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Chapterr 6 

Ann evaluation of the accuracy of shallow water 

matchedd field inversion resultsc 

Abstract t 

Inn this paper the accuracy of geo-acoustic and geometric parameter estimates obtained 
throughh matched field inversion (MFI) was assessed. Multi-frequency MFI was applied to 
multi-tonee data (200-600 Hz) received at a 2 km source/receiver range. The acoustic source 
wass fixed and the signals were received at a vertical array. Simultaneously with the acoustic 
transmissions,, a CTD (conductivity, temperature and depth) -chain was towed along the 
acousticc track. A genetic algorithm was used for the global optimization, whereas a normal-
modee model was applied for the forward acoustic calculations. Acoustic data received at 
consecutivee times were inverted and the stability of the inverted parameters was determined. 
Also,, the parameter estimates were compared with independent measurements, such as multi-
channell  seismic surveys (for geo-acoustic parameters). The obtained uncertainty in the 
inversionn results was assumed to have two distinct origins. The first origin is the inversion 
methodd itself, since each optimization will come up with some solution close to the exact 
optimum.. Parameter coupling and the fact that some parameters hardly influence the acoustic 
propagationn further contribute to this uncertainty. The second is due to oceanographic 
variability.. Both contributions were evaluated through simulation. The contribution of 
oceanographicc variability was evaluated through synthetic inversions that account for the 
actuall  sound speed variations as measured by the towed CTD-chain. 

cc Published in the Journal of the Acoustical Society of America, Volume 109 (2), pp. 514-527 (2001). 
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6.11 Introductio n 

Matchedd field inversion (MFI) is a technique for obtaining information on unknown 
parameterss that influence the propagation of sound underwater. When employing MFI, a 
measuredd acoustic field is compared with acoustic fields that are calculated by a propagation 
modell  for many sets of unknown parameters. Since the number of possible parameter 
combinationss is huge and there are many local optima, global optimization methods are 
neededd for guiding the search for the set of unknown parameters that gives the optimum 
matchh between measured and calculated acoustic fields. An important application of MFI is 
geo-acousticc seabed parameter estimation. 

Ann important issue to be addressed is the accuracy of the parameter estimates. In general, 
performingg several independent inversions for the same acoustic field can result in different 
estimatess for the unknown parameters. This uncertainty in parameter estimates is partly due to 
thee optimization method, as global optimization methods often do not determine the exact 
optimum,, but a solution close to it. The resulting variation in parameter estimates is 
dependentt on their influence on the acoustic propagation. For the parameters that hardly 
influencee the acoustic propagation the variation in parameter estimates will comprise a large 
partt of the parameter search space, whereas for the parameters that have a strong influence on 
thee acoustic propagation the variation will be small. Also the fact that there can be 
correlationss between the unknown parameters contributes to the uncertainty. These two 
above-mentionedd factors can result in optimized parameter values that deviate from the actual 
parameterr values. However, the agreement between optimized and measured acoustic fields 
cann still be high. By adapting the optimization method the uncertainties due to the above-
mentionedd factors can be reduced. For example, a local search method can be applied after 
convergencee of the global search.1 In the following we will denote the uncertainties in 
parameterr estimates that result from these two mechanisms as the uncertainties caused by the 
methodd itself. 

Whenn inverting for unknown parameters and using experimental acoustic fields that were 
measuredd at different times, the temporal variability of the oceanographic conditions can 
resultt in additional uncertainties in parameter estimates.2 If the sound speed profile in the 
waterr column varies with time and if one does not account for these variations in the inverse 
modeling,, this can result in parameter estimates that also vary with time. In this case, the 
optimizedd parameter value is such that it corrects for the difference between the actual sound 
speedd profile and the sound speed profile that is used for the forward model calculations. The 
effectss of the varying oceanographic conditions can directly be seen in the acoustic data, as 
thesee variations result in changes in the propagation conditions and consequently varying (in 
time)) received signals. This contribution to the uncertainty can, at least in principle, be 
eliminatedd when the sound speed structure between source and receiver is known exactly at 
thee time of each transmission. However, under practical experimental conditions this is rather 
cumbersome. . 

Matchedd field inversion results are presented for experimental data that are obtained during 
thee ADVENT99 sea trial. This sea trial was conducted by SACLANT Centre and TNO-FEL 
onn the Adventure Bank, south of Sicily, in April/May 1999.3 Several experiments were 
carriedd out during ADVENT99. The analysis presented in this paper deals with data that were 
acquiredd during experiments with both the source and the receiver at a fixed position. The 
goall  of these experiments was to obtain data for a fixed geometry over an extensive period of 
time.. During these experiments also many measurements were carried out to obtain 
informationn on the ocean environment. These environmental measurements included 
conductivity,, temperature and depth (CTD) casts and waverider measurements. Further, a 
CTD-chainn was towed along the acoustic track, giving more detailed information on the 
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soundd speed structure. Also, an extensive seismic survey was carried out, thereby obtaining 
independentt geophysical information on the seabed. For the survey use was made of a multi-
channell  streamer, which allows for the estimation of, in addition to the ocean bottom layering, 
thee sound speeds of the layers. 

Thee main goal of this paper is to assess the uncertainties in parameter estimates obtained 
throughh MFI using experimental data. The uncertainty that is due to the method itself is 
estimatedd by simulation, i.e., by performing inversions of synthetic data, and it is 
demonstratedd that for some parameters the uncertainty can thus largely be explained. The 
CTD-chainn data are used to show that the remaining uncertainties originate from 
oceanographicc variations in the water column. 

Thiss paper is organized as follows: in Section 6.2 the ADVENT99 sea trial is presented 
andd an overview of the acoustic and environmental data is provided. The inversion problem, 
comprisingg the forward acoustic model and the optimization method, is described in Section 
6.3.. In Section 6.4 the inversion results are presented and the parameter estimates and their 
uncertaintiess assessed. 

6.22 The ADVENT99 experimen t 

6.2.11 Acousti c measurement s 

AA large part of the ADVENT99 sea trial comprised acoustic experiments with both the source 
andd the receiver at a fixed position. These fixed geometry experiments were conducted for 
source/receiverr ranges of 2, 5 and 10 km. 

Inn this paper we only consider data of the 2 km experiment. The position of the source 
duringg this experiment was 37° 17.966' N, 12° 15.588' E. The receiving system was 
positionedd at 37° 17.883' N, 12° 14.207' E. This experiment took place on May 2 1999 from 
12:377 to 20:17 UTC time. 

Thee source used for the acoustic transmissions was mounted on a tower that was moored 
onn the sea bottom for keeping it at a fixed position. The Nato Research Vessel (NRV) 
AllianceAlliance was connected to the source by a power supply cable and therefore had to remain 
closee to the source, but at a sufficient distance (a few hundred meters) to reduce risk of 
damage.. Consequently, CTD casts could not be carried out very close to the source. The 
receivingg system consisted of a vertical array (VA), containing 64 elements and spanning 62 
meterss of the water column. The signals received on the VA were sent directly to the data 
acquisitionn system on board NRV Alliance by radio link. In Fig. 1 a schematic of the 
experimentall  configuration is shown. 
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Fig.. 1 The configuration of the fixed geometry experiments. 

Bothh low-frequency (200-700 Hz) and high-frequency (800-1600 Hz) multi-tones and 
LFMM sweeps were transmitted. In this paper only the low-frequency multi-tones are 
considered.. Snapshots of 2 seconds were selected from the received time series and were fast 
Fourierr transformed into the frequency domain. The resulting complex pressures as a function 
off  depth are further referred to as 'pressure fields'. The magnitudes of 41 pressure fields are 
displayedd in Fig. 2 for the frequencies 200, 300, 400 and 600 Hz. These 41 pressure fields 
weree used in the inversions. The corresponding data were transmitted at 15 minutes interval, 
spanningg the total duration of the 2 km experiment (about 8 hours). The figure clearly shows 
thee variability in the received acoustic fields. The set of data considered in this paper is thus 
suitablee for the purpose of investigating the contribution of water column variability to 
uncertaintiess in the parameter estimates. Note that the variability in the received signals 
increasess with increasing frequency. 

2000 H z 30 0 H z 40 0 H z 60 0 H z 

Fig.. 2 Absolute values of the measured pressure fields as a function of UTC time for the frequencies 200, 
300,4000 and 600 Hz. 
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Alsoo illustrative is to determine a quantitative measure for the variability in the received 
signals.. For this quantitative measure My we have used the correlation between pressure fields 
p,, and p, 

MM„„  =P , -P, (1) ) 

withh " indicating the inner product and "* " denoting the complex conjugate. The pressure 
fieldsfields pj and p, are normalized such that their norm equals one, i.e., ||p,|| = p; = 1. Figure 3 

shows,, for the four frequencies, the correlation for all possible combinations of received 
pressuree fields. Note that along the diagonal a pressure field is correlated with itself, resulting 
inn a value of one for the correlation. Moving away from the diagonal shows, on the whole, a 
decreasee in correlation, as moving away from the diagonal corresponds to an increase in time 
spann between two transmissions. As with Fig. 2, also Fig. 3 clearly shows increasing 
variabilityy with increasing frequency. Since the signal to noise ratio was high (at least 20 dB), 
thee structure seen in Fig. 3 at 300 Hz and higher must be due to variations in oceanographic 
conditionss and possible variations in the tilt of the vertical array (see Section 6.4.1.3). 
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Fig.. 3 The quantitative measure M,; (Eq. (1)) for the variability in received signals for the 4 frequencies. 

6.2.2 2 Oceann environmental measurements 

6.2.2.11 CTD measurements 
Fromm the NRV Alliance a few CTD casts were taken. Figure 4 shows the corresponding sound 
speedd profiles (ssp). From this figure it can be seen that there is a minor sound speed variation 
overr the water depth (1509-1513 m/s). The ssp plotted as a solid line corresponds to the CTD 
takenn 17 minutes prior to the 2 km fixed geometry experiment. No further CTD casts were 
carriedd out from Alliance during this experiment. 
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Fig.. 4 Sound speed profiles as derived from the CTD casts from NRV Alliance. 

6.2.2.22 CTD-chain measurements 
Duringg the acoustic experiments a CTD-chain was towed back and forth over the acoustic 
trackk by the Italian Navy Ship (INS) Ciclope, see Fig. 1. From the CTD-chain measurements 
thee sound speed as a function of depth in the water column was determined along the acoustic 
track.. The tracks along which the CTD-chain measurements were done have a length of about 
8.88 km. Figure 5 presents the water sound speeds, calculated from the CTD-chain 
measurementss that were carried out during the time slot of the 2 km fixed geometry 
experiment.. In order to provide a complete impression of the oceanographic variability 
encounteredd during the experiment, we present the CTD-chain data for the full 8.8 km track. 
Thee 2 km acoustic track is indicated in the figures by the vertical solid lines. As the tow ship 
iss moving, both time and position are different for succeeding CTD-chain measurements. 
Hence,, these figures do not represent time frozen sound speed structures that can be used 
directlyy as input to a (range-dependent) acoustic model. They are indicative of the amount of 
soundd speed variability in the water column. Sound speed realizations will be selected from 
thesee CTD-chain data to simulate the effect of this oceanographic variability on inversion 
resultss (see Section 6.4.2). 
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Fig.. 5 Sound speed (in m/s) as a function of longitude and time as derived from the CTD-chain 
measurementss made during the 2 km fixed geometry experiment. The vertical lines indicate the 
positionn of the source (S) and the vertical array (VA) for this experiment. The total horizontal axis 
correspondss to about 8.8 km. 

6.2.2.33 Seismic measurements 
AA seismic survey was carried out at the experimental site. In total 5 tracks were covered in the 
areaa around the acoustic track. Figure 6 shows the tracks that were sailed during the survey. 
Ass can be seen, the seismic survey covers the full acoustic track (up to 10 km source/receiver 
distance).. The survey was carried out prior to the acoustic measurements and covers an area 
off  12 by 2 km. Within this area we have selected the acoustic track such that the range-
dependencee in both bathymetry and bottom properties (as derived from the seismic 
measurements)) is minimal. This is because the main scientific issue of this paper is to assess 
thee influence of variability in the water column on the geo-acoustic parameter estimates. In 
thee figure also the position of the VA for the different experiments, the source position and 
thee position of the waverider are indicated. 
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Fig.. 6 The tracks sailed during the seismic survey. Note that the vertical distance between the five legs is 
onlyy 0.5 km. The positions of the vertical array (VA) are denoted by squares, the source tower (S) 
positionn by a circle and a star denotes the waverider (WR) position. 

Usee was made of a boomer type sound source and the signals were received on a multi-
channell  seismic streamer. The streamer comprised eight groups of hydrophones, i.e., eight 
channels,, and had a total length of 32 m, a group interval of 4 m and a group length of 3.8 m. 
Usingg a multi-channel receiving array allows for estimating both the layering of the seabed 
andd the sound speeds of the layers. This is a classical seismic technique, which is based on 
differencess in travel time from reflectors in the bottom towards the various channels in the 
streamer. . 

Figuree 7 shows the layering on parts of leg 3 and leg 4 as obtained from the seismic 
measurements.. Some internal structures within the sedimentary cover can be seen. This 
structuree consists of a series of sub-horizontally layers, i.e., the sedimentary deposits are at a 
smalll  angle with the horizontal. In these seismic data there is no clear definition of the 
basement. . 
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Fig.. 7 Bottom layering as derived from seismic measurements on part of leg 3 (upper plot) and part of leg 
44 (lower plot). The variable along the y-axis is depth in meters, whereas position is along the /-axis. 
Forr reference also the longitudes of the source (S) and vertical array (VA) positions are indicated. 

Whenn estimating sound speeds from the seismic data use is made of reflections that 
correspondd to a strong reflector. If there are several strong reflectors in the bottom, then the 
soundd speed as a function of depth can be estimated.' However, with the seismic data 
presentedd here, only one strong reflector could be identified for the majority of the data. 
Therefore,, we only consider layer thicknesses and sound speeds that are estimated for this one 
reflector.. This reflector does not necessarily correspond to the upper layer. Note that the 
estimatedd sound speeds represent a value averaged over the layer thickness. 

Figuress 8 and 9 show the thin layer thicknesses and corresponding thin layer sound speeds 
ass a function of geographical position for the full area of the seismic survey. The results for 
thee full area are presented here as then possible systematic changes in bottom properties can 
bee seen. However, no trends in thin layer thickness are visible. In the area surrounding the 
sourcee and the vertical array, the thin layer thickness ranges from ~2 m to -10 m, i.e., (6  4) 
m/s. . 
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Fig.. 8 Thin layer thickness as a function of geographical position. Stars are used for indicating the source 
(S)) and vertical array (VA) position. 

Ass with the thin layer thickness, no trends can be identified in the thin layer sound speeds 
(seee Fig. 9), except for the somewhat higher sound speeds (> 1620 m/s) at the right side of the 
plot.. Ignoring these high sound speeds, the values range from -1500 m/s to -1600 m/s. Since 
theree is no trend in these sound speeds, we have concluded that this variation is due to errors 
thatt are inherent to the seismic method. A histogram of the sound speed estimates is given in 
Fig.. 10, thereby treating the sound speeds as independent observations of the same quantity. 
Thee histogram contains all sound speed estimates except those higher than 1620 m/s. A 
Gaussiann fit is applied to these data. The mean and standard deviation of the Gaussian curve is 
15522 and 31 m/s, respectively. 
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Fig.. 9 Thin layer sound speed as a function of geographical position. Stars are used for indicating source 
(S)) and vertical array (VA) positions. 
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Fig.. 10 A histogram of the thin layer sound speeds as estimated from the multi-channel seismic analysis. 
Thee black line indicates a Gaussian fit to the histogram. 

6.2.2.4 4 Additionall ocean environmental measurements 
Inn addition to the environmental measurements described above, also bathymetry 
measurements,, waverider measurements and Acoustic Doppler Current Profiler (ADCP) 
measurementss were carried out. 

Thee bathymetry of the trial area was measured with the echosounder of Alliance. There 
wass virtually no variation in water depth along the 2 km track with a depth of 77 m at the 
sourcee position and 79 m at the VA position. 

Thee sea surface wave height spectrum was measured by a waverider. The root-mean-
squaredd wave height during the 2 km experiment was 0.15 m. 

Thee ADCP measurements were collected by two bottom-moored ADCP's and a ship 
mountedd ADCP. The bottom-moored ADCP's were put close to the positions of the VA. 
Tidall  oscillations are found to be the dominant current signals. The ADCP current data are 
usedd for validation of the VA tilt estimates (see Section 6.4.1.3). 

6.3 3 Acousti cc  inversio n metho d 

Forr the forward acoustic model we have applied the standard normal-mode technique.7'8 The 
sedimentt layer and the sub-bottom are treated as fluid layers and the high loss continuous 
eigenvaluee spectrum is ignored. In Section 6.3.1 the objective function to be minimized is 
described.. In Section 6.3.2 we present details on the applied global optimization method, and 
inn Section 6.3.3 we describe the acoustic problem. 

6.3.11 The objective function 

Thee objective (or energy) function gives a quantitative measure for the agreement between the 
calculatedd and measured acoustic fields. We have selected the following objective function E. 
whichh is based on the incoherent multi-frequency Bartlett processor ' 

11 r I • I2 

E{m)E{m) = \-—Y\VobAfk)-Vca,c (/*>m) 
AA /t=l 

(2) ) 
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withh m the vector containing the unknown parameters, K the number of frequencies, "•" 
indicatingg the inner product of the vectors p0bs(fk), the measured pressure field at 
frequencyy fk, and pCalc(fk>m)>  m e pressure field calculated for parameter set m and 
frequencyy y*. Both pressure vectors are normalized such that their norm equals one, i.e., 
IIPo&sl== |Pca/c|= 1 * F r o m previous experience8,10 it is known that using multiple frequencies 
forr the inversion results in more accurate and more realistic parameter estimates compared to 
single-frequencyy inversion. In order to limit the computation time, which increases quadratic 
withh frequency, we have selected a subset of frequencies (200, 300, 400 and 600 Hz) to be 
usedd for the inversions, i.e., K is 4. This covers sufficiently the frequency band transmitted: 
forr a water sound speed of 1500 m/s, the wavelengths corresponding to the frequency subset 
rangee from 7.5 m to 2.5 m. Including 700 Hz would give a shortest wavelength of 2.1 m, 
whichh is only slightly smaller than 2.5 m, but would result in a large increase in computation 
time. . 

Minimizingg the energy function will lead to the parameter set that corresponds to a 

simulatedd pressure field \>calc(fk>m) having maximum similarity with the measured 

pressuree field p0bs(fk)

6.3.22 The geneti c algorith m 

Thee objective function given in the previous section is a function of many unknown variables, 
usuallyy in the order of 10, and with many local optima. Finding the global optimum of such a 
functionn requires global optimization methods such as simulated annealing and genetic 
algorithms.. We have applied a genetic algorithm (GA) for finding the minimum of the 
objectivee function. The application of a GA in underwater acoustics was introduced by 
Gerstoft.111 Specifics about the GA applied here can be found in previous work.8 The basic 
principlee of a GA is summarized below. 

Firstt an initial population, consisting of q possible solutions to the problem, is created 
randomly.. This population is the so-called first generation. Out of this initial population 
elementss are selected for establishing a parental population. The selection is such that the 
mostt fit members of the initial population, i.e., those with the lowest value for the objective 
function,, have the highest probability of being selected. The elements of the parental 
populationn are converted to encoded form such that the numerical values are represented by a 
stringg of zeros and ones (bits). This string is called a chromosome and the different parts on 
thee chromosome, that all represent a particular parameter, are called the genes. By applying 
thee operators crossover and mutation to the elements of the parental population, a new 
population,, denoted by children population, is created. The crossover operator results, for 
eachh gene, in an exchange between two parents of a (random) fragment of the gene. Crossover 
occurss with crossover probability pc. Mutation results in a change of a single bit and occurs 
withh mutation probability pm. 

AA next generation is created by replacing t h e / ^ least fit members of the first generation 
byy fr q members of the children population. The latter are selected at random. fr is called the 
reproductionn size (0<fr <1) and is an important parameter of the GA to be set.8 We have taken 
qq = 64, fr = 0.5,pc = 0.8 andpm = 0.05. 

Byy repeating the above-described process, the successive generations become increasingly 
fit.fit. This process is continued until the optimization process has converged. Convergence is 
establishedd by taking at least 400 generations, resulting in 12832 forward acoustic model runs 
perr frequency. For better exploitation of the search space around the global optimum and for 
diminishingg the risk of ending up in a local minimum, 5 independent GA runs are carried out 
(i.e.,, 12832x5x4 = 256640 forward runs per pressure field). As we have selected a population 
sizee q of 64, each set of 5 GA runs ends up with 320 parameter sets. From these parameter 
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sets,, the one that corresponds to the lowest energy function value is selected. This parameter 
sett is denoted by GAbest and is taken to be the solution of the optimization. 

6.3.33 The acoustic problem 

Ass mentioned in the introduction an important application of MFI is geo-acoustic parameter 
estimation.. However, in general, other parameters also need to be optimized as they have an 
importantt influence on the propagation, but are not known accurately enough. In this section 
thee parameters included in the inversion are discussed. 

Sincee the bathymetry along the 2 km acoustic track was found to be fairly range-
independentt (Section 6.2.2.4) we assume a constant water depth. Due to slight variations in 
waterr depth and offsets in the echosounder measurements the water depth Hw is not known 
exactlyy and has to be included in the optimization. 

Thee geo-acoustic model selected consists of a single sediment layer with thickness hxel/, 
overlyingg a homogeneous sub-bottom. Justification for the single sediment layer assumption 
iss obtained from literature.1 Here it was found that inversions of synthetic data, calculated for 
aa multi-layer bottom, and using a two-layer model for the forward calculations, resulted in 
propertiess of the two-layer bottom that fitted the properties of the actual multi-layer model 
reasonablyy well. 

Thee sediment compressional wave speed is assumed to vary linearly with depth from C/..«?tf 
att the top of the sediment to C2.sed at the bottom of the sediment, and to have a constant value 
CbCb in the sub-bottom. The attenuation constant a and density p are taken depth-independent 
throughh both the sediment and the sub-bottom. Shear is not taken into account. Shear speed 
effectss and the justification for not including it in the inversion are discussed in Section 
6.4.1.1. . 

Duee to irregularities at the sea bottom the depth of the array is not known precisely. 
Further,, currents can result in a tilt of the array in some direction. Assuming that the effect of 
aa tilt in the azimuth direction can be accounted for by an effective tilt 0 in the plane of 
propagation,, the array configuration is completely defined by estimating hi, which is the 
distancee of the deepest hydrophone to the bottom, and the array tilt 6. 

Thee source range, rs, and the source depth, here defined by the distance from the source to 
thee bottom A, have a large influence on the acoustic propagation and are not known to the 
requiredd accuracy. The baseline values of rs, A and hi are 2040, 4 and 9.5 m, respectively. 

Inn Fig. 11 the resulting parameterization for the ocean environment and the 11 unknown 
parameterss are shown. The sound speed profile used for the inversions is the sound speed 
profilee that corresponds to the CTD taken from the NRV Alliance on May 2, 12:20 UTC, i.e., 
177 minutes prior to the execution of the experiment (see Fig. 4). 
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Fig.. 11 The parameters to be optimized. 
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Tablee I lists the unknown parameters and their search bounds. 

Tablee I The unknown parameters, their symbols and search bounds. 

Parameter r 
Upperr sediment sound speed (m/s) 
Sedimentt thickness (m) 
Lowerr sediment sound speed (m/s) 
Sub-bottomm sound speed (m/s) 

Symbol l 
Cj.se d d 

hged hged 

C2,sed C2,sed 

Q> > 
Densityy (g/cm") p 
Attenuationn constant (dBfl.) 
Sourcee range (m) 
Distancee source to bottom (m) 
Tiltt (degr) 
Waterr depth (m) 
Distancee lowest hydrophone to bottom (m) 

a a 
rrs s 

A A 

e e 
hi» hi» 
hi hi 

Searchh bounds 
[14755 17001 
[11 251 
[14755 1800] 
[15155 1900] 
[11 2.3] 
[00 1] 
[17000 2500] 
[00 10] 
[-100 10] 
[755 85] 
[7.55 12.5] 

6.4 4 Result ss  and discussio n 

Thee inversion was carried out for 41 pressure fields. These pressure fields were determined 
fromm 2-second snapshots of acoustic data differing in transmission time by approximately 15 
minutess and spanning the entire 2 km experiment (about 8 hours). The absolute values of the 
selectedd pressure fields are plotted in Fig. 2. 

Figuree 12 presents the results of the inversions. For each parameter a plot of the 41 
succeedingg GAbest estimates is given. The lower right subplot shows the corresponding energy 
functionn values. The^-axes ranges of the plots are equal to the search bounds for the unknown 
parameters.. The variable along the x-axes is UTC time. Note the behavior of the GAbest 
energyy function £ as a function of time. This must be due to temporal oceanographic 
variations,, which are not taken into account in the inversions as we use a single sound speed 
profilee for the forward calculations in all inversions. 

Sincee the experimental configuration is stationary, all unknown parameters (except for the 
tilt ,, which might vary due to varying currents) should be constant with time. Therefore, the 
inversionn results can be used for determining the mean and standard deviations for each 
parameter.. Assuming statistically independent observations, also the uncertainty (or error) on 
thee mean (<7m(?a„) and the uncertainty (or error) on the standard deviation {<Jstd) can be 
determinedd by 

std std 

4N 4N 
(3) ) 

0\,ww = 
std std 

withh TV the number of observations (here equal to 41), and std the standard deviation of the N 
observations.. The errors on the mean and standard deviation must be accounted for, since the 
numberr of observations N is quite small (see Section 6.4.1.1). 

Inn Table II the values for the means and standard deviations, and their uncertainties, are 
listed.. Hereafter we further assess the estimates for the different parameters. 
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Fig.. 12 Parameter estimates (GAbest) and corresponding energy function values as obtained from 
inversionss of the experimental data. The horizontal solid lines in 4 of the subplots indicate 
measuredd values, where for the water depth the depth at the vertical array position (79 m) is used. 

Tablee II The means and standard deviations (and their uncertainties) of the inversion results of Fig. 12. The 
lastt column lists for the geometrical parameters the true measured values. 

Parameter r 

Cf.seoo (m/s) 
hsedhsed (m) 
C2,sedd (m/s) 
c66 (m/s) 
PP (g/cm3) 
a(dBIX) a(dBIX) 
Mm) ) 
A(m) A(m) 
H„„ (m) 
Mm) ) 

Meann  (Omean) 

1556.33 (2.3) 
16.499 (0.99) 
1663.11 (7.6) 
1734.66 (11.9) 
1.4055 (0.016) 
0.4822 (0.021) 
21866 (10) 
3.7722 (0.034) 
79.899 (0.18) 
10.000 (0.10) 

Stdd (ostd) 

14.88 (1.6) 
6.366 (0.70) 
48.88 (5.4) 
75.99 (8.4) 
0.1011 (0.011) 
0.1344 (0.015) 
65.33 (7.2) 
0.2155 (0.024) 
1.166 (0.13) 
0.6466 (0.071) 

Truee measured 
values s 

2040 0 
4.0 0 
77-79 9 
9.5 5 
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6.4.11 Assessmen t of the paramete r estimate s 

Fromm the results presented in Fig. 12 and Table II it can be concluded that some parameters 
aree estimated very accurately. The standard deviation of the upper sediment sound speed is 
onlyy 15 m/s, the density is determined with a standard deviation of only 0.1 g/cm3 and the 
distancee of the source to the bottom within 0.2 m. Considering the til t estimates it can be 
concludedd that the tilt is estimated accurately enough to resolve for a trend. In the following 
wee examine the estimates for the different parameters in detail. 

6.4.1.11 Geo-acousti c paramete r estimate s 
Ass mentioned in Section 6.2.2.3 a seismic survey was carried out for obtaining independent 
informationn on bottom layering and bottom sound speeds. According to the seismic analysis 
thee mean sound speed in the upper 6 m of the sediment is (1552  31) m/s. The inverted 
valuess for cised (1556 m/s), hsed (16m) and C2,sed (1663 m/s) give a mean sound speed value of 
15766 m/s over the upper 6 m of sediment. It can thus be concluded that this inversion result is 
inn very good agreement with the seismic measurements. 

Consideringg its large search interval (1.0-2.3 g/cm3), the density is reasonably well 
resolvedd within 0.1 g/cm3 (in agreement with other findings1'11,12). In Fig. 13 sediment sound 
speedd and density values are plotted for different types of continental shelf sediment. In this 
figuree also an empirical curve is shown, giving the relation between (compressional) sediment 
soundd speed cp and density p 

ccpp==  2330.4-1257 p + 487.7p2 3 mis (4) 

Thiss expression has been derived as a fit through a large amount of measurements.13 The 
expressionn is valid for 1520 < cp < 1840 m/s and 1.25 < p < 2.10 g/cm3. 

Thee inverted sediment density (1.41  0.10 g/cm ) and upper sediment sound speed 
(1556.33 m/s) values satisfy the above expression, but it is at the very low end of the brackets 
(seee star in Fig. 13). We feel confident about our estimation of sediment sound speed as it is 
inn agreement with independent seismic measurements and therefore we think the error is on 
thee density. From the expression given above, and taking into account the error of 33 m/s, the 
invertedd sediment sound speed should correspond to a density of 1.56 + 0.12 g/cm , instead of 
thee optimized density of 1.41 g/cm3. 
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Fig.. 13 Sound speeds and densities for continental shelf sediments. Also plotted is an empirical curve that 
givess the relation between sediment sound speed and density.13 The star indicates the inversion 
result. . 

Thiss deviation can be an indication for the presence of shear waves, as neglecting the effect 
off  shear is accounted for by an effective density.14'15 This is expressed through the following 
relationn between actual density p, shear speed cs and an effective density pejj 

1-2 2 
(( \ 

c c (5) ) 

withh cw the sound speed in the water. Employing this expression, a sediment density of 1.56
0.122 g/cm and an effective sediment density of 1.405+ 0.101 g/cm3 are found to correspond 
too a shear speed of 241  121 m/s. This basically means that shear cannot be inverted for as 
thee presence of shear results in an effective density. This is illustrated in Figs. 14-15 where 
thee complex reflection coefficient7 is plotted as a function of incident grazing angle for 
homogeneouss bottoms with a compressional wave speed of 1556.3 m/s and attenuation 
constantt of 0.5 dB/A, and with values for the density and the shear speed as listed below. 

BOTTOMM 1: p = 1.56 g/cm3, cs 

BOTTOM2:: p = 1.56 g/cm3, cs 

BOTTOM3:: p = 1.41 g/cm3, cs 

== 0m/s 
== 241 m/s 
== 0m/s 

BOTTOMM 1 is included for illustration: comparing the results for BOTTOM 1 and 
BOTTOM22 shows the influence of shear speeds. The reflection coefficient for BOTTOM2 
andd BOTTOM3 (both the absolute value and the phase shift) virtually coincide, which 
demonstratess that the effect of shear is compensated by a decrease in density as given by Eq. 
(5). . 
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Fig.. 14 Magnitude of the reflection coefficient versus angle for B0TT0M1, B0TT0M2 and B0TT0M3. 
Notee that the curves for BOTTOM2 and BOTTOM3 virtually coincide. 
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Fig.. 15 Phase shift of the reflection coefficient versus angle for B0TT0M1, B0TT0M2 and B0TT0M3. 
Notee that the curves for B0TT0M2 and B0TT0M3 virtually coincide. 

Anotherr method for estimating shear speeds is to apply the following regression 
equation16,, relating shear speed cs (in m/s) to compressional wave speed cp (also in m/s) 

1.137-cc -1485 (6) ) 

Thiss equation is valid for 1555 < cp <1650 m/s. 
Fromm this equation a shear speed value of 285  17 m/s is calculated for a compressional 

wavee speed of (1556.3  14.8) m/s. The two derived values for the shear speed, viz. 241  121 
m/ss and 285 + 17 m/s, are in agreement and are therefore considered to be reliable indicative 
estimatess for the sediment shear speed. Note that due to their similar effects on the reflection 
coefficient,, it will not be possible to unambiguously estimate both the density and the shear 
speedd simultaneously through inversion. 

Thee sediment attenuation constant is not well resolved, but remains within the bounds of 
0.255 dB/A. and 0.81 dB/A., corresponding roughly to the values for clay and sand.7 
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Parameterr hxd should be Interpreted carefully. The multi-layer structure of the bottom is 
nott included in the geo-acoustic model. However, from the seismic data analysis we know 
that,, in reality, the sediment has some internal layering and is not made up of a single layer 
(seee Fig. 7). Also, the layer's thicknesses are not independent of range (as assumed in the 
inversions).. hsed represents a breakpoint, setting a depth in the bottom below which the bottom 
iss considered homogeneous and above which it fits the sound speed gradient determined by 
ci,sedci,sed and C2.sed- No independent measurements are available for the sediment thickness hsed 
sincee from the seismic data no clear reflector that marks the boundary between sediment and 
sub-bottomm could be identified. The parameter is highly undetermined, as the optimized 
valuess for hsej comprise nearly the entire search space. From the inversion results we found 
thee two parameters hsed and C2,sed to be strongly correlated. This indicates that these parameters 
doo have an influence on the propagation, but that they cannot be estimated separately. 
Parameterr correlation is illustrated in Fig. 16 in which the 41 final parameter estimates are 
plottedd against each other. Ten parameter combinations with strong coupling are shown here. 

1800 0 

1600 0 

Fig.. 16 Final parameter estimates plotted against each other for 10 parameter combinations with strong 
coupling. . 

Itt is clearly observed from this figure that some parameters, such as hsej and c2,Sed, are 
highlyy correlated. Avoiding parameter coupling possibly requires a completely different 
parameterizationn of the environment11'17'18'1 (e.g. inverting for the sediment sound speed 
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gradientt and hsej, instead of hsed and C2,sed)- The full parameter coupling of the inversion 
problemm is illustrated in Fig. 17, which shows the magnitude of the linear correlation 
coefficientt calculated for all combinations of parameter estimates. It is emphasized that these 
calculatedd values for the linear correlation coefficient are based on a fairly limited number of 
dataa pairs (41), i.e., also the statistical significance of each of the correlation coefficient 
valuess was determined. The stars in Fig. 17 indicate for which parameter combination the 
confidencee of the calculated correlation coefficient exceeds 95%. For instance, the 
correlationn coefficient between A and /ƒ„  is 0.34 with a confidence of 96.9%, i.e.. there is a 
probabilityy of 3.1% that the observed correlation can occur between two random 
(uncorrelated)) data sequences of length 41. Correlation coefficients greater than 0.5 have a 
confidencee of at least 99.98%. The advantage of re-parameterization of the environment in 
thiss specific inversion problem is subject to further research. 

C1,sedd hsed C2,sed cb P a 's A 9 H w ^ 

Fig.. 17 The correlation coefficient for all parameter combinations. 

6.4.1.22 Array tilt estimates 
Fromm the parameter estimates as a function of time as shown in Fig. 12 it can be seen that 
theree is a trend in the estimates for the VA tilt. This trend should correspond to some similar 
trendd in the currents close to the VA. The VA and the source are at nearly equal latitudes and 
wee consider array tilt along the acoustic track. Therefore we consider only the east/westwards 
directedd currents. In Fig. 18 we have plotted both the estimates for the tilt and the eastward 
componentt of the currents as measured by the bottom moored ADCP at a depth of 27 m. The 
til tt is positive in eastward direction (towards the tower source) and negative westwards (away 
fromm the tower source). This also holds for the currents. It is clear that the current and the tilt 
aree in excellent agreement as they show a very similar trend. This indicates that the inverted 
til tt estimates are reliable. 
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Fig.. 18 Eastward current (thin solid line) and tilt estimates (thick solid line) as a function of UTC time. 

6.4.1.33 Geometrical parameter estimates 
Fromm Fig. 12 and Table II it can be seen that for the geometrical parameters, i.e., rs, A, ƒƒ„, and 
hi,hi, the inverted values are in good agreement with the true values, especially when 
consideringg the uncertainty (standard deviation) in these parameter estimates. The true range, 
beingg 2040 m as calculated from the navigation data, slightly deviates from the mean 
inversionn result. This can be partly ascribed to a difference between the DGPS positions of the 
shipp at the time of source and VA deployment and the final source and VA position. 

Thee water depth, the source range and the distance of the deepest hydrophone to the 
bottomm are strongly correlated (see Fig. 17). This can explain the minor differences between 
truee and inverted values. Neglecting the variations in water depth over the acoustic track in 
thee inversions will result in an effective water depth. It is known that there is a small variation 
inn water depth over the 2 km acoustic track (from 77 at the source to 79 m at the VA). 
Therefore,, the estimates for the geometrical parameters that correspond to the resulting 
effectivee water depth might deviate from their actual values. In the next section it is shown 
thatt also oceanographic variability can result in a shift of geometrical parameter values. 

6.4.22 Assessment of the parameter uncertainties 

Ass mentioned before, there are two main origins for the variations in the parameter estimates. 
Thee first origin is the method itself. The second is oceanographic variability. The contribution 
off  both is determined through simulation and is presented and discussed in this section. Other 
contributionss to the uncertainty can be due to a low signal to noise ratio, e.g. due to noise of 
passingg ships, and wrong parameterization. As the signal to noise ratio was very high its 
contributionn to the uncertainty is negligible. We will demonstrate that the above-mentioned 
twoo main origins can fully explain the obtained parameter uncertainties. Wrong 
parameterizationn will not be considered here. 

Thee contribution of the method to the parameter uncertainty was determined through the 
repetitivee inversion (41 times) of a simulated pressure field, i.e., 41 optimization runs were 
performedd on the same synthetic pressure field. As a genetic algorithm is a Monte Carlo 
searchh method, this approach requires the use of a different random seed for each of these 41 
optimizationn runs. The parameters used for creating this synthetic field are values close to the 
meann parameter values obtained from inversion of the experimental data. This simulation is 
furtherr denoted as SIM1. The results of these inversions can be found in Fig. 19. Also shown 
aree the true values (solid horizontal lines) and the means of the inversion results (dashed 
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horizontall  lines). For all parameters, except for hsed, C2,sed and Cb, the mean values virtually 
coincidee with the true values. In Table III the deviation 8mean of the mean values from the true 
valuess is listed together with the standard deviations. 
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*55 0.005 
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Fig.. 19 Parameter estimates and corresponding values for the energy function (lowest, most right subplot) 
ass obtained from inversions of synthetic data (SIM1). The dashed horizontal lines are the mean 
values,, whereas the solid horizontal lines indicate the true values. 

Inn Fig. 20 the standard deviations of the parameter estimates (std) are plotted, both for the 
experimentall  data inversion results and the simulation. The uncertainties in the standard 
deviationn (as,d), representing the statistical error, are also plotted in the figure as error bars. By 
dividingg both by the appropriate search bounds a direct comparison between parameter 
uncertaintiess can be made. The parameter tilt is not considered as in the experimental 
configurationn the tilt varies, whereas it is constant in the simulation. In the figure also the 
relativee standard deviation for uniformly distributed parameter values (being equal to \Nl2) 
iss plotted (horizontal dashed line). Parameters whose standard deviation divided by the search 
boundd approach this value are badly determined: they have a uniform distribution over the 
entiree search area. From Fig. 20 it can be seen that this is the case for the sediment thickness 
ass determined from the experimental data. It can be concluded that for c2.sed, cb, rs and A, //„ 
andd hi, the uncertainties in the inversion results for the experimental and the synthetic data 
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coincidee within the statistical error. Hence, for these parameters the uncertainties can be 
completelyy ascribed to the method itself. For the remaining parameters the additional 
uncertaintyy should be caused by oceanographic variability. Note, however, that also for these 
parameterss a significant part of the uncertainty stems from the method itself. 

C1,sedd sed C2,sed 

Fig.. 20 The standard deviations and their statistical errors divided by the appropriate search bounds, for all 
parameterss except for the tilt, for both the experimental data and simulated data. The horizontal 
dashedd line indicates the relative standard deviation for a uniform distribution (1/V12). 

Fromm the CTD-chain measurements it is known that the sound speed profile varies with 
timee (and range). For investigating the effect of these variations on the inversion results we 
havee proceeded as follows: 41 sound speed profiles measured by the CTD-chain were selected 
onn the 2 km acoustic track, i.e., in between 12° 15.588' E (source position) and 12° 14.207' E 
(VAA position). The selected profiles, plotted in Fig. 21, represent realistic oceanographic 
variationss on the 2-km acoustic track. For these 41 sound speed profiles, the corresponding 
pressuree fields were calculated (for the 4 frequencies). For the unknown parameters we have 
takenn the same values as those for SIM1. The spatial structure of the sound velocity field 
betweenn source and receiver is not exactly accounted for in these calculations, as each of the 
411 calculations is still range-independent. 
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soundd speed (m/s) profile number 

Fig.. 21 The sound speed profiles for which synthetic pressure fields were calculated. The data are 
obtainedd from the CTD-chain measurements on the 2-km acoustic track. The most left plot shows 
thee mean sound speed profile. 

Thee resulting pressure fields were subsequently inverted. The sound speed profile used for 
thee forward calculations is the mean of all profiles from the CTD-chain data as given in Fig. 
5.. This mean profile, also shown in Fig. 21, is obtained by simply taking the mean of all 
soundd speeds at each depth. This simulation is further denoted as SIM2. 

Inn Fig. 22 the resulting parameter estimates can be found. Also plotted are the true values 
(solidd lines) and the means of all 41 estimates (dashed lines). The bottom, most right subplot 
showss the corresponding lowest energy function values. As for SIM1, Table III lists the 
deviationn 8mean of the mean parameter estimates from the true values. Also given are the 
standardd deviations. 

Fromm the results presented in Fig. 22 and Table III several conclusions can be drawn. 
Introducingg oceanographic variability can result in a shift of parameter estimates. A more 
importantt effect of the oceanographic variability is an increase in the standard deviation for 
somee parameters. This is illustrated in Fig. 23. Variability in the water column has resulted in 
aa statistically significant increase of the standard deviation for the parameters cj,sed, p and A 
(comparee with Fig. 20). From this figure it can also be seen that now we have almost 
completelyy explained the uncertainty for all parameters. For hsed and p the experimental data 
stilll  show a statistically significant larger standard deviation compared to the simulations. 
Thiss might be due to mismatch: in SIM2 the geo-acoustic model assumed is per definition 
correct.. This is not true for the inversions of experimental data as, for example, we have 
assumedd a single layer sediment. Further we have assumed the density and attenuation to be 
constantt throughout the bottom, which is probably not true in reality. 
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Fig.. 22 SIM2 results: Parameter estimates and corresponding values for the energy function (lowest, most 
rightt subplot). Plotted as dashed lines are the means of the parameter values. The solid lines 
indicatee the true values. 
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Fig.. 23 The standard deviations and their statistical errors divided by the appropriate search bounds, for all 
parameterss except for the tilt, for both the experimental data and for simulation SIM2. The 
horizontall dashed line indicates the relative standard deviation for a uniform distribution (1/V12). 

Tablee III The deviation of the mean values from the true values (5mean) and the standard deviation (Std) 
obtainedd for the two simulations. The last column lists the standard deviation for the experimental 
dataa inversions. The statistical errors on Smean and Std are given in parentheses. 

Parameter r 

Ol,sedOl,sed ( m / S ) 

hsedhsed (m) 

C2,sedC2,sed (mlS) 

ccbb (mis) 

P P 

aa (dB/A.) 

r8(m) ) 

A(m) A(m) 

ö(degr) ) 

H„(m) ) 

M m ) ) 

True e 

1588.9 9 

15.2 2 

1650.4 4 

1698 8 

1.292 2 

0.724 4 

2168 8 

4.63 3 

0.024 4 

80.35 5 

10.42 2 

SIM1 1 

Ömeann (<?mean) 

-2.8 8 
(1.7) ) 
2.88 8 
(0.70) ) 
24.9 9 
(6.5) ) 
84 4 
(13) ) 
-0.0154 4 
(0.0065) ) 
-0.018 8 
(0.016) ) 
-7.4 4 
(9.5) ) 
-0.004 4 
(0.028) ) 
-0.0250 0 
(0.0062) ) 
-0.16 6 
(0.17) ) 
-0.104 4 
(0.091) ) 

Stdd (astd) 

10.7 7 
(1.2) ) 
4.46 6 
(0.49) ) 
41.8 8 
(4.6) ) 
81.4 4 
(9.0) ) 
0.0418 8 
(0.0046) ) 
0.105 5 
(0.012) ) 
60.7 7 
(6-7) ) 
0.177 7 
(0.020) ) 
0.0397 7 
(0.0044) ) 
1.12 2 
(0.12) ) 
0.585 5 
(0.065) ) 

SIM2 2 

Omeann (Gmean) 

-12.9 9 
(2.5) ) 
2.49 9 
(0.80) ) 
36.9 9 
(7.2) ) 
75 5 
(13) ) 
0.004 4 
(0.012) ) 
-0.123 3 
(0.020) ) 
-11.3 3 
(9.3) ) 
-0.190 0 
(0.041) ) 
-0.0192 2 
(0.0078) ) 
-0.36 6 
(0.18) ) 
-0.39 9 
(0.11) ) 

Stdd (cstd) 

16.0 0 
(1.8) ) 
5.09 9 
(0.56) ) 
46.4 4 
(5.1) ) 
81.2 2 
(9.0) ) 
0.0777 7 
(0.0086) ) 
0.128 8 
(0.014) ) 
59.3 3 
(6.6) ) 
0.260 0 
(0.029) ) 
0.0498 8 
(0.0055) ) 
1.15 5 
(013) ) 
0.693 3 
(0.077) ) 

EXP P 

Stdd (Cstd) 

14.8 8 
(1.6) ) 
6.36 6 
(0.70) ) 
48.8 8 
(5.4) ) 
75.9 9 
(8.4) ) 
0.101 1 
(0.011) ) 
0.134 4 
(0.015) ) 
65.3 3 
(7.2) ) 
0.215 5 
(0.024) ) 
0.419 9 
(0.046) ) 
1.16 6 
(013) ) 
0.646 6 
(0.071) ) 
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6.55 Summar y and conclusion s 

Inn this paper we reported matched field inversion (MFI) results of multi-tone shallow water 
acousticc data that were obtained during the ADVENT99 sea trial. The multi-tone data were 
collectedd during an experiment with both the source and the receiver at a fixed position. The 
rangee between source and receiver was 2 km. In order to be able to assess the influence of 
oceanographicc variability, the experiment was continued for as long as 8 hours. A genetic 
algorithmm was applied as the global optimization method, whereas a normal-mode model was 
usedd for the forward propagation calculations. The parameters to be inverted, i.e., the 
unknownn parameters, comprise both geo-acoustic and geometric parameters. 

Manyy measurements were carried out for determining parameters of the ocean 
environment.. These parameters are needed as input for the forward acoustic model and to 
obtainn independent information about the unknown parameters (e.g. multi-channel seismic 
measurementss for obtaining estimates of sediment thickness and sediment speed). The third 
objectivee of these environmental measurements is to monitor oceanographic variability. For 
this,, a CTD-chain was towed back and forth over the acoustic track, thereby measuring sound 
speedss as a function of time and position. It was found that many of the unknown parameters 
couldd be estimated very accurately through inversion and that they are in good agreement 
withh the independent measurements. 

Ann important item addressed in this paper is the uncertainty of the parameter estimates. It 
iss shown through simulation that the main part of this uncertainty stems from the method 
itself,, as the optimization does not locate the exact global optimum and many of the 
parameterss are correlated. Simulations including the water column variability, as determined 
formm the CTD-chain measurements, show that for nearly all parameters the remaining 
uncertaintiess can be ascribed to this oceanographic variability. 
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