-direction. These environments are called 'range-dependent', whereas 
environmentss that vary only with depth are called 'range-independent'. The requirement that 
thee model should be applicable to range-dependent environments, is not easily met by the 
wavenumberr integration approach.1 The two remaining techniques are the parabolic equation 
methodd and the normal-mode method. Since for most situations the normal-mode technique is 
faster,, the model applied in the succeeding chapters for calculating the propagation of the 
soundd is based on the normal-mode technique. The current section presents the basics behind 
thiss normal-mode technique. For rigid sediments, part of the energy is transformed into a 
transversall  or shear wave. Here, all layers are assumed to be fluids and, therefore, the seabed 
iss not allowed to support shear waves. 

2.4.11 The normal-mod e techniqu e 
Inn this section the problem of determining the pressure field resulting from a point source in a 
horizontallyy stratified medium is considered. More detailed information can be found in 
(Jensen1). . 

Forr a single frequency <o, the wave equation has the following form 
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1 „ __ 1 d2p 

pcpc22 ót2 VV  (-V?) — V H - = S„S(r ~ rs )e - " (7) 

withh P the acoustic pressure at position r and time /, due to a source at position rs and strength 
S&.S&. c and p are the sound speed, and the density, both as a function of depth. 

Assumingg that the ocean environment is cylindrically symmetric, with the source position 
att zero range, and accounting for the fact that the received signal must have the same time 
dependencee as the source, the following relation is valid 

P(x,y,z,t)P(x,y,z,t) = p(r,z)e-"" (8) 

withh r the horizontal distance, or range, between source and receiver. By substituting this 
expressionn into Eq. (7), and using cylindrical symmetry, one obtains 

dd22pp 1 dp d2p 1 dp dp , ,2 ^ j „ 
drdr r or dz p dz dz 2w 

withh k the total wavenumber 

c(z) ) 

Eq.. (9) is the so-called Helmholtz equation for a cylindrically symmetric medium. 
Inn the following the ocean environment is simplified and assumed to consist of three layers 

(seee Fig. 5): 

 A water column of depth Hw with density pw (= 1 g/cm3), sound speed profile cw(z), and 
attenuationn constant aw; 

 A sediment layer of thickness Hs, and density ps, sound speed profile cs(z), and attenuation 
constantt as; 

 A semi-infinite homogeneous sub-bottom with density pb, sound speed Cb and, attenuation 
constantt a». 

Thuss the densities and attenuation constants are assumed to be constant in each of the layers, 
whereass the sound speed in the water column and the sediment layer is allowed to vary with 
depthh z. The sub-bottom sound speed is however assumed to be constant. The total sound 
speedd profile is 

ccww(z)(z) for 0<z<Hw 

c(z)c(z) = \cs(z) for Hw<z<Hw+Hs (11) 

c,, for z >/ƒ„,+/ƒ. 
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artificiall  boundary 
(neededd for numerical implementation) 

Fig.. 5 Schematic of the simplified range-independent ocean environment. 

Itt is assumed that the sea surface is a pressure release boundary, corresponding to a reflection 
coefficientt of R = -1 and a transmission coefficient T = 0, which means that there is no 
transmissionn of sound from the water to the air above the water, i.e., 

P(r,0,t)P(r,0,t) = 0 (12) ) 

Further,, it is assumed that at some sufficiently great depth H, = Hw + Hs + HB (see Fig. 5), a 
perfectlyy rigid boundary exists, i.e., 

dz dz 
(13) ) 

HHBB should be selected such that there is no contribution from below H, to the total acoustic 
field.field. Experience has learned that taking HB equal to 20 acoustic wavelengths is sufficient. 

Thee Helmholtz equation can be solved by applying the technique of separation of 
variables,, which implies substitution of 

p(r,z)p(r,z) = R(r)V(z) (14) ) 

inn the homogeneous Helmholtz equation, i.e., Eq. (9) with the right-hand side equal to zero. 
Onee then obtains the following two differential equations 

dd22RR \dR „  A 

— rr + + /uR = 0 
drdr r dr 

(15) ) 
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^ . l ^^ + ( t»_^-0 (.6, 
dzdz p dz dz 

wheree n is the separation constant. The boundary conditions are 

¥(0)) = 0 
d*¥d*¥ (17) 
dz dz 

Eq.. (16), the depth-dependent Helmholtz equation or modal equation, together with the 
boundaryy conditions, is a standard Sturm-Liouville eigenvalue problem. It has an infinite 
numberr of solutions ¥„(z) (eigenfunctions or modes) for distinct real values //„  = kl (the 
eigenvalues)) of the separation constant. For an arbitrary sound speed profile c(z) this problem 
hass to be solved numerically. 

Thee eigenfunctions of a Sturm-Liouville problem are orthogonal and can be normalized, 
i.e., , 

 (18) 

withh 6n „. Kronecker's delta. Since the eigenfunctions form a complete orthonormal set, the 

solutionn of Eq. (9) can be written as 

p(r,z)p(r,z) = f X „  (z) (19) 

Thee coefficients R„(r)  are determined as follows: Substituting Eq. (19) into Eq. (9), 
multiplyingg by ¥n(z), integrating over z, and using the orthonormality of the eigenfunctions 
(Eq.. (18)) one obtains 

drdr22 r dr *n " 2nrp(zs) 

Thiss standard equation (BessePs equation of order zero10) has the following solutions 

RRn(n(rr)) = T^Vn(zs)Ht:'2\knr) (21) 

withh HQ-1) and HQ(2) the zeroth order Hankel functions of the first and second kind, 
respectively.. The radiation condition (energy must radiate outward as r - > ») and the choice 
off  e~"" for the time dependence ofP imply that the Hankel function of the first kind has to be 
taken. . 

Noww the final solution becomes 

p(r,z)p(r,z) = -^jym(ZtyVn(z)Hlx\ks) (22) 
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beingg the normal-mode solution to the wave equation. 
Usingg the asymptotic expression for the Hankel function (to a good approximation valid 

for#„r>2) ) 

H:\kH:\k nnr)=ï^er)=ï^e(k(k^^  (23) 

Eq.. (22) can be written as 

p(r,z)p(r,z) = ' \S"fvn{z n̂{z)e-^= (24) 
p(zp(zss)J&m-)J&m-  „=, <Jkn 

Accordingg to Eq. (8) and (24) the pressure field P(r, z, /) can be regarded as a superposition 
off  cylindrical waves 

PPcncn(r,z,t)(r,z,t) = ^P-e'^-^  (25) 
Vr r 

withh phase speeds cn = —. The eigenvalues kn can therefore be interpreted as horizontal 
K K 

wavenumbers,, i.e., wavenumbers in the r-direction. 
Thee modal equation, Eq. (16), has an infinite number of solutions *F»(z) for distinct values 

k„k„  of the separation constant //. All eigenvalues k„  are real and are all less than a>/cm\n, with 
Cminn being the lowest value in the total sound speed profile (Eq. (11)). Consequently, all 
correspondingg phase velocities are greater than cm\n, i.e., cn > c n̂, V«. The «*  mode function 
*¥*¥ nn has n zeros on the interval [0, Ht], The phase speed spectrum can be divided in two 
differentt regions, comprising the discrete modes and the so-called leaky modes. The 
eigenvaluess of the discrete modes satisfy 

—— <K< (26) 

assumingg Cb to be the highest sound speed value in the total profile, Eq. (11). The 
correspondingg phase velocities satisfy 

ccmmmm<c<cnn<c<cbb (27) 

Hence,, for discrete modes to exist Q, must be greater than cm\n. The number of discrete modes 
(L)(L) is finite. The eigenvalues of the leaky modes satisfy 

0<k„<—0<k„<—  (28) 

withh corresponding phase velocities 

CbCb < Cn < °° (29) ) 
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Fig.. 6 illustrates the two regions of phase speeds. 

[[  discrete leaky 

Fig.. 6 The two phase speed regions. 

Thesee leaky modes correspond to sound rays traveling at grazing angles greater than the 
criticall  angle at the sediment/sub-bottom interface, and therefore part of the energy carried by 
thesee modes leaks into the sub-bottom. Hence, the contribution of these modes to the pressure 
fieldd becomes negligible at a sufficient distance from the source. This is only legitimate for 
'long-range'' propagation in shallow water for ranges that are an order of magnitude larger 
thann the depth. This is the case for the remainder of this thesis. The leaky modes are also 
denotedd by 'continuous modes'. If the leaky modes contribution is not taken into account, the 
solutionn becomes 

// i If 

^ (r ' z)=-rT%=£^ (z^» (z)£Jrr  (30) 

p(z$)V8^^ „=1 jkn 

Inn the above discussion no losses due to attenuation, both in the water column and in the 
seabed,, and due to the scattering of sound at the rough sea surface are taken into account. 
Theirr contribution is implemented through perturbation theory1, where a small imaginary part 
iss added to the total wavenumber. This leads to modal attenuation coefficients a„  for each 
modee n, where 

aann=a=ann
ww+a+ann

ss+a+ann
bb+ar'+ar'  (31) 

withh the superscripts w, s, b, and scat denoting water, sediment, sub-bottom, and scattering, 
respectively.. The expressions for the water, sediment, sub-bottom, and scattering modal 
attenuationn constants can be found in (Ingenito11) and (Kuperman12). For illustrative purposes 
wee present the expressions for the water, sediment and sub-bottom modal attenuation 
constants: : 

WtMjfWtMjf aw^bf o) tc^b Vn(zy 

ccww>> sbsb2Q2Ql0l0logeloge pw's'bk„  > c(z) c(z) «/""  = r^T ^  ^ - P r ^ ^  (32) 

withh <f's'b, denoting the attenuation constants in the water (w), sediment (s), and sub-bottom 
(b),(b), respectively, c w's  denotes the mean sound speed in the water column, the sediment, and 
thee sub-bottom layer, respectively. The integral has to be taken over the corresponding layer, 
i.e.,, for determining cx  ̂ the integral is taken from 0 to Hw, for determining otf the integral is 
takenn from Hw to Hw + Hs, and for determining a„ s the integral is taken from Hw+Hs to 
HHww+H+H ss+H+H bb.. The factor ƒ /(cWÏ,*2010loge)converts the units from dB/A. to 1/m. Including the 
losss terms the expression for pir^z), Eq. (30), now becomes 
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p(r,z)p(r,z) = -
p(zp(zss)jSnr)jSnr n= 

^„(z,y¥„(z)-^„(z,y¥„(z)-
(ik-a„)r (ik-a„)r 

(33) ) 

Forr obtaining ¥„  and k„,  the modal equation Eq. (16) has to be solved numerically. Finite-
differencee discretization is applied for transforming the modal equation, and the 
correspondingg boundary conditions, Eq. (17), into an eigenvalue problem. This is considered 
inn Appendix A. This resulting algebraic eigenvalue problem is solved by using EISPACK 
routiness that determine the eigenvalues and eigenvectors (or eigenfunctions) for a real 
symmetricc tridiagonal matrix in a specified interval. 

2.4.22 Range-dependency through the adiabatic 
approximation n 

Inn Section 2.4.1 the environment is allowed to vary with depth, but is assumed to be constant 
inn the range direction. In situations where the range-dependence of the environment is such 
thatt it cannot be neglected, still use can be made of the normal-mode solution. As a result of 
itss relatively (compared to other techniques for calculating the sound propagation in range-
dependentt environments) short calculation times, the approach most commonly used is to 
employy the 'adiabatic approximation'. 

Inn the adiabatic approximation, the environment is divided in segments that all together 
spann the entire source-receiver range. Figure 7 shows an example of such segmentation. 
Withinn each of these segments the environment is assumed range-independent. 
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Fig.. 7 Example of segmentation applied for the adiabatic normal-mode approach. In each range segment 
thee upper number indicates the amount of modes calculated for that particular range segment. The 
lowerr number indicates the amount of modes accounted for as a function of range r. 

Forr each of the segments the eigenvalues and eigenvectors are determined. The assumption 
madee in the adiabatic approximation is that from one range segment to another, the modes 
couplee without any transfer of energy to higher or lower order modes. This means that there is 
noo energy transfer in between modes of different orders, i.e., mode n does not couple with 
modess n+\, n+2,..., L, and with modes n-\, n-2, .., 1. Considering Fig. 7, a result of the 
approximationn applied is observed: for the situation considered the amount of modes 
increasess from 26 to 28 when going to larger water depths. This however is not accounted for 
inn the adiabatic approximation, since the new modes (at larger water depth) have no 
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neighboringg modes to couple with at the left side. Similarly, when going to smaller water 
depths,, modes will disappear. For the example shown in Fig. 7 and for a receiver at range r = 
77 km, 25 modes will be accounted for in all range segments. 

Forr the cases considered in this thesis, the adiabatic approximation can be applied when 
accountingg for range-dependency, since the slopes are small. However, up to what slopes the 
adiabaticc approximation is valid is still a topic of research. 

Thee derivation of the expressions for the adiabatic approximation is given in (Jensen ) and 
heree only the resulting expression is presented 

p(r,z)--p(r,z)--
ee /45„ 

i\k„t,r')dr'-\a„(r')dr' i\k„t,r')dr'-\a„(r')dr' 

P(ZS)V8OT-- „-. 
2 XX  (0,zs )Vn(r, z)-

lk„(r')dr' lk„(r')dr' 

(34) ) 

withh Lmin the minimum amount of modes encountered over all segments up to range r. Note 
thatt employing the adiabatic approximation requires solving for the eigenvalues of the modal 
equationn in all segments. The eigenfunctions are needed only for the segments that contain the 
sourcee and the receiver. For calculating the received complex pressure (Eq. (34)) use is made 
off  the averaged (over range) horizontal wavenumber and the averaged modal attenuation 
coefficient. . 

2.5 5 Examples s 

Inn this section the effect of the sea bottom properties on the sound propagation is illustrated 
throughh the use of two bottoms with different properties. The first is a sand-silt-clay like 
bottom,, with geo-acoustic bottom parameters as shown in Fig. 8. The second is a muddy 
bottom,, i.e., a mixture of silt and clay with a sound speed lower than that in the water column. 
Thee corresponding geo-acoustic model is shown in Fig. 9. The sub-bottom is taken the same 
forr the two environments. Note that this model for the seabed corresponds to the model 
discussedd at the end of Section 2.3. 
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Fig.. 8 Geo-acoustic model for the sand-silt-
clayy environment. 

Fig.. 9 Geo-acoustic c 
environment. . 

modell for the mud 

First,, the influence of bottom type on the bottom reflection coefficient is considered. The 
bottomm reflection coefficient is the ratio of the amplitudes of the reflected plane wave to the 
planee wave incident on the water/sediment interface, and provides a measure for the effect of 
thee sound interacting with the sea bottom. The practical applications of the reflection 

file:///l570
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coefficientt are limited and it is not used for the forward modeling, but the concept is a means 
forr illustrating the energy transport in and out of the ocean waveguide. By showing the 
influencee of bottom type on the reflection coefficient, it is demonstrated that it is indeed 
feasiblee to estimate bottom properties through acoustic means. As a next example for the 
influencee of bottom type the transmission loss, i.e., the amount of energy lost in between 
sourcee and receiver, is calculated for the two environments. 

Att the end of this section results of a model validation exercise are presented, 
demonstratingg the influence of sea bottom type on the underwater acoustics in real life. 

2.5.11 Interaction of sound with the seafloor 

Figuree 10 shows the reflection of sound at an interface that separates two homogeneous fluid 
media.. The environment considered is 2D, i.e., there is no variation in the _y-direction. 

Fig.. 10 Reflection and transmission. 

Forr deriving expressions for the reflected and transmitted waves we consider a plane 
harmonicc wave 

p(x,z,t)p(x,z,t) = p(r,t) = ei{kr~a') with k-r = kxx + k:z (35) 

Thee wavenumber k is the absolute value of k, i.e., |k| = k . 

Assumingg the incident wave to have unit amplitude, and denoting the amplitudes of the 
transmittedd and reflected waves by T and R, respectively, one obtains 

PrPr = & « i ( x « ^ * « kt= — = Ilk, II (36) 

PiPi =7VM-os«2+.-s,„02, £ . ,= — = |k2|| 
C2 2 

Inn these expressions, ft is the grazing angle of incidence (which equals the grazing angle of 
reflection)) and 8? is the grazing angle of transmission. The time factor e~"" is omitted, since 
itt is common for p„  p„  and p,. (R and T are the amplitude reflection-coefficient and the 
amplitudee transmission-coefficient, respectively). /?,-, pr, and ph are the incident, reflected, and 
transmittedd waves. In the above expressions, R, T and 82 are unknowns that have to be 
determinedd from the boundary conditions. The following two boundary conditions are valid1 

forzz = 0 
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1)) Continuity of pressure: 

P,+Pr=P,P,+Pr=P, ( 3 ?) 

2)) Continuity of particle velocity in the z-direction: 

11 d{Pi+Pr)= 1 dp l 

Employingg the first boundary condition results in the following expression 

(11 + R) = ^'(Mos^-Mos^)*  /ÏQ} 

Eq.. (39) is only valid if the right side of the expression is independent of x 

kk22 cos 62 - &, cos 0, = 0 (40) 

Thiss expression is known as SnelPs law of refraction, and is often written as (using Eq. (36)) 

cos#77 COS0, 
~~ = ~ (41) 

c22 c. 

Accordingg to Eq. (39) also the following expression is valid, where both R and T can 
becomee complex, 

(\(\ + R) = T (42) 

whichh together with the second boundary condition, gives 

r.r. rr, P\C, s in#, 

Ï-RÏ-R = T-^-^ 2- (43) 
pp22cc22sinOsinOl l 

Finally,, this leads to the following expressions for R and T 

ZZ -7 17 
ZJZJ j i Z ; | £j j ~T~ £*, 

withh (44) 

I I 
Z ] = - ^ -- and Z 2 = - ^ 

sin0,, sin# 
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RR in these above expressions is often referred to as the Rayleigh reflection coefficient; Zj and 
Z2Z2 are called the generalized acoustic impedances of the two media. 

Forr illustrating the effect of bottom type on the reflection coefficient, R is determined for 
thee bottoms of Figs. 8 and 9. In the underwater acoustics community, often, instead of R a 
quantityy called bottom loss (BL) is employed, which is defined as -2010logi?. In the 
followingg we will make use of both R and BL. First, however, die critical angle, and the angle 
off  intromission are considered. 

2.5.1.11 The critica l angl e 
Iff  C2> C], then a critical angle 6C for which perfect reflection occurs, exists. For 0 < 8 < 6C, 

\R\\R\ = 1, and R < 1 for 6 > 0, .6Ccan be determined from Snell's law 

ff  . \ 
00 = arccos (45) ) 

Forr 0<9<6C, cos92 >1, i.e., 62 is purely imaginary. For these angles|/f| = l , i.e., perfect 

reflection,, but with an angle dependent phase shift, i.e., R is complex. For 9 > 6C, R < 1 and 

real. . 

2.5.1.22 Angl e of intromissio n 
Thee angle of intromission, $0, is the angle at which all energy is transmitted into the bottom, 

pcpc p c 
i.e.,, R = 0. This requires that .2 2 = ,' ' (see Eq. (44)). Applying Snell's law, this results 

sin#,, sine?. 
in n 

$$nn = arctan 

1--
(„(„  V 

\^) \^) 

pp22cc2 2 

(46) ) 

- 1 1 

Thiss expression has a solution only if 

1)) p2c2 > pxc  ̂ and c2 <cx; 
2)) p2c2 < plc1 and c2>cx . 

Conditionn 1 occurs in muddy media. Condition 2, however, does not occur for real ocean 
sediments. . 

2.5.1.33 The influenc e of attenuatio n 
Planee wave attenuation or' is defined through the following expression 

^^  < 4 A A -

dx dx 
(47) ) 
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withh Ao the rms amplitude at x = 0. The unit of a' is in m' if x is in m. A plane wave in free 
spacee with sound speed c, and angular frequency w, wil l be of the following form 

(ikx-ax) (ikx-ax) 
(48) ) 

withh k the wavenumber, i.e., k = oïc. 
Attenuationn is accounted for by including an imaginary part to the sound speed, i.e., 

c(z)c(z) = cr (z) - ict (z). Now the plane wave takes the form 

ee c = e c'+c' (49) 

Comparingg Eq. (49) with Eq. (48), and assuming that c2 « cr
2 leads to the following 

relation n 

a''  2 c,=—cc,=—cr r 
CO CO 

(50) ) 

Inn Figs. 8 and 9 the attenuation a is given in dB/A.. The relation between a and a' is obtained 
byy considering the ration of the amplitudes in dB between points that are a wavelength apart 

-a'(x+A) -a'(x+A) 

aa = -2010log- -- = or'A2010loge = 8.686a'A (51) ) 

Figuree 11 shows the effect of the attenuation on BL, for the two bottoms, with the upper 
plott corresponding to the sand-silt-clay bottom and the lower plot corresponding to the mud 
bottom,, respectively. All sediment properties are taken constant and equal throughout both the 
sedimentt and the sub-bottom, with the values equal to those at the top of the sediments of 
Figs.. 8 and 9. cp, p, and a are the seabed compressional wave speed, the density, and the 
attenuationn constant, respectively. 

cc = 1560 m/s, p = 1.6 g/cm3, a = 0.5 dB/A 

== 1560 m/s, p = 1.6 g/cm3, a = 0 dB/k 

60 0 80 0 

cc = 1430 m/s, p = 1.4 g/cm, a = 0 dB/A. 

cpp = 1430 m/s, p = 1.4 g/cm , a = 0.3 ÓBIX 

200 40 60 
grazingg angle (degr) 

80 0 

Fig.. 11 BL for a high speed (upper subplot) and a low speed (lower subplot) bottom, both with and without 
thee effect of attenuation. 
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Inn the upper plot of Fig. 11, for the situation with an attenuation constant of zero, clearly the 
criticall  angle is seen at an angle of 15 degrees. The effect of the non-zero attenuation is 
especiallyy noticeable at angles below the critical angle, where \R\ no longer equals one. For 
thee mud sediment, with a sound speed in the seabed that is lower than the water sound speed, 
thee intromission angle is observed at 20 degrees, which is in accordance with Eq. (46). 

2.5.1.44 Theory for layered structures 
Theoryy of the reflection and transmission coefficients for layered media can be found in e.g. 
(Jensen1).. For example, expressions for R and T, for a seabed consisting of a homogeneous 
topp layer on a homogeneous half-space are 

RR +R e1"P2 

-"-1 22 T J V 2 3 C 

\\ + RuR23e
2i,P2 

(52) ) 

T=T= Tu+T23e>*> 

\\ + R]2R23e
i<P2 

withh the subscript ij  indicating that the propagation direction is from medium i to medium j . 
qhqh is the vertical phase delay for sound crossing the layer of thickness h2, i.e., (jh = fe^sinft. 
Notee that for this layered situation both R and T now depend on the frequency. 

Figuress 12 and 13 illustrate the effect of the increasing sediment sound speed on the 
reflectionn coefficient. 

200 40 
grazingg angle (degr) 

Fig.. 12. BL for the sand-silt-clay sediment, 
andd a frequency of 500 Hz. The solid 
linee corresponds to a varying 
sedimentt sound speed (see Fig. 8). 
Thee dashed line corresponds to a 
homogeneouss sediment, with a 
soundd speed of 1565 m/s. 

200 40 
grazingg angle (degr) 

Fig.. 13. BL for the mud sediment, and a 
frequencyy of 500 Hz. The solid line 
correspondss to a varying sediment 
soundd speed (see Fig. 9). The 
dashedd line corresponds to a 
homogeneouss sediment, with a 
soundd speed of 1435 m/s. 

Thee figures show BL as a function of grazing angle (but for a fixed frequency of 500 Hz) for 
thee two environments with an increasing (see Figs. 8 and 9), and a constant sediment sound 
speed.. The constant sediment sound speed was taken as the average of the corresponding 
varyingg sound speeds, i.e., 1435 m/s and 1565 m/s, respectively. The theory for estimating the 
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bottomm reflection coefficient for sediments with varying sound speeds goes beyond the scope 
off  this chapter. We limit ourselves to showing that for the bottoms of Figs. 8 and 9, with a 
thinn sediment and a small sound speed variation, there is no need to account for the sound 
speedd variation, since the two curves, both in Fig. 12 and Fig. 13, almost coincide. In the 
remainderr of this Section 2.5.1 we will therefore use the expressions for a constant sediment 
soundd speed, Eq. (52). It should be mentioned here, that the normal-mode solution, which is 
usedd for calculating the acoustic propagation in the remainder of the thesis, does account for 
thee variation of the sound speed in the sediment. In Fig. 12 clearly the critical angle belonging 
too the water/sediment interface at an angle of 15 degrees is seen. Although the mud sediment 
hass values for the density and sound speed such that an intromission angle is expected (at 20 
degrees,, see Fig. 11), this feature is not seen in Fig. 13 due to the influence of the sub-bottom. 
Notee in both figures the interference patterns due to the layered structure. 

Figures.. 14 and 15 show BL for the two bottoms as a function of grazing angle and 
frequency.. Clearly BL is higher for the mud sediment than for the sand-silt-clay sediment. 

Fig. . 

200 40 60 
grazingg angle (degr) 

144 SL in dB for the sand-silt-clay 
sedimentt as a function of frequency 
andd grazing angle. 

200 40 60 80 
grazingg angle (degr) 

Fig.. 15 SZ. in dB for the mud sediment as a 
functionn of frequency and grazing 
angle. . 

2.5.22 Influence of bottom type on transmission loss and 
receivedd signal shape 

Transmissionn loss TL is defined as 

TL(r,z)TL(r,z) = -20,0log P{r,z) P{r,z) 

p0(rr = lm) 
(53) ) 

withp(r,z)) given by Eq. (33) and/?0 the solution to the Helmholtz equation for a homogeneous 
mediumm without boundaries 

Po(r)Po(r) = —e' 
ATÏT ATÏT 

(54) ) 

i.e.,, a spherical wave with wavenumber k = a>lc, with c being the sound speed of the 
homogeneouss medium. For further illustrating the effect of bottom type on the acoustic 
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propagation,, TL is calculated for the two bottoms of Figs. 8 and 9. To this end, Eq. (33) is 
usedd for determining the received pressures for the two bottoms, for a large set of receiver 
depthss (ranging from 0-190 m) and for a large set of distances from the source (ranging from 
0-55 km). The sound source is positioned at 70 m of water depth. These pressures have been 
usedd to determine TL. Figs. 16 and 17 show again the two environments, but now the 
completee sound speed profile (in water column, sediment layer and sub-bottom) is indicated 
ass well. 

att 500 Hz there are 27 modes 

a.a. = 0.70 dBA 
b b 
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att 500 Hz there are 29 modes 
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Fig.. 16 The sand-silt-clay sediment. Fig.. 17 The mud sediment. 

Thee sea is perfectly flat, i.e., a wind speed of zero m/s. Also indicated in Figs. 16 and 17 is the 
amountt of modes corresponding to each of the sediments. Note that the amount of modes is 
higherr for the mud sediment than for the sand-silt-clay sediment. This is due to the larger 
rangee of sound speeds encountered in the three layers of Fig. 16 (water column, sediment 
layer,, and sub-bottom). 

Figuree 18 shows TL for the sand-silt-clay sediment, whereas TL for the mud sediment is 
shownn in Fig. 19. 

22 3 
rangee (km) 

Fig.. 18 TL (dB) as a function of depth and 
rangee for the sand-silt-clay 
environment.. The sediment layer is 
indicatedd by white dashed lines. The 
soundd source is at 70 m depth. 

Fig.. 19 TL (dB) as a function of depth and 
rangee for the mud environment. The 
sedimentt layer is indicated by white 
dashedd lines. The sound source is at 
700 m depth. 
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Clearlyy TL is much higher for the mud sediment than for the sand-silt-clay sediment. This can 
bee understood by looking at Figs. 20 and 21, showing all modes for the two sediments, 
respectively.. For the mud sediment all modes are oscillatory in the sediment, thereby 
experiencingg high losses due to the sediment attenuation, see Eq. (32). On the contrary, for the 
sand-silt-clayy sediment there are modes, viz., modes 1-19, that are only oscillating in the 
waterr column and exponentially decaying in the sediment, and thus experience hardly any 
lossess due to the sediment attenuation. 

Fig.. 200 All modes corresponding to the sand-silt-clay sediment. Depth is along the y-axis, mode amplitude 
iss plotted along the x-axis. The horizontal dashed lines indicate the sediment layer. 
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Fig.. 21 All modes corresponding to the mud sediment. Depth is along the y-axis, mode amplitude is plotted 
alongg the x-axis. The horizontal dashed lines indicate the sediment layer. 

Inn the majority of the chapters to follow, the signal that is used in the analysis consists of 
thee received complex pressures as a function of hydrophone position and frequency. For all 
experimentss described in this thesis use is made of a vertical array of hydrophones as the 
receivingg system. (In none of the succeeding chapters information on the receiving system 
equipmentt used during the experiments is provided. Therefore. Appendix B briefly describes 
thiss receiving equipment). The resulting complex pressures as a function of depth are referred 
too as 'pressure fields'. Figure 22 shows, for the two sediments, the absolute values of the 
pressuree fields as a function of depth for two frequency values and three range values. For the 
mudd sediment, the pressure field becomes less oscillatory due to the sediment attenuation. 
Sedimentt attenuation has less influence for the sand-silt-clay sediment, see the discussion 
above. . 
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2000 Hz, 2 km range 200 Hz, 5 km range 200 Hz, 10 km range 

5000 Hz, 2 km range 500 Hz, 5 km range 500 Hz, 10 km range 

00 0.1 0.2 0 0.1 0.2 0 0.1 0.2 

Fig.. 22 Absolute values of complex pressure fields as obtained for both the sand-silt-clay (dashed lines) 
andd the mud sediment (solid lines) for frequencies of 200 and 500 Hz, and for distances of 2, 5, 
andd 10 km. 

2.5.33 An example from practice: a model validation 
exercise e 

Inn (Simons'4) results of an acoustic model validation exercise are presented. The acoustic data 
usedd for the validation were collected from shallow waters in the Firth of Clyde off the West 
Coastt of Scotland in the summer of 1997. The received signals were compared with 
simulationss using a normal-mode propagation model. Here part of the results of (Simons ) 
aree presented with the purpose of illustrating both the importance of knowing the geo-acoustic 
parameterss with sufficient accuracy, and the effect of temporal oceanographic variability on 
thee received signals. 

Figuree 23 shows the track along which the acoustic propagation experiments were 
performed.. The water depth along the track amounts to about 70 m. The receiving system 
consistedd of a vertical receiving array containing three hydrophones, located under water at 
approximatelyy 10, 35, and 55 meters. The source depth amounted to -30-40 m. 
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Fig.. 23 Acoustic track in the Clyde area. TX denotes the position of the transmitting station, whereas RX02, 
RX05,, RX10, and RX18 denote the positions of the receiving station. "02", "05", "10", and "18" 
indicatee the source/receiver distances (2, 5,10, and 18 km). 

AA frequency modulated (FM) signal (chirp) of bandwidth 1 -8 kHz with a pulse duration of 
11 s was transmitted. The source pulse was transmitted every 35 s over a period of 70 min, 
givingg a total of 120 pulses for each configuration. The received signals were correlated with 
thee transmitted signal. This technique is called 'matched filtering' and reveals the multipath 
arrivalss as a function of time. This is illustrated in Fig. 24, showing the result of applying the 
matchedd filter technique to a signal that contains two FM's, starting at 1 and 1.5 s, 
respectively. . 

Fig.. 24 

11 1.5 2 
timee (s) 

Illustrationn of the matched filter technique: the upper subplot line indicates the original signal, the 
lowerr subplot indicates the result after matched filtering (in dB). 
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Inn the following we will compare the measured multipath structure with modeled multipath 
structures,, i.e., the model/data comparison is carried out using signals in the time domain, in 
contrastt to the remainder of the thesis, where the model/data comparison is carried out in the 
frequencyy domain. 

2.5.3.11 Input data for the normal-mode model 
Certainn inputs to the model are explicitly known. These include the geometrical configuration, 
viz.,, the ranges between the ships (as calculated from the GPS ship positions) and the source 
andd receiver depths (as obtained from the depth sensors mounted on the source and receiving 
hydrophonee string). 

Thee water column sound speed profiles that were used for the model input were obtained 
fromm CTD casts carried out from the receive ship close to the times of transmission. A single 
profilee was selected for each configuration, and therefore range-dependence of the sound 
speedd in the water column was not accounted for. 

Thee bathymetry of the track was measured by an echosounder and appeared to be fairly 
range-dependent.. To run a normal-mode model employing the adiabatic approximation, the 
trackk has to be divided into a number of segments, each with a constant water depth (see 
Sectionn 2.4.2). The division in segments is based on bathymetry changes along the track and 
iss such that the jump in water depth between adjacent segments is a constant. The water-depth 
jumpp should be sufficiently small such that decreasing this jump, and thereby adding more 
segments,, has no further influence on the received signal. From the received signals 
calculatedd as a function of depth jump (ranging from 0.5 to 10 m), it was concluded that a 4-m 
jumpp is sufficiently small. 

Forr a range of 10 km the 4-m depth jump resulted in six range segments. Figure 25 shows 
thee measured bathymetry and the applied segmentation. The echosounder track does not 
exactlyy coincide with the acoustic track, and therefore, the actual bathymetry along the 
acousticc track can deviate from the bathymetry shown in Fig. 25. This allows the bathymetry 
too be varied within a few meters when improving the match between modeled and measured 
signals. . 
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Fig.. 25 Measured bathymetry along the acoustic track and the corresponding constant water-depth 
segmentss (indicated by the vertical dashed lines). 

Thee normal-mode model used assumes the bottom to consist of a single sediment layer 
overlyingg a homogeneous sub-bottom. The sound speed in the sediment is allowed to vary 
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withh depth. The densities and attenuation constants in sediment and sub-bottom are assumed 
constant. . 

Forr obtaining information on the geo-acoustic bottom parameters, use has been made of a 
geologicall  map of the British Geological Survey (BGS) as a guide.1 Figure 23 shows this 
geologicall  map of the Clyde area, according to which the sediment type along the acoustic 
trackk is classified as type mud (i.e., silt and clay). According to (McCann16) the majority of 
thee sound speeds that were measured for mud sediments have values ranging from 1450 up to 
15755 m/s. The average density of mud sediments5 amounts to 1.5 (  0.2) g/cm3. Measured 
attenuationn constants in marine sediments are known to exhibit a large spread. A realistic start 
valuee for the attenuation constant in mud is taken to be 0.15 dB/A,.5 We assumed a linearly 
increasingg sound speed in the sediment. The typical sound speed gradient found in mud 
sediments166 is about 1 s'1. According to the BGS map the sediment thickness along the 
acousticc track varies between 20 and 40 m.15 At the given frequency band of interest (centered 
aroundd 4.5 kHz) and for the given sediment attenuation, the penetration of sound in the 
sedimentt is less than about 10 m. For sediment thickness we therefore adopted a value larger 
thann 10 m, viz. 20 m, being the minimum value according to the map. For this set of sediment 
parameters,, all sub-bottom parameters were found to have no influence on the model output. 
Inn order to limit the number of normal modes and hence the computation time, the sub-bottom 
soundd speed was set to 1600 m/s. Further, the sub-bottom density and the attenuation constant 
weree set arbitrarily at 1.75 g/cm3 and 0.7 dB/A, respectively. In contrast, sediment sound 
speed,, sediment attenuation, and geometrical parameters such as the water depth can have a 
pronouncedd effect on the received signals. 

2.5.3.22 Compariso n of measure d and modele d signal s 
Inn an attempt to model this complicated environment at the relatively high frequencies of 
interest,, the following approach was taken. As a first step the 2-km range data were 
considered.. From a preliminary set of model runs it was found that the sediment density and 
thee sediment sound speed gradient have only a very small influence on the received signals. 
Thee sub-bottom parameters and sediment thickness (> 10 m) have no influence at all. 

Fromm all geo-acoustic parameters, the upper sediment sound speed has by far the most 
significantt influence on the propagation: increasing or decreasing the upper sediment sound 
speedd results in an increase or decrease, respectively, of the amount of multipaths, but not in a 
timee shift of the individual multipath arrivals. From varying the upper sediment sound speed, 
usingg the nominal values for the geometrical parameters, a value of about 1525 m/s was found 
too result in modeled signals with a time dispersion comparable to that of the measured signals. 

Ass a next step, to further improve the precise match of the multipath arrival structure the 
geometricall  input parameters (source depth, receiver depths, source/receiver range, and 
bathymetry)) were varied within acceptable limits. For the bathymetry the measured 
bathymetryy as shown in Fig. 25 was used and an offset was applied to it. The justification for 
applyingg an offset to the echosounder measurements is that the echosounder track did not 
exactlyy coincide with the acoustic track. According to bathymetry maps the offset can be as 
largee as 6 m. 

Ass expected, water-depth offset turned out to have the greatest influence. Applying a water 
depthh offset of -5 m resulted in the best model/data match for all three hydrophones 
simultaneously.. This offset corresponds to a water depth at the source of 61 m, which is in 
accordancee with the bathymetry maps. For this new bathymetry again the influence of the 
sourcee depth, source/receiver range and receiver depth was considered. Adjusting the receiver 
depthss from their baseline values resultedd in a further improved model/data match. 

Forr the obtained 'optimized' geometrical parameter set, a new search for upper sediment 
speedd was carried out in the range 1505 m/s - 1565 m/s (in 10 m/s steps). A value of 1545 m/s 
resultedd in the best model/data match. 
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Finallyy the sediment attenuation constant was 'optimized'. From all values considered 
(0.155 dB/A, to 0.85 dB/A in steps of 0.1 dB/A) 0.55 dB/A resulted in an improved match, 
comparedd to the start value of 0.15 dB/A. 

Itt is emphasized that although a large amount of model runs (several hundreds) were 
carriedd out, only a small subset of all possible parameter combinations was considered. 
Performingg an exhaustive full inversion for all parameters of the geo-acoustic profile would 
requiree a huge amount of model runs, which at these high frequencies of interest is not 
practical.. (A single normal-mode model run for the band 1-8 kHz requires about 30 min on a 
state-of-the-artt workstation). 

Forr the 2-km range (deep source), Figs. 26-28 show the 120 individual measured signals 
forr the three hydrophones, respectively. Also plotted in each figure are the medians of the 
experimentall  data, and the modeled received signals employing the optimized parameter set 
derivedd above. The measured and modeled signals are time aligned to allow a direct 
comparison. . 

Fig.. 26 The 120 individual received signals (showing the amount of time variability) as received during the 
2-kmm experiment on the upper hydrophone. Also shown are the median signal of the experimental 
dataa (thick curve) and the modeled signal (lowest curve). 
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Fig.. 27 The 120 individual received signals (showing the amount of time variability) as received during the 
2-kmm experiment on the middle hydrophone. Also shown are the median signal of the experimental 
dataa (thick curve) and the modeled signal (lowest curve). 
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Fig.. 28 The 120 individual received signals (showing the amount of time variability) as received during the 
2-kmm experiment on the deepest hydrophone. Also shown are the median signal of the 
experimentall data (thick curve) and the modeled signal (lowest curve). 

Itt can be concluded that a set of parameters, comprising both geometrical and geo-acoustic 
parameters,, is derived that, for the 2-km range, results in an acceptable match between data 
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andd model. Especially the first two groups of multipaths (within the first 10 ms) are modeled 
quitee well for all three hydrophones simultaneously. The locations of the later arrivals are less 
welll  modeled. 

Figuree 29 shows the received signals for the 5-km range (deep source, middle 
hydrophone).. Although an extensive search was carried out for a set of both geometrical and 
geo-acousticc parameters in an attempt to model these signals, none of the tested input 
parameterr sets has resulted in an acceptable match. Obviously, the strong time variability at 
thiss range precludes a deterministic modeling of the precise multipath arrival structure. 
However,, the decreased time dispersion for the 5-km range, compared to that at 2 km, can 
onlyy be explained with a lower sediment sound speed, i.e., sediment sound speed has to 
decreasee with range. This is also in accordance with the expected transition from sandy mud 
too mud with increasing range (see Fig. 23). Ignoring range-dependence in the surficial 
sedimentt speed would have resulted in an increase in time dispersion with increasing range. 
Onn the contrary, measured time dispersion decreases with increasing range. A sediment speed 
off  1510 m/s at 5-km range from the source can explain the observed time dispersion. 

TT ! 1 r 
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Fig.. 29 The 120 individual received signals for the 5-km, middle hydrophone, experiment. 

Duee to the very high time variability of the 10-km range signals, an acceptable model/data 
agreementt could not be obtained. Further, it should be emphasized that we are considering 
propagationn of relatively high frequency sound in only 70 meters of water over a range of 10 
kmm (which is over 140 times the water depth). It is therefore postulated that at 10 km the 
appliedd modeling is too simple. 

2.5.3.33 Relation with matched field inversion 
Thee approach taken is actually the 'matched field inversion' approach described in the 
introduction,, where the set of unknown parameters that results in modeled data that have a 
maximumm match with the measured data is assumed to comprise the 'true' unknown 
parameterr values. However, no use is made of an optimization method, and the optimization, 
inn this case the maximization of the match, can be considered to be a search 'by hand' and 
usingg physical intuition. Only a limited amount of parameter values and parameter 
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combinationss are considered. It can easily be understood that this procedure for obtaining 
estimatess for the unknown parameters is not very practical. This is especially true for 
problemss with a large number of unknowns, and a large number of parameter combinations 
containingg parameter values that are significantly different from the 'true' parameters, but that 
neverthelesss look like a good optimization result. These parameter combinations that 
correspondd to an optimum within a part of the entire search domain containing all possible 
parameterr combinations, are denoted by local optima. More sophisticated global search 
methodss exist, and will be considered in the next chapters. 

Fromm the previous it can be concluded that the influence of the oceanographic time 
variabilityy on the received signals increases with increasing range. At 5-km range the 
variabilityy in received signals is such that for obtaining an acceptable match the temporal (and 
spatial)) variation of the sound speed profile should be accounted for. Not only increasing the 
range,, but also increasing the frequency is expected to hamper the matched field inversion 
performance.. This is the result of the smaller wavelengths at higher frequencies. When 
modelingg the propagation of sound, features as small as the wavelength have to be accounted 
for. . 

Thee applicability of matched field inversion as a function of range and frequency is 
schematicallyy illustrated in Fig. 30. 

range e 

Fig.. 30 Schematic of range/frequency combinations allowing for matched inversion, indicated by shaded 
areas. . 
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