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Chapterr 8 

Inversionn for geo-acoustic bottom parameters and 

thee water column sound speed profileE 

Abstract t 

Thiss paper discusses estimates for geo-acoustic bottom parameters and sound speeds in the 
waterr column obtained through matched field inversion (MFI) of shallow water acoustic data. 
Inn MFI measured acoustic fields are compared with acoustic fields calculated by a 
propagationn model for many sets of parameter combinations. A genetic algorithm was used 
forr solving this optimization problem. The sound speed profile in the water column was 
representedd using empirical orthogonal functions. MFI was applied to multi-tone data (200-
6000 Hz) received at a vertical hydrophone array. The acoustic source was fixed at a range of 2 
km.. For obtaining independent measurements, a CTD-chain was towed along the acoustic 
trackk simultaneously with the acoustic transmissions to monitor oceanographic variations. 
Manyy snapshots of acoustic data received within a period of 8 hours were inverted. The 
resultingg parameter estimates compare well with the independent measurements, i.e., a 
seismicc survey for the geo-acoustic parameters and the CTD-chain data for the inverted water 
columnn profiles. 

8.11 Introductio n 

Matchedd field inversion (MFI) is a technique for obtaining information on unknown 
parameterss that influence the propagation of sound under water. 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 amount of possible parameter 
combinationss is huge and there are many local optima, global optimization methods are 

EE The work described in this chapter was presented in "Inversion for geo-acoustic bottom parameters and the 
waterr column sound speed profile using broadband shallow water data," Proceedings of the Undersea Defence 
Technologyy Conference, Hamburg, 26-28 June, 2001 
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neededd for guiding the search for the set of unknown parameters that results in an optimum 
matchh between both acoustic fields. An important application of MFI is geo-acoustic seabed 
parameterr estimation. Another application of MFI lies in the field of ocean acoustic 
tomography,, where the goal is to obtain information on the sound speeds in the water 
column. . 

Thee analysis presented in this paper deals with acoustic data that were acquired during the 
ADVENT999 MFI sea trial.4,5 This sea trial has been jointly conducted by SACLANT Centre 
andd TNO-FEL on the Adventure Bank, south of Sicily, in April/May 1999. In (Snellen4) 
resultss of inversions of the ADVENT99 acoustic data for both geo-acoustic and geometric 
parameterss are presented. The majority of the unknown parameters could be estimated very 
accuratelyy through inversion and were in good agreement with the independent 
measurements.. The main objective of the analysis presented in this paper is to investigate 
whetherr MFI techniques can also be applied to the ADVENT99 acoustic data for tomographic 
purposes,, i.e., for obtaining information on the sound speeds in the water column. To this end, 
thee sound speed profiles are constructed through the use of empirical orthogonal functions 
(EOFs)) that are efficient basis functions for describing a set of water column sound speed 
profiles.. For investigating how many of the EOFs are needed for a sufficient representation of 
thee water column sound speed profiles, the effect of employing an increasing amount of EOFs 
inn the inversions is investigated. 

8.22 The ADVENT99 experimen t 

Inn this paper we consider data for which the range between source and receiver was about 2 
km.. The position of the source during this experiment was 37° 17.966' N, 12° 15.588' E. The 
receivingg system was positioned at 37° 17.883' N, 12° 14.207' E. This experiment took place 
onn May 2 1999 from 12:37 to 20:17 UTC time. 

Thee source used for the acoustic transmissions was mounted on a tower construction that 
wass moored on the sea bottom for keeping it at a fixed position. The receiving system 
consistedd of a vertical array (VA), containing 64 elements and spanning 62 meters of the 
waterr column. Both low-frequency (200-800 Hz) and high-frequency (800-1600 Hz) multi-
toness and LFM sweeps have been transmitted. In this paper only the low-frequency multi-
toness are considered. 

Duringg the experiment also many non-acoustic measurements have been carried out to 
obtainn information on the ocean environment. These environmental measurements include 
CTDD casts and waverider measurements. The bathymetry of the trial's area was measured 
withh the ship's echosounder, showing virtually no variation in water depth along the 2-km 
trackk (depth 77-79 m). Further, a CTD-chain was towed back and forth along the acoustic 
track.. From the CTD-chain measurements the sound speed as a function of depth in the water 
columnn can be determined along the acoustic track. Since the tow ship was moving, both time 
andd position are different for the succeeding CTD-chain measurements. Also, an extensive 
seismicc survey was carried out, thereby obtaining independent geophysical information on the 
seabed.. Use was made of a boomer type sound source and the signals were received on a 
multi-channell  seismic streamer. Using a multi-channel receiving array allows for estimating, 
besidess the layering of the seabed, also the sound speeds of the different layers. The multi-
channell  seismic data analysis indicated a strong reflector at approximately 6 m depth. The 
soundd speed in this thin layer amounts to (1554  35) m/s.4 
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8.3 3 Empiricall orthogonal functions 

Inn the field of oceanography a technique has been developed for deriving efficient basis 
functionss that completely describe large sets of sound speed profiles.1 These basis functions 
aree called empirical orthogonal functions (EOFs). 

Thee sound speed profiles used for the current EOF analysis are the CTD-chain 
measurements.. Since the tow ship was sailing back and forth along the acoustic track several 
setss (7 in total) of CTD-chain measurements were obtained. For illustration purposes, Fig. 1 
showss the measurements along six of these tracks. 

timee = 14:26-14:41 

12.2555 12.25 12.245 
longitudee (degrees E) 

12.2555 12.25 12245 
longitudee (degrees E) 

Fig.. 1 Sound speed (in m/s) as a function of longitude and depth and time (UTC) as derived from the 
CTD-chainn measurements. The horizontal axes range from the source position to the vertical array 
position. . 

Thee EOFs are the eigenvectors v*  of the covariance matrix R of N sound speed profiles c„ 
(«« = 1 : N), calculated through 

11 A' 
Ac„(z,)2 2 
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K) 
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withh [c„  - c] a column vector. K is the amount of depth points in the sound speed profiles and 

Zk(k=Zk(k= 1: K) denotes the depth in the water. Superscript Tindicates the transposed, c is the 
meann water column sound speed profile, obtained by taking the mean of all sound speeds at 
eachh depth. Ac„  {zk) is the deviation from the mean of sound speed profile c„  at depth zk. 
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Thee first subplot of Fig. 2 shows the eigenvalues of R (divided by the largest eigenvalue). 
Sincee the mean sound speed profile was subtracted from the measured profiles in the 
calculationn of R, its eigenvalues are measures for the amount of variability that is accounted 
forr by the corresponding EOFs. It is seen that the first three eigenvalues are large compared to 
thee remaining eigenvalues. To further investigate this, the cumulative sum of eigenvalues is 
calculated.. The result is shown in the second subplot of Fig. 2 as the cumulative percentage of 
thee total sum of eigenvalues. For the CTD-chain data, the first three eigenvalues are seen to 
accountt for 90 % of the variability. This means that 90 % of the variability in the sound speed 
profiless is represented by the first three EOFs, thereby clearly demonstrating the efficiency of 
thee EOFs as basis functions. 

0.8 8 
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55 0.6 

1,0.4 4 
) ) 

0.2 2 

0 0 Qeoooo&xxxoGocxxxxxxxiücxxxxxiaooaoooooooociljooooooooo&xco Qeoooo&xxxoGocxxxxxxxiücxxxxxiaooaoooooooociljooooooooo&xco 
10 0 20 0 30 0 70 0 

300 40 
eigenvaluee number 

Fig.. 2 Eigenvalues of the covariance matrix R, divided by the largest eigenvalue (upper subplot). The 
lowerr subplot shows the cumulative percentage of the total sum for increasing amount of 
eigenvalues. . 

Figuree 3 shows the EOFs corresponding to the four highest eigenvalues. The EOFs are 
normalizedd such that their norm equals 1. 
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Fig.. 3 The EOFs corresponding to the four highest eigenvalues. The EOFs are normalized such that their 
normm equals 1. 

Eachh of the measured sound speed profiles can be written as a sum over the EOFs v* 

(2) ) 
*=1 1 

Thiss can also be written as 

c„„  = c +Van (3) ) 

withh a„  the n column of the (KxN) matrix that contains the EOF coefficients c&.„, and V the 
(KxK)(KxK) matrix containing the EOFs v*  as columns. The EOF coefficients can then be found 
accordingg to 

oo = V - ' c - c (4) ) 

Inn Eqs. (3) and (4) we have used all EOFs, thereby completely reproducing the original 
soundd speed profiles. However, from Fig. 2 it was concluded that the major part of the 
variabilityy is contained in only a few EOFs. It is therefore legitimate to approximate the sound 
speedd profiles by accounting only for the EOFs that correspond to the large eigenvalues. The 
nn profile is then estimated according to 

cc + 2X" v* * (5) ) 

c„„  is the approximation for the n sound speed profile c„  and v*  (k - 1 : G) are the EOFs 
thatt correspond to the G largest eigenvalues. 

Byy accounting only for the EOFs that correspond to the large eigenvalues, we can optimize 
forr only a few EOF coefficients, instead of having to optimize for all depth points of the 
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soundd speed profile. Since the amount of depth points usually is in the order of a hundred, this 
impliess a significant decrease in the amount of unknown parameters. For the forward acoustic 
calculationss in the inversions we will represent the sound speed profile employing only 1, 2, 
andd 3 EOFs, i.e., G = 1,2 and 3, respectively. 

8.44 The inversion method 

Forr the forward acoustic model calculations a normal-mode model has been applied. Range-
independentt calculations are performed since the water depth along the 2-km acoustic track is 
virtuallyy constant, and we further assumed that both the geo-acoustic parameters and the 
soundd speed profile can be taken constant along the acoustic track. 

AA genetic algorithm is used for the global optimization. The data used for the inversions 
weree transmitted at 15-min intervals and spanned the total duration of the experiment (8 h). 
Thee resulting 41 snapshots of 2 seconds of acoustic data were selected from the received time 
seriess and were fast Fourier transformed into the frequency domain. The energy function to be 
minimizedd is based on the incoherent multi-frequency Bartlett processor , employing the data 
att the frequencies 200, 300, 400 and 600 Hz. 

Inn (Snellen4) results of inversions of the same acoustic data are presented. These inversions 
havee been carried out for in total 11 unknown geo-acoustic and geometric parameters. Figure 
44 shows the model for the ocean environment and the 11 unknown parameters. 
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Fig.. 4 The unknown parameters to be inverted. 

Forr the current analysis we have inverted for the same 11 unknown parameters, plus the 
unknownn parameters of the water column sound speed profile. As mentioned in the previous 
section,, the sound speed profile used for the forward acoustic calculations is represented using 
1,, 2 and 3 EOFs, respectively. These are the EOFs corresponding to the three highest 
eigenvaluess and together they account for 90 % of the variation in the sound speed profiles. 
Thee coefficients of these EOFs are the unknowns that have to be determined through 
inversion.. This gives a total of 12, 13, and 14 unknown parameters, respectively. In the 
followingg we will denote the unknown EOF coefficients as a\, a2 and «3. For example, when 
representingg the water column sound speed profile by 3 EOFs, the water column sound speed 
profilee c is then calculated as 

cc = c + a,v, +a2\2 +a,v (6) ) 
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8.55 Result s 

Ass mentioned in the previous section we have done inversions for 11 geo-acoustic and 
geometricc parameters, and up to three EOF coefficients. 

Figuree 5 shows for 8 of the geo-acoustic and geometric parameters the inversion results as 
aa function of geo-time. We have not shown the results for the remaining 3 geo-acoustic 
parameters,, viz., lower sediment sound speed (c2,sed), sub-bottom sound speed (cf,) and 
sedimentt thickness (hxd), since these could not be determined (see (Snellen ) for details). 
Figuree 6 shows the estimates for ct\ as a function of time, employing 1, 2 and 3 EOF 
coefficientss as unknowns, respectively. Figure 7 shows the estimates for a-i and a^. The ranges 
off  the y-axis of these 3 figures correspond to the parameter search bounds. 

Thee results shown in Fig. 5 are obtained from inversions where only the first EOF 
coefficientt was used as the unknown water column sound speed parameter, i.e., the sound 
speedd profile used for the forward calculations is represented only by the EOF that 
correspondss to the highest eigenvalue. The results of the inversions where the sound speed 
profilee was represented using 2 and 3 EOFs are similar and are therefore not shown. 

Sincee the experimental configuration is stationary, all unknown parameters (except for the 
EOFF coefficients and the array tilt 6, which might vary due to varying currents) should be 
constantt with time. Therefore the inversion results can be used for determining the mean and 
standardd deviation of the 41 estimates for each parameter. Assuming statistically independent 
observations,, also the standard deviation of the mean (ow^) can be determined according to 

std std 
aa-~is-~is (7) 

withh M the number of observations (here equal to 41), and std the standard deviation of the M 
observations.. In Table I at the end of this section, the means of the 41 inversion results and 
theirr corresponding uncertainties are presented. This uncertainty is taken as 2 times Gmean. In 
Tablee I also the means and their uncertainties obtained from the inversions presented in 
(Snellen4)) are presented for each parameter. Since these results were found to be in good 
agreementt with independent measurements, such as the seismic measurements, we will use 
themm for comparison with the current results. For all parameters, except for the density, the 
meanss obtained from inversions with and without including EOF coefficients fall together 
withinn the uncertainty. The estimates for the array tilt obtained from the 2 sets of inversions 
coincide.. It can be concluded that the inclusion of water column sound speed parameters in 
thee inversion does not have a statistically significant influence on the estimates for the geo-
acousticc and geometric parameters, except for the bottom density for which a somewhat 
higher,, though significant, value is obtained. Simulations show that this is not caused by the 
changee in sound speed profile in a direct way. The increase in density must therefore be 
causedd by a shift in the optimum values of the other parameters. However, as mentioned 
above,, the inclusion of water column sound speed parameters in the inversion did not have a 
statisticallyy significant influence on the estimates for the other parameters. Therefore, the shift 
inn the value for the bottom density must be due to a significant shift in a certain combination 
off  parameters. We have not identified the particular combination of parameters that causes the 
shift. . 
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Fig.. 5 Parameter estimates as a function of time obtained from inversions employing 11 geo-acoustic and 
geometricc parameters and 1 EOF coefficient as unknowns. 
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Fig.. 6 Estimates for the coefficient of the first EOF (ai) as a function of time, representing the sound 
speedd profile using 1, 2 and 3 EOFs, respectively. 
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Fig.. 7 Estimates for the coefficients of the second (82) and third EOF (a3). 

Inn order to determine how many EOFs are needed to represent the sound speed profile, we 
havee investigated whether a trend is present in the estimates for the EOF coefficients as a 
functionn of time. This trend then reflects variations with time of the sound speed structure 
alongg the acoustic track. Although there is a difference in the exact behavior of a\ as a 
functionn of time, a similar trend in the a\ estimates can be seen for the 3 different inversions 
byy visual appraisal of Fig. 6. No trend appears to be present in the estimates for «2 and 03. To 
furtherr investigate the existence of trends in the EOF coefficient estimates we have applied a 
strictt mathematical test to the results of Figs. 6 and 7. The basic principal behind this test is to 
fitfit  the data with a polynomial of increasing degree m. For these polynomials, that are fitted to 
thee data in a least squared sense, the measure D for the deviation between fit and data is 
calculated8 8 

D-D-
MM ggit,)-Fit,)-F mm{{tltl)Y )Y 

(M-m) (M-m) 
(8) ) 

withh ag(t,) (g = \:G) the ith estimate (out of M(41)) for the g,h EOF coefficient and Fm(t,) the 
valuee of the polynomial of degree m at time tp If a trend is present in the data, employing 
polynomialss of increasing degree will result in a decrease of D, up to a certain value of m. 
Usingg a polynomial fit  of a higher degree will fit  to the noise on the data, but will not result in 
aa further decrease of D. The resulting plateau value for D is the standard deviation of the 
noise,, viz., arbitrary fluctuations, in the data. 

Figuress 8 and 9 show D as a function of polynomial degree. From Fig. 8 it can be seen that 
indeedd a trend is present in the estimates for a\. This trend becomes less pronounced when 
invertingg for more EOF coefficients. This can be due to the increased amount of unknowns, 
makingg it more difficult to find the global optimum. It can also be the result of correlations 
betweenn the EOF coefficients. As can be seen from Fig. 9 no trends are present in the 
estimatess for «2 and ai, i.e., D starts at the plateau value of the standard deviation of the noise 
onn the data. It is therefore concluded that it is sufficient to represent the sound speed profile 
usingg the first EOF only. Another indication that a single EOF is sufficient for representing 
thee sound speed profile is that the energy function values obtained after the inversion do not 
decreasee when inverting for more coefficients (not shown here). Including more EOF 
coefficientss results in more ambiguity and therefore less pronounced trends, but does not 
enablee a better fit  to the data. 
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Fig.. 8 D as a function of polynomial degree used for the fit of the ai estimates. 
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Fig.. 9 D as a function of polynomial degree used in the fit of the a2 and a3 estimates. 

Inn Fig. 10 the water column sound speed profiles that result from the inversions of the 41 
snapshotss of data are shown. These profiles c(/j) are determined using Eq. (6), but now 
employingg only the first EOF 

c(r,)) = c + a,(r,)vl (9) ) 

Ass expected, since the a\ coefficient shows a trend, also these inverted sound speed 
profiless clearly exhibit a trend. For investigating whether this corresponds to an actual 
variationn with time of the sound speed structure along the acoustic track, a comparison with 
measurementss has to be made. For these measurements we have used the 7 means of the 
CTD-chainn measurements carried out along the 2-km acoustic track, which are shown in Fig. 
11.. Clearly similar trends are seen in both the inverted and measured sound speed profiles. 
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Fig.. 10 Inverted water column sound speed profiles. 
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Fig.. 11 Measured water column sound speed profiles. These are the mean values of CTD-measurements 
alongg the 2-km acoustic track. 
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Tablee I The 11 unknown geometric and geo-acoustic parameters. The third column gives the means and 
uncertaintyy for the results obtained when inverting for the 11 geo-acoustic and geometric 
parameters,, and 1 EOF coefficient. The last (fourth) column gives the means and corresponding 
uncertaintyy for the results presented in (Sneller)4) (no EOF coefficients included). . 

Parameter r 

Upperr sediment sound speed 
Sedimentt thickness 
Lowerr sediment sound speed 
Sub-bottomm sound speed 
Density y 
Attenuationn constant 
Source/receiverr range 
Distancee of source to sea bottom 
Tiltt angle 
Waterr depth 
Distancee of deepest hydrophone to sea bottom 

Symbol l 

Cf.sed d 

h&xt h&xt 

C2,sed C2,sed 

Cb Cb 

P P 
a a 
h h 
A A 

e e 
HHw w 

hi hi 

vnean(2(Jvnean(2(Jmeanmean) ) 

1561.11 (3.8) 
18.2(1.8) ) 
16622 (15) 
1759(24) ) 
1.5200 (0.043) 
0.5055 (0.041) 
21988 (20) 
3.7666 (0.066) 
--
80.122 (0.38) 
9.922 (0.22) 

mean(2<Tmea„) ) 

1556.3(4.6) ) 
16.55 (2.0) 
16633 (15) 
1735(24) ) 
1.405(0.032) ) 
0.4822 (0.042) 
21866 (20) 
3.7722 (0.067) 
--
79.899 (0.36) 
10.00(0.20) ) 

8.66 Summar y and conclusion s 

Inn this paper we have presented matched field inversion results where the unknown 
parameterss comprise of geometric, geo-acoustic, and water column sound speed parameters. 
Thee water column sound speed parameters consist of the coefficients of empirical orthogonal 
functionss (EOFs). Since the EOF analysis of the CTD-chain data showed the first three EOFs 
too describe 90 % of the variation in the sound speed profiles, we have employed up to three 
EOFss for calculating the water column sound speeds used for the forward acoustic model 
calculations. . 

Inclusionn of water column sound speed parameters as unknowns did not result in a shift for 
thee majority of the geo-acoustic and geometric parameters compared to inversions where the 
optimizationn was done for these geo-acoustic and geometric parameters only. The inverted 
parameterss are in good agreement with independent measurements. 

Thee inversions including 1 and 2 EOF coefficients showed a trend (with time) in the 
estimatess for the coefficient a\ of the first EOF. Employing a strict mathematical test clearly 
revealedd this trend in a\ estimates. The trend in a\ estimates becomes debatable when 
employingg 3 EOFs. The test also showed that no trends are present in the estimates for the 
secondd and third EOF coefficient. Therefore we have concluded that for the data considered in 
thiss paper, with a source/receiver distance of 2 km and winter conditions (typical variations of 
~~ 4 m/s in sound speed over the water depth), representing the water column sound speed by 
thee first EOF only is sufficient for describing temporal variations in the water column sound 
speedd profile. 

Forr investigating whether the trend in a\ corresponds to an actual trend in the sound speed 
structuree along the acoustic track, the inverted sound speed profiles have been compared to 
measuredd sound speed profiles. Although the measured sound speed profiles comprise of a 
veryy limited set, the measured and inverted profiles show a similar behavior with time. It can 
thereforee be concluded that matched field inversion techniques can be applied for estimating 
waterr column sound speeds. 
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