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LONG TERM GOALS 

The primary long term objective of this project is to: 

� determine a fast and accurate inversion method to estimate bottom properties in shallow 
water. 

OBJECTIVES 

The objectives of this year’s work (FY11) included: 

� to continue study of a new low frequency (LF) geoacoustic inversion (G.I.) method (Tolstoy, 
’10), particularly the investigation of a new broadband method (the minimization method; 
see Tolstoy, ’12); 

� to apply the LF G.I. method to horizontal arrays in a simulated SW06 environment. 

APPROACH 

For the simulations to follow we shall consider three single sediment layer scenarios (each defined 
by a linear sound-speed profile and constant density) over a half-space (constant sound-speed and 
density) each at multiple (16) frequencies (25 to 100Hz) and multiple (5) ranges (250 to 2075m). 

The “true” environments for these simulations (based on SW06 test scenarios) are shown in Fig.1 
and Table 1 allowing for thin, medium, and thick sediment layers. Consideration of a variety of 
scenarios helps to address concerns that our conclusions, particularly with regard to frequency, are 
very dependent on sediment thickness. For the “exact” inversion processing we shall assume that: 

� the bottom consists of a single linear sediment layer (specified by 
top, ", and hsed, over a 
half-space with sound-speed 
hsp) (parameters will vary depending on the layer thickness 
under consideration; see Table 1); 

� all water depths D will be within 78 to 86m (parameter value will vary depending on the 
layer thickness under consideration; see Table 1); 

� the fixed ranges rge will each be less than about 2km; 
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� the ocean sound-speed 
(Z) will vary with depth only (no inversion on 
(Z); see the solid 
curve in Fig. 1); 

� Zsou 

will be fixed (no inversion done on Zsou); 

� one array will be vertical (VLA) with length 56.25m consisting of 16 phones spaced at 3.75m 
apart with array element localization and the top phone depth at Zph� 

=14.6m. Alternately, 
we may consider a horizontal array (HLA) with length 900m consisting of 19 phones spaced 
at 50m (optimized) with depth Zphi 

=10m (optimized for all i). The “true” arrays have no 
tilt (no inversion done on Zphi). 

thin medium thick 
hsed 

12m 22m 40m 

sed 

1622m/s 1644m/s 1610m/s 
" 2.0/s -4.0/s 0 

hsp 

1806m/s 1856m/s 1900m/s 
Zsou 

29.4m 31.4m 31.2m 
D 78.2m 79.7m 80.8m 

Table 1: Table of geometric and environmental values for the three sediment thicknesses (simu­
lated) considered. hsed 

is the sediment thickness, 
sed 

is the sound-speed at the top of the sedi­
ment, " is the sound-speed gradient in the sediment (sound-speed at the bottom of the sediment is 
given by 
sed 

+ "h sed), 
hsp 

is the sound-speed of the basement half-space, Zsou 

is the source 
depth, and D is the water depth. 

As in the earlier simulation work, we will generate the “true” field using the single depth-variable 
ocean sound-speed profile seen as the solid curve of Fig. 1 (top), and as before we shall continue 
to generate the synthetic acoustic fields via RAMGEO (Collins, ’94). 

As seen last year the LF method performs an exhaustive search through a limited parameter space. 
However, before performing this search we now look closely at parameter sensitivities. An exam­
ple is shown in Fig. 2 where we inspect matched field processing MFP (Tolstoy, ’93) sensitivity 
at the frequencies and ranges mentioned earlier. For this case we note excellent sensitivity to 
hsp 

at 25Hz and increasing range, particularly at 1km and beyond. All other parameters are fixed at 
their exact (true) values. Thus, by studying such behavior we find that for our low frequencies 
(25-75Hz) and close ranges (250 to about 1000m) we will have some excellent sensitivities. 

We also find that higher frequencies and longer ranges can be detrimental to G.I. – even without 
errors anywhere. This has led to the development of a new broadband (BB) signal processing 
method, 'min(f) defined as selecting the minimum MFP value found over the frequencies f 

considered at each set of parameter values. To be more explicit, if we consider the usual linear 
MFP processor behavior at each frequency, and if 'min(f) = 0.8, then all the linear processor 
components have values 0.8 or higher. If we compare the usual BB averaging of frequencies 
versus 'min(f) we find that the new method ignores the lack of sensitivity which may sometimes 
be found at higher frequencies (HFs) while the simple, standard averaging process incorporates the 
lack of sensitivity at off true values (see Fig. 3 as well as the 100Hz versus 25Hz components in 
Fig. 2). Thus, the new minimization method is expected to be more sensitive to parameter values 
(relative to standard incoherent averaging) while still taking advantage of BB and rge variability. 
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Figure 1: Plot of simulated SW06 environment where the upper subplot shows the ocean sound-
speed 
(Z) used in the simulations (the exact and approximate profiles shown), and the lower 
subplot shows the ocean waveguide assuming the linear sound-speed profile in a single sediment 
layer over a half-space basement. Actual bottom parameter values to be found in Table 1. For all 
exact scenarios we will have true Zph� 

= 14.6m and true ranges rge = 265, 480, 780, 980, and 
2075m. 



0.7 

0.7 

SW06 SW06 
thin, exact @ freq = 25Hz 

thin, exact @ freq = 50Hz1 
1 

0.9 0.9 

rge = 265 m 
rge = 480 m 
rge = 780 m 
rge = 980 m 
rge = 2075 m 
true 

1700 1800 1900 2000 2100 
chsp (m/s) 

rge = 265 m 
rge = 480 m 
rge = 780 m 
rge = 980 m 
rge = 2075 m 
true 

1700 1800 1900 2000 2100 
chsp (m/s) 

M
F

P
 v

a
lu

e
M

F
P

 v
a
lu

e
 

M
F

P
 v

a
lu

e
M

F
P

 v
a
lu

e
 

0.8 0.8 

0.7 

0.6 0.6 

SW06 SW06 
thin, exact @ freq = 75Hz thin, exact @ freq = 100Hz 

11 

0.90.9 

rge = 265 m 
rge = 480 m 
rge = 780 m 
rge = 980 m 
rge = 2075 m 
true 

1700 1800 1900 2000 2100 
chsp (m/s) 

rge = 265 m 
rge = 480 m 
rge = 780 m 
rge = 980 m 
rge = 2075 m 
true 

1700 1800 1900 2000 2100 
chsp (m/s) 

0.80.8 

0.7 

0.60.6 

Figure 2: MFP behavior of 
hsp 

as a function of distance (rge) for the thin sediment layer case at 
four frequencies. Upper left: frequency 25 Hz; upper right: frequency 50 Hz; lower left: frequency 
75 Hz; lower right: frequency 100 Hz. The longer ranges and lower frequencies are clearly most 
sensitive. 
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Figure 3: Plots showing averaged and minimization MFP performance for 
hsp� 
 sed, and hsed 

for three sediment conditions. We have assumed all other parameters are known exactly. We note 
the significantly better resolution (in nearly all cases) of the min processor (blue curve plus empty 
circles) vs. the ave processor (black curve plus filled circles). 



We have also considered the effect of expected errors on our sensitivities. In particular, if we 
assume that: 

�	 " = 0 , thus inverting for 
ave 

in the sediment layer; 

� source range rge is known only to within 100m (rge and water depth D are known to be 
linearly related – even broadband processing cannot separate out the “true” values of rge and 
D; see Tolstoy et al., ’02). Thus, we will invert only for D assuming a “known” rge; 

� the ocean sound-speed 
(Z) will be assumed by the dashed (incorrect) curve of Fig. 1; 

�	 Zsou 

will be fixed at 30m (rather than its “true” value which will vary as in Table 1); 

� for the VLA we will assume top phone depth at Zph� 

=15.6m (a shift error of 1m depth for 
all phones). 

In the presence of such errors we now find that locating an accurate peak at the true parameter 
values can sometimes be problematic, especially at the higher frequencies and longer ranges (see 
recent work by Chapman, Dosso, Gerstoft, and Jiang who wrestle with incorporating error analyses 
into their work). Very often this difficulty leads to the inclusion of more parameters in the G.I. 
schemes. However, even this may not be the answer since more parameters make the problem 
much harder as a result of larger dimensions with even more structure, i.e., difficulties, for peak 
location. More unknowns may easily mean more trouble finding a solution in a non-monotonic 
space. 

What happens now to our sensitivity curves? It seems that the lowest frequencies (25-50Hz) are 
not disturbed very much by our errors. However, the higher frequencies 75-100Hz can be quite 
thrown off by even such small errors, and inaccuracies tend to accumulate at all frequencies as rge 
increases. In general, if we restrict our G.I. to frequencies less than 75Hz and rge to about 1km or 
less, then such errors will not severely degrade our LF or the new minimization method while still 
offering excellent sensitivity to our bottom parameters. We also note that improving 
(Z) can go 
a long way toward improving MFP performance (Tolstoy, ’12, Jiang and Chapman, ’09). 

Finally, we have considered HLAs with an interest in eventually performing G.I. with them. In 
Fig. 4 we see that we have potentially even better resolution and sensitivity with HLAs than with 
VLAs (other parameters show similar improvements and variety as a function of frequency). 

Thus, we conclude from this year’s work that (with regard to SW06 scenarios): 

� we need to determine either D or rge for G.I. but not both (even in the presence of expected 
errors); 

�	 we need only determine an average 
sed 

in a sediment layer (we can ignore " at the lower 
frequencies); 

� sensitivity to 
hsp 

is maximized at the lower frequencies; 

� sensitivity to 
sed 

is maximized at the higher frequencies; 

� sensitivity to hsed 

is not monotonic and varies with frequency; 
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Figure 4: MFP behavior of hsed 

for 3 frequencies for the HLA versus the VLA with all other 
parameters known exactly (thin sediment) and rge = 2075m. Upper left: frequency 25 Hz; upper 
right: frequency 50 Hz; lower: frequency 75 Hz. 



� all bottom parameters become more important with increasing rge; 

� small expected errors (such as those in 
(Z) or in source-receiver geometry) can cause major 
problems for G.I. at the higher frequencies and longer ranges; 

� errors in 
(Z) accumulate with range and frequency necessitating their inclusion into G.I. 
methods if frequencies above 100Hz and ranges beyond 1km are to be used; 

� HLAs can offer excellent capabilities for G.I. and show wonderful variety as a function of 
frequency; 

�	 the new minimization method ' min(f ) can offer significant improvement over standard 
incoherent BB averaging for G.I.; 

� the new minimization method is most appropriate for LFs (a degraded frequency component 
such as at a high frequency or long range can severely compromise its results). 

WORK COMPLETED 

Recent work (FY08) completed includes: 

� application of the method to several SW06 scenarios (single sediment layer: thin, medium, 
or thick); 

� examination of the method sensitivity as a function of rge (up to 2km) and frequency (25­
100Hz); 

� examination of the method sensitivity as a function expected errors (in ocean sound-speed 

(Z), source depth Zsou, and in VLA depth Zphi); 

� development of a new BB signal processing method (' min(f )); 

� examination of HLA sensitivity for potential use in G.I. 

RESULTS 

We have a new BB processor ' min(f ) which promises excellent resolution for G.I. at LFs (f 

within 25-75Hz) and at close ranges (within 250m to about 1km), and even in the presence of 
expected test errors. This processor will also indicate when it has trouble (it will show low MFP 
values). Additionally, we see great potential for HLAs in G.I. 

IMPACT/APPLICATION 

As a result of the work this past year we have developed and better understand: 

� the LF G.I. method as applied to a variety of simulated SW06 data, particularly with regard 
to sensitivity for bottom parameters as a function of frequency and range; 

� the effects of expected errors in a SW06 test environment; 



� a new BB inversion method (relative to standard BB incoherent averaging) with demon­
strated success on simulated SW06 data; 

� the potential success of HLAs for G.I. 

RELATED PROJECTS 

The G.I. work is related to work by R. Chapman and colleagues (U. Victoria), D. Knobles and 
colleagues (U. Texas at Austin), W. Hodgkiss and colleagues (Scripps), and other researchers in 
SW06 and shallow water inversion (such as P. Gerstoft, P. Nielsen, C. Harrison). 
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