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Benchmarking of SCARAB volume 
scattering versus OASES volume 
scattering 

Ivar Bratberg, Kevin LePage, Charles 
Holland and Henrik Schmidt 

Executive Summary: SCARAB and OASES are acoustic models designed 
to estimate backscattering from marine sediments over a broad range of fre- 
quencies used for ASW and MCM. The backscattering extension to OASES 
provides more accurate results for fast sediments and sediments with sound 
speed gradients. SCARAB is benchmarked against the new OASES model and 
limitations are identified. 
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Benchmarking of SCARAB volume 
scattering versus OASES volume 
scattering 

Ivar Bratberg, Kevin LePage, Charles 
Holland and Henrik Schmidt 

Abstract: OASES uses wavenumber integration to solve for the backscat- 
tered pressure caused by sound speed and density inhomogeneity scatterers 
in the sediment; SCARAB uses a ray path technique to find the backscat- 
tered intensity. This report compares the two models for a variety of sedi- 
ment backscattering scenarios and identifies situations where the accuracy of 
SCARAB is compromised. 
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Introduction 

O..\SES ant1 % ' A R A B  are two programs used to find t,he propagation of soulltl in 
llorizontally stratified media. St tidies of inlportant properties of sea, sediments arid 
basenlents, have de~rlonstratcd tha t  the  assrrniptiori of hoillogeneo~ls properties a t  
the  sarile dep th  gives a realistic tlescription of t,lle erlviro~llncnt and reduces the  scale 
of the  problem. 

Assurnirlg a corlstaiit gradient of the  square of the  irltiex of refractioli iri each layer in 
coujunctio~i with hon~ogeneous derisity iri the  layer, O.lSES solves t h e  wave ecluation 
exactly for ead i  layer [ I ] .  -4fter sol\irig for all tlie lajers,  a glohal matrix equatioii 
is set tip to solve bountlary contiitions on the  1)orders hetween tlic layers. 

Giver1 the  tlistribrltiorls for speed anct density, 0 - l S E S  makes realizations a l ~ t l  treats 
the  inhornogeneities as  virtual sources. T h e  virtual source strength depends. due 
to  the  perturbatiorl theorj, used, on the  iilcorllirlg fielti and the  realizatioiis of the  
dist,ributions of t,he i ~ l l ~ o ~ l l o ~ e n e i t i e s  ['L]. There is no secondary scattering. which 
means that the  sonntl is scattered only once fro111 a giver] scat teririg setlinlent i~ilio- 
mogeneit y. 

S('AZRAB [3] uses a ray trace niethod ( [ 4 ] ) ,  which traces differcut r a j  paths  of froril 
the  source to  t h e  receiver. 'I'hr main advantage of S('.lRAR is that it is fast: the  
maill disadvantage is that  ~l i lder  certain corltlitiorls it does not calculate the  field 
correctly. 

In O.4SES the  pressure is calculated, u-liereas in SC'.4RIZB t he i~lterisity is calculatetl. 
As t h e  pressure has  phase information. we obtain an interference pattern in OASES 
but not in SC'XR--4R. T h e  ense~nhle  averaged results from OASES are  therefore 
plot tetl to facilitate comparisor~. 

In the  report we address tlie followi~lg ~r la in  themes: 

Benchmarking two-way trarismissiorl loss of S('AAR;\R against O.4SES. 

iblodification of scatterer distribution in SC'XRAB fro111 a Yanlanloto to a 
Turgut represent at  ion. 

Aualyzing the corlsisteiicy I~etween O?ISES and SC'-AR..\B TL pretlictions 
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a Comparison of ~e r fo rmance  of t,he scattering modules. 

Benchmarking the scattering codes for a varieby of scattering scenarios. 
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Transmission loss 

To ensure that  the transmission loss to scatterers in the sediment is the same for 
OASES and SCARAB, we must compare the TL  in the sediment added to T L  from 
the sediment to the source, see (Fig. 1).  OASES measures the TL  as 

SCARAB measures TL  in terms of 

Pl poco 

2.1 Monostatic case 

The environment has two layers, an upper halfspace of water which has no loss, 
and an  acoustic halfspace of sediment. The models are used to calculate the T L  at  
500 Hz from a source 28 In above the sediment-water interface to a vertical array 
of receivers in the bottom a t  700 m range and uice versa (Fig. 1). Seven different 
cases are investigated. As basement properties are equal to the sediment properties, 
there are in effect only two layers, although the scatterers are only situated in the 
sediment. 

The seven cases shown in Table 1 were designed to test features of the transmission 
loss and scatter modules in the OASES and SCARAB codes. Agreement between 
the codes for transmission loss and scattering from slow sediments, fast sediments, 
sediments with and without density contrasts and sediments with sound speed gra- 
dients can all be evaluated with the seven cases. In Cases 1 to 5, (Fig. 2 to Fig. 6),  
there is good agreement between the %way TL in OASES and SCARAB. In Case 6, 
(Fig.7), the SCARAB differs sig~lificantly from the OASES solution. In Case 6 the 
waves in the sediment are upward refracting, and they interfere with waves travel- 
ing downward from the water-sediment interface. OASES predicts this interference 
pattern; SCARAB does not. SCARAB calculates total incoherent intensity and 
therefore has no phase information. OASES calculates the pressure and therefore 
predicts interference patterns. In Case 7 we see that  the results fit quite well until 
a certain depth. 
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Case Number 
1. 
2. 
3. 
4. 
5 .  
6. 
m 
I .  

Density 1 
1.024 
1.024 
1.024 
1.024 
1.024 
1.024 
1.024 

Speed 2 
1455 
1600 
1500 
1600 
1455 
1600-1700 
1455-1555 

Table 1 T h e  table shoc~ls the se tup  for  the  cases used for  benchmarks .  In  all cases 
there  1s attenuation of 0.01 dB//\ / n  the  se t l lment  and  b a s e m e n t .  In all cases the  
source 7s 28 m abolle the  sed7ment  w a t e r  ~ n t e r f n c e .  T h e  certzcal array  con,s-rsts of 51 
recez.cBers spaced a t  1 nx ~ 7 t h  the  centre of the  array  u t  u he lgh t  of 25 m abocle the  
sed7ment -water  ~ n t e r f a c e .  

In Case 7. the propagation is simulated with with the raytrace program ('ASS 151. 
The shadow effect (upper panel of Fig. 9)  starts a t  600 m a t  a depth of 230 m 
and widens out in the depth dimensiorl a t  longer range. The shadow zone is only 
significant for the deepest receivers in the sediment layer a t  the range of 700 m. The 
shadow effect results from tlle lack of an evanescent field in the ray trace methods. 
In the sediment layer there is an esse~ltially linear sound speed gradient and as a 
result tlle rays have circular paths. I11 the basenlent there is no gradient and the 
rays touching the basement with a negative grazing angle (downward propagation), 
will be lost into the basement. Therefore the upper part of the shadow zone is well 
approximated by the circle sllaped path having a grazing angle equal to zero at  the 
sediment-basement interface. We have used OASES to generate a transmission loss 
plot of the same region, see the lower panel of Fig. 9. We can see the shadow zone 
as explained above as fast decay of intensity into the shadow zone. 

By using Snell's law. we can find the range where a ray touches the bottom before 
propagating upwards. For Case 7 we find the incident grazing angle in the water as 

C u, 1,500 0, = arccos - = arccos - = 15.28". 
cb 1555 

For a source height of '28 nl above the sediment-water interface, this corresponds to 
a range in water before hitsting the sea floor of 

T w  = 
2 6  - 2, - 
-- 

2 8 
= 102.5 m .  

tan Q,, tan 15.28" 

For a linear sound speed gradient the sound will propagate along a circular ray path 
in tlle sediment. Thus in t>his case it is possible to calculate the range for the deepest 
diving ray propagating in the sediment, 

rsO = sin QaO R = 548.6m. 
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where 
1455 esO = arccos c(+) = arccos - = 20.7" 

~ ( 2 b u t ~ u r r L )  1555 
and the radius of curvature is 

c ( z )  
R = = 1555m, 

g cos 8 ( z )  

and the gradient g = IS-' This gives the total range from the source to the turning 
point a t  the bottom of the sediment layer of 650 m. At a range of 700 m from the 
source, this ray has a grazing angle upwards: 

which corresponds to an upward movement up of 

A- = (1 - cos 1.84)R = 0.8m. 

This indicates that  there is less than a meter of shadow zone observed in the sediment 
a t  a range of 700 m. Ray traces of the reciprocal situation, with source a t  180 m and 
200 m,  are shown in the upper panels of Fig. 10 and Fig. 11, with corresponding 
contour plots shown in the lower panels of these figures. 

iFrom these results it may be concluded that  SCARAB fails to find the rays after 
their turning point. and thus the disagreement in the two way TL  is not caused by 
a shadow zone. 

2.2 Conclusion for T L  700 m 

The two models give satisfactory results for the isovelocity cases, but  not for the 
gradient case. This is due to a problem in SCARAB caused by its failure to in- 
clude rays having a turning point deeper than the maximum receiver depth. This 
means that  in later volume scattering comparisons between SCARAB and OASES, 
SCARAB is expected to give incorrect results for instances and beams when the bulk 
of the contributing scatterers have been ensonified by upward propagating waves. 
There is better coincidence between the two simulators for slow bottoms than for 
fast bottoms, (Fig. 12). For angles near the critical, the angular resolution of the ray 
trace in SCARAB becomes very low for large ranges. It  is anticipated that  further 
tuning of the ray trace algorithm in SCARAB will eliminate this difficulty. It is also 
anticipated that  SCARAB may be modified to  make better agreement for Cases 6 
and 7 possible. 
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Old and new version o f  the 
scattering kernel in SCARAB 

We have changed the power spectrum representation in the SCARAB code from the 
Yamamoto [6] case to the Turgut[7, 81 case. For low wavenumbers, the Yamamoto 
representation gives large values. Turgut has introduced a constant to limit power 
spectrum values towards infinity for low values of the wavenumber. In three dimen- 
sions the Yamamoto equation has the form: 

where + 2 is the spectral exponent, B is a proportionality constant, A is a non- 
dimensional ratio between an  isotropic correlation length scale I, and the vertical 
correlation length scale l z ,  k, and kg are horizontal wavenumbers and k, is the 
vertical wavenumber and k G [ k , ,  ky , k ; ] .  

The Turgut equation in three dimensions has the form 

where in the isotropic case 

In Turgut's equations p is a proportionality constant, 1, and ly are horizontal cor- 
relation length scales which in the isotropic case give 1.. = Jm = Jm, 1; is 
the vert,ical correlation length scale and 2m is the spectral exponent. 

It  was decided to introduce the Turgut equation in such a way that  it would converge 
towards the Yamamoto equation for large arguments. Thus it is necessary that  the 
spectral exponents in the two equations be the same: 

We rewrite the Turgut equation: 

Report no. changed (Mar 2006): SM-377-UU



This enables us to write an equation for p given P :  

For the values of m = 1.75 we obtain 

The old and the new version of the scattering kernels in SCARAB were tested (Figs. 
13-16). There are only slight differences between the SCARAB predictions of the 
time-angle evolution of sediment scattering for these two spectral representations of 
the scatterer distributions over a broad range of frequencies of interest. 
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Theory versus SCARAB for Case 8 

Case 8 compares SCARAB output with a simple calculation of the backscattered 
intensity from a sediment layer with background properties identical t o  the water 
column. The environment is of uniform density and speed. The incoming intensity 
is calculated as a function of time. We use the definition of differential scattering 
strength to express the scattered intensity a t  a certain distance r from the scatterer 

where SS is the scattering cross section of the inhomogeneities per unit volume as 
a function of grazing angle 6, I, is the incident intensity, r is the distance from the 
source/receiver to the scattering volume V,  and the size of the scattering volume is 

V( t )  = 2ngDcr/2, 

where the pulse length T is one over the bandwidth A R  in Hz 
1 

j -= -  

AR ' 
 from Yamamoto [6], we have a closed form of expression for the scattering cross 
section of sediment volume inhomogeneities as a function of frequency, grazing ange 
and the inhomogeneity power spectrum P,, 

SS(d )  % '27r (1 - e ~ e , ~ ) ~  k : ~ , , ( ~ k ) ,  (21) 
where 7  is one-half the ratio between the rms non-dimensional density perturbation 
n p / p b  and the rms non-dimensional sound speed perturbation &/cb 

The  scattered intensity is then given by 

For the Turgut type power spectrum we have 

where 
(" k;1; + k,?l?. (24) 

The  results, which verify tha t  SCARAB is close to the expected intensity as a 
function of time are shown in Figs. 17 and 18. 
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Simulations of Cases 1 through 7 
with SCARAB and OASES 

In Figs. 19-32 we present the results of comparison between SCARAB and OASES 
for the seven cases shown in Table 1. For each case there are three figures. There 
are two plots of the backscattered field vs angle and time, one each for SCARAB 
and OASES and one backscattered intensity plot showing predictions from the two 
codes superimposed for a nlonostatic source-receiver configuration. 

For fast bottoms, Cases 2, 4 and 6, we see a split in the intensity picture for small 
negative grazing angles, due to  the existence of a critical angle. The secondary 
branch of intensity in OASES is due to near zero degree propagation and return, 
a kind of forced scattering of evanescent waves from the sound field close to  the 
interface. 

The  values in the OASES simulations fluctuate about the SC'ARAB values, due to 
Monte-Carlo averaging of only 16 scattered pressure realizations. To have a better 
impressiorl of intensity levels, an increased number of averages would be required. 
The  good agreement between the two codes for slow bottoms deteriorates for fast 
bottoms and bottoms with gradients. In these cases, the OASES solution is superior 
to the SCARAB solution due to the deficiencies in the field calculation in SC'ARAB 
identified in Section 2 .  
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Conclusion 

Results from simulations of simple environments for SCARAB and for OASES are 
presented. Incoming intensity is shown as a function of time and angle. The  results 
agree for simple slow bottoms, but for fast bottoms, or bottoms with gradients, the 
OASES solution is superior. In SCARAB there are two main limitations: 

The calculation of rays after they reach the turning point 

The lack of calculation of scattering from evatiescent waves. 

The first point can be remedied, the other constitutes a limitation for the power 
spectrum representation of scatterers. 
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Figures 
-- 

Figure 1 Calculation of %way transmission loss. W e  calculate the TL  for a ray 
from the source 28 m above the sediment-water interface to an array of receivers i n  
the sediment at a range of 700 m from the source. Wt also calculate th,e TL the 
opposite direction and add t h e m  to obtazn the 2-way TL. 
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case 1 

Figure 2 Case 1 ,  a slow bottom, c,, = 1455 m/s,pb = 1.024 g/cm3, where the 
incident rays will increase their grazing angle coming in to  the bottom. There i s  n o  
critical angle. 

0 

10 

20- 

30- - 
E - 

40- E - 
D 

5 0 -  
0 - 
n 
5 60-  
a 
0 

m -  

00- 

80-  

100 
90 

1 1 -  , I 
-i 

I I I 1 

2 
$r 

SCARAB - 
0 

OASES * 
0 

8 
D- 

0 

8 
8 
0 

8 
0 

3 * 
0 

8 
0 

0 

0 

0 
- 

0 

0 

8 
0 
0 

- 
6 

I I 1 I 
C L 

100 110 120 130 140 150 160 170 180 190 200 
Two-way TL (dB) 

Report no. changed (Mar 2006): SM-377-UU



Figure 3 Case 2, a fast bottom, c b  = 1600 m/s,pb = 1.024 g/cm3, where the 
incident rays will decrease their grazing angle coming in to  the bottom. There is  a 
critical angle 8, = arccos(1.500/1600) = 20.4", and we can see that for small grazing 
angles, there are some devfations between S C A R A B  and O A S E S .  
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case 3 

3 Figure 4 Case 3, a dense bottom, pb = 2.0 g / c m  ,cb = 1500 m/s, there is n o  
change i n  the angle of the ray and good agreement between S C A R A B  and O A S E S  
at  all depths. 
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case 4 

,,,rJ- - - L  -- . .. + 8 A- 

4n 69 un l o o  120 140 160 180 200 
Two-way TL (dB) 

Figure 5 Case 4 ,  a dense and fast bottom pb = 2.0 g/cm3,cb = 1600 m/s,  where 
the incident rays will decrease their grazing angle coming in to  the bottom. There 
exists a critical angle of 20.4". There i s  good agreement for the deep region of the 
sediment but not  for the shallower part. Th i s  problem is  discussed i n  the text. 
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3 Figure 6 Case 5, slow bottom,pr, = 1.4 g/cm , c b  = 1400 m / s ,  where the incident 
rays will increase their grazing angle coming in to  the bottom. There is  n o  critical 
angle. 
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Figure 7 Case 6, a hard bottom with a linear speed gradient g = I S - ' ,  c(0) = 
1600 m/s,pb = 2.0 .g/crn3 where the incident rays will decrease their grazing angle 
coming into the bottom. OASES results show an interference behavior near the 
sediment-water interface. This is due to the coherent addition of the evanescent and 
upward refracted waves in the sediment. SCARAB does not include evanescent fields 
and it does not calculate interference patterns in any case since it calculates the-field 
in terms of incoherent intensity. 
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case 7 

Figure 8 Case 7, a bottom with a linear speed gradient g = 1s-',c(O) = 
1455 m/s ,pb  = 1.4 .g/cm3. W e  can see that S C A R A B  does not find the solution 
for depths greater than around 50 m. S C A R A B  only finds the rays whos turning 
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point is at a shorter range and at a deeper depth than the receiver. This is con- 
firmed by calculations whichs shows that ray paths having their turning points deeper 
than 50 m in the sediment, has a corresponding range for the turning point less than 
700 m. 
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Kevin-sd100.dat : RAY TRACE ( +I-30 DEG, 1 .  DEG) 

SCARAB OASES BM. Point source. TL - Szz 
F= 500.OHz SD= 100.OM 

0 1 .  

I 

0.5 I 
Range (km) 

Figure 9 Case 7, Upper figure: C A S S  ray tracing, source at 100 m,  we can see 
that there is almost no shadow effect at the range of 700 m. Lower figure: OASES 
T L  contour plot of Case 7. The shadow tone was found to start at range around 600 
m and depth 230 m,  see Fig. 9. For larger ranges, it widens out i n  both directions 
along the z-axis. In the figure this fact is reflected by a strongly decreasing intensity 
in  the same area. 
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Kevin-sdl8O.dat : RAY TRACE ( +/-30 DEG, 1. DEG) 

0.0 0.2 0.4 0.6 0.8 1 .O 
Range (km) 

SCARAB OASES BM. Point source. TL - Szz 
F= 500.OHz SD= 180.0M 

I I 

0.5 
Range (km) 

Figure 10 Case 7, Upper figure: C A S S  ray tracing, source at 180 m .  W e  have 
made this plot to see if there is a shadow zone when sound returns from the sediment 
column at 700 m range and back to the receiver at 100 m depth. W e  see that there is  
n o  shadow zone at range 700 m and depth 100 m i n  the water. Lower figure: O A S E S  
T L  contour plot of Case 7, source at 180 m .  Comparing with the ray trace, we can 
recognize the shadow zone, starting at around 400 m ,  and then widening out mostly 
upwards, but it does not reach the depth of the receiver before a range over 1 lcm. 
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Kevin sd200.dat : RAY TRACE ( +I-30 DEG, I .  DEG) 

0.0 0.2 0.4 0.6. 1 8 
Range (km) 

SCARAB OASES BM. Point source. TL - Szz 

- 
0.5 

Range (km) 

Figure 11 Case 7, upper figure: CASS ray tracing, source at 200 m. W e  have 
made this plot of the same reasons as the previous figure, but at another depth. Still 
we see no shadow zone at a range of 700 m and depth of 100 m i n  the water. Lower 
figure: OASES TL contour plot of Case 7, source at 200 m .  Comparing with the 
ray trace, we can recognize the shadow zone starting at around 400 m widening out  
mostly uptuards for larger ranges, but it does not reach the depth of the receiver before 
reaching a range of around 900 m. 
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Sea 

Figure 12 Illustration of low angle resolution for a ray path finder near a critical 
angle. A s  the critical angle i s  approached, the grazing angle i n  the bottom is  more 
poorly resolved. A t  large ranges f r o m  the "insertion point7' of critical grazing angle 
energy, the ray trace program has a low resolution i n  the depth direction i n  the 
sediment.  
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Scarab w~th Yarnarnoto flIe=YAMTUY2, 200 Hz 

""I 
0.1 02 03 0.4 0.5 0.6 

lirm 

Figure 13 l b n ~ a n l o t o  r~pperrrlost czntl Turgut  beneath,  f , .  = 2OOHz. I ,  = 5 m ,  I, = 

5 111. The f i g u r t s  looX, ( ,erg strnilar. 
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0.1 0.2 0.2 " " a  v.u v . i  " 0  ",rr 1 
flme 

Scarab wlth Turgut. YAMTUT3 500 Hz 

Figure 14 Ikmarr1oto l~ppcrnzos t  and  T l ~ r g u t  b t n c o t h ,  J ,  = 200 Hz, l ,  = 10 rn, 1, = 
5 m.  The figures look ( $ c r y  s7/nllar. 
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Scarab w~th Yarnamoto,Lle=YAMTUY5. 2000 Hz 

Figure 15 Yamamoto uppermost and Turgut beneath, f, = 2 kHz,& = 5 m, 1, = 
5 m. The  figures look very similar. 
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arab 

time 
Scarab w~th Turgut, Y "  - -  Hz 

Figure 16 Yamamoto  uppermost and Turgut beneath, f, = 16 kHz, 1, = 5 m, 1, = 
5 m. The figures look very similar. 
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Case 8, comparison of SCARAB to values calculated by hand, gamma=O 

1 i I 1  I - I I I I - 

0.2 - 0.3 0.4- 0.5 0.6 0.7 0.8 0% 1 
T~me In seconds 

Figure 17 Comparzng the Case 8 output from SCARAB (rough curtje) to  the result 
o f  calculatzons b y  Eqns.  22 to 84, y = 0 (smooth curve . )  
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Case 8, comparison of SCARAB to values calculated by hand, gamma=3.5 

-100 - 

0.2 0.3 0.4 0.5 0.6 0.7 
Time in seconds 

Figure 18 Comparing Case 8 output  from S C A R A B  (rough curve )  and calculations 
b y  Eqns. 22 to  24, y = 3.5 (smooth curve.)  
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SCARAB Scenarlo 1 volume scatter 6 c = 1 rnls rms, -,=3 5, lr=10 m. Iz-2 m, frac=3 5  

0  0 .  0 2  0 3  0 4  0 5  0 6  0 7  0 8  0 9  1 
T~me (s) 

OASES Scenar~o 1 volume scatter 6 c=l mls r m y 3  5, lr=l 0  m, lz=2 m, lrac=3 5, bw=20 Hz. 16 averages 

-1 60 

-180 
0 3  0 4  0 5  0 6  0 7  0 8  0 9  1  

Time (s) 

Figure 19 Case 1 ,  -, = 3.5,  Beam-t ime euolution of scattered field as predicted by 
S C A R A B  ( t o p )  and O A S E S  (bottom.) 
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SCARAB vs OASES Scenar~o 1 volume scatter6 c = 1 rnls rms, p3 .5 ,  I,=10 m, 1,=2 m, frac=3.5, bw=20 Hz, 16 averages 
-60 I 1 - SCARAB - OASES 
-70 - 

Figure 20 Case I ,  total scattered intensity as a function of t ime for a 
source/receiver combination deployed 25 m above the sediment-water interface (as 
opposed to 28 m i n  the ray trace eramples i n  the TL  section.) Predictions by 
S C A R A B  are shown i n  red and O A S E S  i n  blue. O A S E S  results have been ensemble 
averaged over 16 sediment scatterer realizations. 
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SCARAB Scenario 2 volume scatter 6 c = 1 mis rms, y=3 5, 1,=10 m, 1,=2 m, frac=3 5 

0 2  i U J  u o  ' , - 
T~me (s) 

T~me (s) 

OASES Scenar~o 2 volume scatter 6 c= l  mis rm-3 5, 1 =1O m, 1 =2 m, frac=3 5, bw=20 Hz 16 averages 

Figure 21 Case 9, 3. = 3.5, Beam- t ime  e ~ ~ o l u t z o n  of scattered field as predicted by 
S C A R A B  ( t o p )  and O A S E S  (bot tom.)  The shallow angle branch seen i n  the O A S E S  
results i s  due to  etlanescent forcing of the sediment volume inhomogeneities near 
the sediment-water interface. Th i s  type of scattering mechanism is  n,ot included i n  
S C A  R A  B.  
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SCARAB vs OASES Scenar~o 2 volume scatter b; c = 1 m/s rms. - ~ 3  5. Ir=10 m, Iz=2 m, frac=3 5, bw=20 Hz, 16 averages 
-60 I , I - SCARAB - OASES 

Figure 22 Case 2, total scattered intensity as a function of t ime  for a 
source/receiz~er combination deployed 25 m above the sediment-water interface. Pre- 
dictions by S C A R A B  are shown in red and O A S E S  i n  blue. Although the forced 
inhomogeneous excitation of the scatterers i s  neglected i n  the S C A R A B  calculation, 
very good agreement betu~een the single phone lezlels for the two codes is  still observed. 
This  is seen to depend o n  the level of attenuation i n  the background sediment, see 
PI. 
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SCARAB Scenario 3 volume scatter 8 c = 1 mis rms y=3 5. Ir=10 m. Iz=2 m, frac=3 5 

0 2  0 3  0 4  0 5  0 6  0 7  0 8  
Time (s) 

OASES Scenario 3 volume scaner 6 c=l  rnls rm-3 5, lr=l 0 m, Iz=2 m, Irac=3 5 bw=20 Hz, 16 aver- 

0 2  0 3  0 4  0 5  0 6  0 7  0 8  
Time (s) 

Figure 23 Case  3, y = 3.5, B e a m - t i m e  ez~olu t ion  of scattered field as  predicted by 
S C A R A B  ( t o p )  and  O A S E S  (bot tom.)  
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SCARAB vs OASES Scenar~o 3 volume scatter 8 c = 1 rnls rms, ' ~ 3  5, lr=10 m, Iz=2 m, frac=3.5. bw=20 Hz, 16 averages 

Tlme (s) 

Figure 24 Case 3, total scattered intensity as a function of t ime for a 
source/receiz~er combination deployed 25 m above the sediment-water interface. Pre- 
dictions by S C A R A B  are shown i n  red and O A S E S  in blue. O A S E S  results have 
been ensemble averaged over 16 sediment scatterer realizations. 
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SCARAB Scenario 4 volume scatter 6 c = 1 m/s rms, y=3 5 ,  Ir=10 m, 1,=2 m, frac=3 5 

T ~ m e  (s) 

OASES Scenar~o 4 volume scatter 6 c=l  m/s r m w 3  5 ,  Ir=l 0  m, 17=2 m, frac=3 5, bw=20 Hz, 16 averages 

- 1 8 0  
0 4  0 5  0 6  0 7  08  0,9 1 

T ~ m e  (s) 

Figure 25 Case 4 ,  7 = 3.5, Beam-t ime evolution of scattered field as predicted 
by S C A R A B  ( top)  and O A S E S  (bottom.) Again the shallow scattering branch as- 
sociated with forced evanescent scattering is  seen i n  the O A S E S  results, as i n  Case 
2. 
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SCARAB vs OASES Scenario 4 volume scatter F c = 1 mls rms, ~ 3 . 5 ,  1 = l o  m, 1 =2 m, frac=3 5, bw=20 HZ, 16 averages 

Figure 26 Case 4 ,  total scattered intensity as a function of t ime for a 
source/receiaer combination deployed 25 m above the sediment-water interface. Pre- 
dictions by S C A R A B  are shown i n  red and O A S E S  i n  blue. A s  i n  Case 2, the 
agreement between O A S E S  and S C A R A B  i s  very good even though S C A R A B  ne-  
glects the ezlanescent scattering branch. 

-60 I I 

-70 

- SCARAB - OASES - - 
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SCARAB Scenario 5 volume scatter 6 c = 1 mls rrns, y=3 5, 1(=10 m, Iz=2 m, frac=3 5 

L 
0 0 1  0 2  0 3  0 4  0.5 0 6  0 7  0 8  0 9  1 

Time (s) 

OASES Scenario 5 volume scatter 6 c=l rnls rrn-3 5, lr=l 0 m, Iz=2 m, frac=3 5, bw=20 Hz 16 averages 

- -1 80 
0 0 1  0 2  0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

Time (s) 

Figure 27 Case 5, y = 3.5, Beam- t ime  evolution of scattered field as predicted b y  
S C A R A B  ( top)  and O A S E S  (bottom.) 
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SCARAB vs OASES Scenar~o 5 volume scatter6 c = 1 mls rms. .(=3.5, 1710 m, Iz=2 m, frae3.5, bw=20 Hz, 16 averages 
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Figure 28 Case 5,  total scattered intensity as a function of t ime for a 
source/receiver combination deployed 25 m above the sediment-water interface. Pre- 
dictions by S C A R A B  are shown i n  red and O A S E S  i n  blue. O A S E S  results have 
been ensemble averaged over 16 sediment scatterer realizations. 
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SCARAB Scenario 6 volume scatter 6 c = 1 m/s rms, y=3 5, 1.=10 m, 1-=2 m, frac=3 5 

C . 0 2  I 3  0 4  0 5  0 6  0 7  0 8  0 9  1 
T~me (s) 

OASES Scenario 6 volume scatter 6 c=l  mis rmsl=3.5, lr=l 0 m, lz=2 m, frac=3 5, bw=20 Hz, 16 averages 
-60 

Time (s) 

Figure 29 Case 6,  -y = 3.5, Beam-t ime evolution of scattered field as predicted by 
S C A R A B  ( top)  and O A S E S  (bottom.) Here the deficiencies of S C A R A B  i n  includ- 
ing scattering from upward propagating rays i s  seen i n  the drop-off after about 0.8 s 
of the scattered returns.  The O A S E S  results show that backscattering continues be- 
yond this t ime .  S C A R A B  also neglects the very shallow scattering branch associated 
with evanescent ensonijication of scatterers near the sediment-water interface. 
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SCARAB vs OASES Scenario 6 volume scatter 6 c = 1 mls rms, ~ 3 . 5 ,  1710 m, lz=2 m, frac=3.5, bw=20 Hz, 16 averages 

Time (s) 

Figure 30 Case 6, total scattered intensity as a function of t ime  for a 
source/receiz~er combination deployed 25 m above the sediment-water interface. Pre- 
dictions by S C A R A B  are shown i n  red and O A S E S  i n  blue. The  drop-off i n  the 
S C A R A B  intensity after 0.8 s i s  artificial and i s  caused by a problem with the inci-  
dent field calculation, as discussed i n  Section 2. 
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SCP-' 1 Scenar~o 7 volume sr 6 c = 1 mls rms. 7=3 5. Ir=10 m, Iz=2 r ' - i - -60 
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OASES Scenar~o 7 volume scaner 6 c=l mls rmw3.5,  lr=10 m. Iz=2 m, frac=3 5,  bw=20 Hz, 16 averag- 
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Figure 31 Case 7,  7 = 3.5, Beam- t ime  evolution of scattered field as predicted by 
S C A R A B  ( top)  and O A S E S  (bottom.) Problems are once again identified with the 
S C A R A B  solution at late t i n e .  
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SCARAB vs OASES Scenar~o 7 volume scatter 6 c = 1 mls rms. .,=3.5, 1 ~ 1 0  m, lz=2 m, frac=3.5. bw=20 Hz, 16 averages 

Figure 32 Case 7, total scattered intensity as a function of t ime  for a 
source/receiver combination deployed 25 m above the sediment-water interface. Pre- 
dict ions by S C A R A B  are shown i n  red and O A S E S  i n  blue. Problems at late t ime  
are associated with the propagation engine i n  SCARAB. 
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