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BOTTOM BACKSCATTERING STRENGTHS MEASURED 
IN SHALLOW AND DEEP WATER 

 
 

1. INTRODUCTION 
 
For a low-frequency (LF; < 1 kHz) or mid-frequency (MF; 1 to 10 kHz) active sonar, 
echoes from the seafloor, coupled with propagation conditions, can severely limit the 
detectability of returns from features of interest. Acoustic scattering from the seabed can 
be a complex mix of surface roughness and volume heterogeneity contributions, so that 
reverberation levels can vary dramatically with frequency and grazing angle, and with the 
local geology. Hence, making accurate predictions of bottom reverberation and active 
sonar performance will in turn depend on accurately characterizing the acoustic seafloor 
interactions, in particular providing measures/models of bottom loss (BL) and bottom 
scattering strength (BSS) as functions of frequency, grazing angle, and bottom properties. 
This report presents measured LF and MF bottom backscattering strengths that can be of 
use in developing/validating empirical or physics-based BSS models. 
 
The Naval Research Laboratory (NRL) performed LF and MF direct-path bottom 
backscattering strength (BBS) measurements at 105 sites in 6 experiments in 5 distinct 
environments from 1993 to 2005: 
 

• Shallow Water 
o New Jersey Shelf, May 2001 (8 sites) 

 Boundary Characterization 2001 (B2001); 2.5−5 kHz 
o Malta Plateau, 

 April 2002 (8 sites) 
 Boundary Characterization 2002 (B2002); 2−4 kHz 

 May 2004 (29 sites) 
 Boundary Characterization 2004 (B2004); 1.5−4 kHz 

o Stanton Banks, July 2002 (16 sites) 
 The Technical Cooperation Program (TTCP) Multistatic Active 

Sonar Technology 2002 (T-MAST 02); 1.5−3.5 kHz 
o Heceta Bank, July 2005 (25 sites: 22 shallow, 1 intermediate, and 2 deep) 

 Ocean Reverberation Experiment 2005 (OREX-05); 0.6−5 kHz 
 

• Deep Water 
o Scotian Continental Rise, August 1993 (19 sites) 

 Low-Frequency Active 11 (LFA 11); 190−310 Hz 
 
This report summarizes (in the order above) the bottom backscattering strengths derived 
from direct-path, near-monostatic, LF and MF measurements in these experiments, as well 
as empirical power law fits to the MF results (and the relationships between the T-MAST-
02 BBS results and local bottom parameters). Selected other NRL BBS measurements are 
briefly discussed in Sect. 9, and referenced in Sect. 10, of this report. 
_______________
Manuscript approved December 16, 2016. 
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2. DATA PROCESSING 

This section provides a high-level overview of the standard data processing used to derive 
the undersea acoustic BBS values. Details particular to a given experiment are discussed 
in their respective sections. 

The sonar geometries were either quasi-monostatic (LFA-11) in towing mode, or near-
monostatic (the shallow-water measurements) in drifting/moored mode. The bottom 
reverberation from transmitted gated continuous wave (CW) and frequency modulated 
(FM) signals was received on either on a towed horizontal line array (HLA) or a 
drifting/moored vertical line array (VLA). The MF VLA was used in all shallow-water 
experiments consisted of 16 elements spaced at 0.1524 m (6 in); the LF VLA (used in 
OREX-05) consisted of 16 elements spaced at 0.76 m (30 in). The VLA was recently 
recalibrated (2011) so that some of the previous reported VLA BBS measurement values 
need adjustment, such as the T-MAST 02 BBS results of Kunz and Gauss (2005) and Gauss 
et al. (2008)—see Sect. 5 for the revised T-MAST 02 BBS results. Spatially-Hanned 
receiver beams with cosine-spaced main response axes were formed, with the most useful 
returns coming from the aft-looking beams for the HLA, and from the downward-looking 
beams closest to broadside for the VLA. A representative example of the shallow-water 
sonar geometry and reverberation beam-time series are shown in Fig. 2-1. 
 

 
 

Fig. 2-1  − Typical shallow-water sonar geometry (left) and beam reverberation (right). 
 

After beamforming, reverberation time-series curves were obtained for individual pings 
using either spectral processing for the CWs or match filtering for the FM sweeps.  For the 
CW ping data, a uniform window matched to the signal duration was slid over the length 
of each beam time series with either 50% or 90% overlap. The resulting time-series 
segments were then Fourier transformed to obtain power spectra, with reverberation level 
computed by integrating the total received signal power over a narrow frequency band 
centered on the frequency of the transmitted signal. For the FM data, the beam time-series 
data were matched filtered against the transmitted signal replica. The envelope of the 
correlator output was computed. In each case, data calibrations were applied to produce an 
estimate of the received reverberation level in µPa.  
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For each set of CW and FM data, the individual ping responses were temporally aligned 
with respect to signal transmit time, and then linearly averaged to produce a single 
reverberation curve for each beam. 
A raytrace program was then used to calculate the geometric effects unique to each 
measurement (using the in-situ sound-speed profile): 1) transmission-loss terms to and 
from the scattering patch were obtained by separately calculating the geometric spreading 
loss along each ray path; and 2) scattering-patch areas were obtained using computed beam 
patterns and raytraces. The plane-wave calculation assumes the source of the seabed 
scattering is the water-sediment interface; hence, all the measured BBS values shown in 
this report represent effective-surface scattering strengths. 

Finally, the average reverberation curves were combined with these geometric parameters 
and source level to solve the sonar equation for backscattering strength as a function of 
frequency, beam, and grazing angles: 
 

BBS = RL - SL + TLs + TLr – 10 log A 
 
where BBS is the bottom backscattering strength in dB, RL is the measured reverberation 
level in dB re (1µPa)2 at 1 m, SL is the source level in dB re (1µPa)2 at 1 m, TLs is the 
transmission loss from the source to the ensonified patch on the bottom in dB, TLr is the 
transmission loss from the ensonified patch on the bottom to the receiver in dB, and A is 
the area of the ensonified patch in m2. The standard deviations due to ping-to-ping 
variability within the sets of identical transmissions were typically ± 2 to 3 dB. 
 
Empirical Power Law (EPL) Fits.  
 
EPL fits to the measured shallow-water BBS−vs.−grazing-angle curves were additionally 
made to ascertain the suitability of commonly-used frequency-independent EPL curves 
used in reverberation modeling (e.g., Harrison (2003)), namely (for incident and scattered 
grazing angles): 
 

• Mackenzie curve:  ( )1027 10log sin sini sθ θ− +  
 

• Lambert’s law (rule):      ( )1010 log sin sini sµ θ θ  
 

• Lommel-Seeliger:           { }( )10 110 log sin sin / sin sini s i sµ θ θ θ θ+  
 
For our near-monostatic backscattering measurement geometries, the mean grazing angle 

( )0.5 i s iθ θ θ θ= ⋅ +   was used, so, e.g., Lambert’s law becomes ( )2
1010 log sinµ θ , and 

the Lommel-Seeliger law becomes ( )10 110 log 0.5 sinµ θ .  
 
In this report, the EPL model was of the form ( )1010 log sinαµ θ . For the individual site 
curves, the EPL fits were ‘eyeball’ fits to the set of curves using integer powers, whereas 
in the 10log10(μ)−vs.−α plots least-square EPL fits were used. 
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3. B2001 (SHALLOW WATER − NEW JERSEY SHELF) 
 
NRL performed MF direct-path BBS measurements at 8 sites (Figs. 3-1 and 3-2) in May 
2001 on the New Jersey Shelf during the Boundary 2001 experiment. (See Holland et al. 
(2005) for an overview of the B2001 experiment.) This section presents the BBS 
measurements from these sites. 
 
 

 
 

Fig. 3-1 − B2001 BBS measurement and site information (NJ Shelf). 
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Fig. 3-2 − B2001 geographic locations of BBS sites vs. bathymetry. 

 

A. Test Operations 
 
Direct-path, near-monostatic acoustic BBS measurements were conducted from the R/V 
Endeavor using a 16-element VLA receiver cut for 5000 Hz and a single source. 
Measurements were made using combinations of 10-ms gated CW signals at 1.5, 2, 2.5, 3, 
3.5, 4, 4.5, and 5 kHz, and 100-ms LFMs. (The 1.5- and 2-kHz CW, and the LFM results 
are not shown here.)  Each CW signal was repeated 18 times with a rep rate of 5 s. The 
source was a transducer (G81; 191.5 dB peak) that was useable over 2.5 to 5 kHz situated 
4 m above the center of the VLA. The sonar equation was used at each depth to derive 
scattering strengths as a function of site, frequency, and grazing angle. 
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B. Measured Bottom Backscattering Strengths 
 
Figures 3.B-1–3.B-3 show frequency-dependent bottom backscattering strengths measured 
at the 8 B2001 shallow-water sites vs. mean grazing angle. Figure 3.B-4 shows the best 
EPL-curve fit values to the B2001 BBS vs. grazing angle curves. 
 

 
 

Fig. 3.B-1 − B2001 BBS vs. grazing angle at 3 frequencies for all sites (color-coded just to help 
visually separate the 8 sites). (Mackenzie curve (dashed) shown as a reference.) 
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Fig. 3.B-2 − B2001 BBS vs. grazing angle at 6 frequencies for Sites 1, 2, 3, and 4. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 3.B-3 − B2001 BBS vs. grazing angle at multiple frequencies for Sites 5, 6, 7, and 8. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 3.B-4 − Distribution of best EPL-curve fit values to the B2001 BBS vs. grazing angle curves 
at 3 frequencies.   (Mackenzie curve values (gray dot) shown as a reference.) 

 

C. Comparison to Other Data 
 
Fig. 3.C-1 shows BBS vs. grazing angle measured by 3 different resolution systems in the 
vicinity of NRL Site 1 (within 2 km of one another). See Holland et al. (2005) for details. 
 

 
 

Fig. 3.C-1 − Comparison of NRL B2001 Site 1 BBS at 3.5 kHz with near-by measurements by 
ARL-PSU at 3.6 kHz, and DRDC-A at 4 kHz (Holland et al., 2005), along with an EPL fit to all 

the data (dashed). (This updates that paper’s Fig. 17 via NRL’s subsequent receiver recalibration.) 
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4. B2002 AND B2004 (SHALLOW WATER − MALTA PLATEAU) 
 
NRL performed MF direct-path BBS measurements at 8 sites (Figs. 4-1 and 4-3) in April 
2002 on the Malta Plateau (south of Sicily) during the Boundary 2002 experiment, and at 
29 sites (Figs. 4-2 and 4-3) in May 2004 on the Malta Plateau during the Boundary 2004 
experiment. (See Holland et al., (2005) for an overview of the B2002 and B2004 
experiments.) This section presents the 37 BBS measurements from these shallow-water 
sites. 
 
 
 
 
 
 

 
Fig. 4-1 − B2002 BBS measurement and site information (Malta Plateau). 
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Fig. 4-2 − B2004 BBS measurement and site information (Malta Plateau). 
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Fig. 4-3 − B2002 and B2004 geographic locations of BBS sites vs. bathymetry. 

A. Test Operations 
 
Direct-path, near-monostatic acoustic BBS measurements were conducted from the Italian 
Navy ships ITS Vega (B2002) and from ITS Tavolara (B2004) using a 16-element VLA 
receiver cut for 5000 Hz and a single source. Measurements were made using combinations 
of 10-ms gated CW signals at 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 kHz, and 100-ms LFMs. (The 
4.5- and 5-kHz CW, and the LFM results are not shown here.).  Each CW signal was 
repeated 18 times with a rep rate of 5 s. The source was a transducer (ITC 2010) that was 
useable over 2 to 4 kHz with source levels ranging from 177 to 187 dB. (In B2004, the 
source was housed in a metal frame under a v-fin.) 
 
For B2002, the source was usually deployed at two depths at each site.  The shallow depth 
ranged from 20 to 25 m and the deeper depth ranged from 40 to 55 m.  For B2004, the 
receiver was deployed at a single (mid-water) depth, ranging from 40 to 70 m.  In B2002, 
the source was 3 m above the center of the VLA MF aperture, while in B2004, the source 
was 3.5 m above the VLA aperture center.  The sonar equation was used at each depth to 
derive scattering strengths as a function of site, frequency, and grazing angle. 
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B. Measured Bottom Backscattering Strengths 
 

B2002 Results 
 
Figures 4.B-1–4.B-3 show frequency-dependent bottom backscattering strengths measured 
at the 8 B2002 shallow-water sites vs. mean grazing angle.  
 

 
 

Fig. 4.B-1 − B2002 BBS vs. grazing angle at 3 frequencies for all sites (color-coded just to help 
visually separate the 8 sites). (Mackenzie curve (dashed) shown as a reference.) 
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Fig. 4.B-2 − B2002 BBS vs. grazing angle at multiple frequencies for Sites 2, 3, 4, and 5. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 4.B-3 − B2002 BBS vs. grazing angle at multiple frequencies for Sites 6, 7, 8, and 9. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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B2004 Results 
 
Figures 4.B-4–4.B-11 show frequency-dependent bottom backscattering strengths 
measured at the 29 B2004 shallow-water sites vs. mean grazing angle.  
 
 

 
 
Fig. 4.B-4 − B2004 BBS vs. grazing angle at 3 frequencies for all sites (color-coded just to help 

visually separate the 29 sites). (Mackenzie curve (dashed) shown as a reference.) 

 
 



 

    
17 

 
 

 
 

Fig. 4.B-5 − B2004 BBS vs. grazing angle at multiple frequencies for Sites 1, 2, 3, and 5. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 4.B-6 − B2004 BBS vs. grazing angle at 5 frequencies for Sites 6, 7, 8, and 9. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 4.B-7 − B2004 BBS vs. grazing angle at multiple frequencies for Sites 10, 11, 12, and 13. 

(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 4.B-8 − B2004 BBS vs. grazing angle at multiple frequencies for Sites 14, 15, 16, and 17. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 4.B-9 − B2004 BBS vs. grazing angle at multiple frequencies for Sites 18, 19, 20, and 21. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 4.B-10 − B2004 BBS vs. grazing angle at multiple frequencies for Sites 22, 23, 24, and 25. 
(EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 4.B-11 − B2004 BBS vs. grazing angle at multiple frequencies for Sites 26, 27, 28, 29,  
                  and 30.  (EPL curves matched to the data trend (dashed) are also shown.) 
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Combined B2002 and B2004 Results 
 
Figures 4.B-12 and 4.B-13 show the best EPL-curve fit values to the B2002 and B2004 
BBS vs. grazing angle curves. 
 

 
 

Fig. 4.B-12 − Distribution of best EPL-curve fit values to the B2002 (left) and B2004 (right)  
BBS vs. grazing angle curves at 3 frequencies.    

(Mackenzie curve values (gray dot) shown as a reference.) 
 
 

 
 

Fig. 4.B-13 − Distribution of best EPL-curve fit values to the combined B2002 and B2004  
BBS vs. grazing angle curves at 3 frequencies.    

(Mackenzie curve values (gray dot) shown as a reference.) 
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5. T-MAST 02 (SHALLOW WATER − STANTON BANKS) 
 
NRL performed MF direct-path BBS measurements between 9 and 13 July 2002 at 16 sites 
(Figs. 5-1 and 5-2) on the Outer Hebrides Platform and the Stanton Banks (north of Ireland; 
west of Scotland) during the T-MAST 02 experiment.  This section presents the BBS 
measurements from these shallow-water sites. 
 

 
 

Fig. 5-1 − T-MAST02 BBS measurement and site information (Stanton Banks). 
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Fig. 5-2 − Geographic locations of T-MAST-02 BBS measurement (top) and bottom-grab 
(bottom) sites vs. both bathymetry and bottom type. 
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A. Test Operations 
 
Direct-path, near-monostatic acoustic BBS measurements were conducted from the R/V 
Knorr using a 16-element VLA receiver cut for 5000 Hz and a single source. Measurements 
were made using combinations of 10-ms CWs at 8 frequencies (1.5, 2, 2.5, … , 5 kHz) and 
two 100-ms linear frequency modulated (LFM) signals, one sweeping 1.5 to 3 kHz and the 
other sweeping 3 to 4.5 kHz. (The LFM and 4−5 kHz CW results are not shown here.) Each 
CW signal was transmitted 18 times at a rep rate of 3 s.  The T-MAST 02 source was a 
transducer (G81; 192 dB peak) usable over 1.5 to 5 kHz situated 4 m above the center of 
the VLA. Measurements were made at two source depths (30 m and between 50 and 70 m) 
at each site.  The sonar equation was used at each depth to derive bottom backscattering 
strengths as a function of beam, frequency, and grazing angle. 
 
 
 
 
 

B. Measured Bottom Backscattering Strengths 
 
Figures 5.B-1–5.B-5 show frequency-dependent bottom backscattering strengths measured 
at the 16 shallow-water T-MAST-02 sites.  Figure 5.B-6 shows the best EPL-curve fit 
values to the T-MAST-02 BBS vs. grazing angle curves. 
 
In Figs. 5.B-2–5.B-5 British Geological Survey (BGS) bottom type (Fig. 5-2) and bottom-
grab information (Sect. 5.C) also shown, (No grab information for Sites 7, 13 and 17 other 
than they either contained all large rocks or were primarily rocks with little soil.) The BGS 
and bottom-grab (Fig. 5-2) key used in Figs. 5.B-2–5.B-5 is: 
 

R = rock;     SG = sandy gravel;     GS = gravelly sand;     SGS = slightly GS  
S = sand;      MS = muddy sand;      M = mud 

 
Grab info. Surficial grain size provides a measure of surficial sediment properties and  is 
given in logarithmic units by −3.32log

10
(d/d

0
) where d is the mean grain size  (‘diameter’), 

and d
0
 is the reference length of 1 mm. Units are denoted φ (phi). See Sect. 5.C for more 

details. A measure of the width of a sample’s grain-size distribution is given by the sorting, 
which in the T-MAST-02 grain-size analysis was the Inman sorting S. 
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Fig. 5.B-1 − T-MAST-02 BBS vs. grazing angle at 4 frequencies for all sites  
along with individual EPL fits (color-coded just to help visually separate the 16 sites).  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 5.B-2 − T-MAST-02  BBS vs. grazing angle at multiple frequencies for Sites 4, 7, 17, and 
20.  Each site’s BGS-type and grab info shown atop its plot.  

(Mackenzie curve (dotted) shown as a reference.) 
 
 
 



 

    
30 

 
 
 

 
 
 

Fig. 5.B-3 − T-MAST-02  BBS vs. grazing angle at multiple frequencies for Sites 5, 9, 10, and 
11.  Each site’s BGS-type and grab info shown atop its plot.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 5.B-4 − T-MAST-02  BBS vs. grazing angle at 5 frequencies for Sites 14, 15, 19, and 6. 
Each site’s BGS-type and grab info shown atop its plot.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 5.B-5 − T-MAST-02  BBS vs. grazing angle at multiple frequencies for  
Sites 16, 8, 12, and 13.  Each site’s BGS-type and grab info shown atop its plot.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 5.B-6 − Distribution of best EPL-curve fit values to the T-MAST-02 BBS vs. grazing angle 

curves at 3 frequencies.   (Mackenzie curve values (gray dot) shown as a reference.) 
 

 

C. In-Situ Bottom Grabs 
 
Figures 5.C-1–5.C-13 show bottom grab analysis corresponding to 13 of the 16 BBS sites. 
Sites 4, 7, and 17 were all large rocks and not analyzed, and Site 20 consisted of primarily 
rocks with a little soil---these 4 BBS sites did not undergo grain-size analysis; however, a 
grab was made near Site 4 (Fig. 5.C-1), so that is used as a surrogate for Site 4. 
 
Sediment-sample phi values can range from −12 (hard) to 14 (soft); e.g., cobble ranges 
from −6 to −8 φ, and clay from 8 to 14 φ. (See Table 4.1 of Jackson and Richardson, 2007.) 
At high frequencies (10−100 kHz), surficial grain size has been found to be a useful 
sediment descriptor. Geoacoustic relationships have been developed between φ and the 
sediment-water density ratio, sediment sound-speed ratio and loss parameters, and 
sediment spectral parameters. See Jackson and Richardson (2007) for details. However, at 
T-MAST-02 frequencies (1.5−5 kHz), due to deeper acoustic penetration of transmitted 
acoustic energy, it is unclear that surficial grain size will necessarily be a useful seafloor 
descriptor for BBS prediction. 
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Fig. 5.C-1 − Grain-size analysis for bottom grab sample near T-MAST-02 Site 4. 
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Fig. 5.C-2 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 5. 
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Fig. 5.C-3 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 6. 
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Fig. 5.C-4 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 8. 
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Fig. 5.C-5 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 9. 
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Fig. 5.C-6 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 10. 
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Fig. 5.C-7 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 11. 
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Fig. 5.C-8 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 12. 

 
 
 



 

    
42 

 
 
 

 
 
 

Fig. 5.C-9 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 14. 
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Fig. 5.C-10 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 15. 
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Fig. 5.C-11 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 16. 
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Fig. 5.C-12 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 19. 
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Fig. 5.C-13 − Grain-size analysis for bottom grab sample at T-MAST-02 Site 20. 
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D. BBS vs. Grain Size and Bottom Type 
 
Figure 5.D-1 shows EPL fit values at 4 frequencies vs. BGS bottom type and bottom-grab 
grain size corresponding to the 16 T-MAST-02 BBS sites. 
 
 

 
 

 
 

Fig. 5.D-1 − Best EPL-curve fit values vs. BGS bottom type (left) and grain-size (right) for the 16 
T-MAST-02 sites over 4 frequencies.  
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6. OREX-05 (SHALLOW WATER − HECETA BANK) 
 
NRL performed LF and MF direct-path BBS measurements between 16 and 27 July 2005 
at 25 sites (Figs. 6-1 and 6-2) during the OREX 05 experiment, 22 on the Heceta Bank (off 
the Oregon coast), 1 on its western slope, and 2 just off its western slope.  This section 
presents the BBS measurements from these sites. 
 
 

 
 
 

Fig. 6-1 − OREX 2005 geographic location of BBS sites vs. bathymetry. 
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Fig. 6-2 − OREX 2005 BBS measurement and site information (Heceta Bank). 
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A. Test Operations 
 
Direct-path, near-monostatic acoustic BBS measurements were conducted from the R/V 
Wecoma using a vertical line array (VLA) receiver cut for 1000 Hz and 5000 Hz and two 
sources.  There were two VLA apertures: a MF aperture of 16 phones with a 6-inch spacing 
and a LF aperture of 16 phones with a 30-inch spacing.  Measurements were made using 
combinations of 10-ms CWs at 16 frequencies (0.6, 0.8, 1, 1.2, 1.4, 1.5, 1.6, 1.8, 2, 2.2, 
2.5, 3, 3.5, 4, 4.5 and 5 kHz).  Each CW signal was transmitted 18 times at a rep rate of 3 
s.  The OREX-05 sources were a MF transducer (G81; 194 dB peak) usable over 1.5 to 5 
kHz situated 4 m above the center of the VLA and a LF transducer (XF-4; 194 dB peak) 
usable over 0.6 kHz to 2.2 kHz located 10.4 m above the center of the VLA. Measurements 
were made at source depths ranging from 40 m to 80 m at each site.  The sonar equation 
was used at each depth to derive scattering strengths as a function of beam, frequency, and 
grazing angle. 
 
 
 

B. Measured Bottom Backscattering Strengths 
 
Figure 6.B-1 shows BBS vs. mean grazing angle at 3 frequencies for 19 OREX-05 shallow-
water sites. Figures 6.B-2–6.B-14 show bottom backscattering strengths measured at the 
25 OREX-05 sites for up to 16 of the transmitted frequencies: .6, .8, 1, 1.2, 1.4, 1.5, 1.6, 
1.8, 2, 2.2, 2.5, 3, 3.5, 4, 4.5 and 5 kHz; for each sites, the images on the left are the MF 
data results using the G81 source, and those on the right are the data results using the XF-
4 source.  Figure 6.B-15 shows the best EPL-curve fit values to the OREX-05 BBS vs. 
grazing angle curves for the 19 sites shown in Fig. 6.B-1. (See also Kunz and Gauss (2000) 
for LWAD 99-3 Heceta Bank BBS measurement and modeling results.) 
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Fig. 6.B-1 − OREX-05 BBS vs. grazing angle at 3 frequencies for 19 shallow-water sites  
 (color-coded just to help visually separate the sites).  
(Mackenzie curve (dashed) shown as a reference.) 
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Fig. 6.B-2 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 1 and 2. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-3 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 3 and 4. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-4 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 5 and 6. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-5 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 7 and 8. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-6 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 9 and 10. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-7 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 11 and 12. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-8 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 13 and 14. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-9 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 15 and 16. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-10 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 17 and 18. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-11 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 19 and 20. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-12 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 21 and 22. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-13 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  
for Sites 23 and 24. (EPL curves matched to the data trend (dashed) are also shown.) 
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Fig. 6.B-14 − OREX-05 MF (left) and LF (right) BBS vs. grazing angle at multiple frequencies  

for Site 25. (EPL curves matched to the data trend (dashed) are also shown.) 
 
 

 

 
 

 

Fig. 6.B-15 − Distribution of best EPL-curve fit values to OREX-05 BBS vs. grazing angle 
curves at 3 frequencies for the 19 shallow-water sites shown in Fig. 6.B-1.   

 (Mackenzie curve values (gray dot) shown as a reference.) 
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7. CROSS-EXERIMENT EPL-FIT VALUES (SHALLOW WATER) 
 
Figure 7-1 shows the best EPL BBS fit values at 3 frequencies across all the shallow-water 
experiments, showing that the standard Mackenzie curve and Lambert’s law do not match 
the BBS data grazing-angle curves well over moderate grazing angles (~10−40 deg) at MF 
in shallow water.  
 

 

 
 

 
Fig. 7-1 − Distribution of best EPL-curve fit values to BBS vs. grazing angle curves at 3 

frequencies for all the shallow-water sites (B2001, B2002, B2004, T-MAST-02, and OREX-05). 
(Mackenzie curve values (gray dot) shown as a reference.) 
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8.  LFA-11 (DEEP WATER − SCOTIAN CONTINENTAL RISE) 
 
NRL performed LF direct-path BBS measurements between 26 and 31 August 1993 at 19 
sites (Figs. 8-1 and 8-2) on the deeply-sedimented (mostly mud) Scotian Continental Rise 
during the LFA-11 experiment. This section presents the BBS measurements from these 
sites (runs). 

 

            
 

 
 

Fig. 8-1 − LFA-11 BBS site/run (‘Set ID’) information. 
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              Fig. 8-2 − LFA-11 BBS sites (runs) geographically vs. bathymetry. 
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A. Test Operations 
 
Direct-path, quasi-monostatic acoustic BBS LF measurements were conducted under the 
auspices of SPAWAR (PMW 182) from the M/V Cory Chouest using a high-resolution 
HLA and a source with vertical directivity, jointly towed at ~1.5 m/s. Measurements were 
made primarily using combinations of 0.1- and 1-s CWs at 190 and 270 Hz, and 1- and 4-
s HFM sweeps spanning 210-230 and 290-310 Hz.  Each signal was typically transmitted 
7 times at a rep rate of 60 s. Subsets of these signals were repeated at two source steering 
angles to enhance the grazing-angle coverage. The relatively shallow receiver and source 
center depths are listed in Fig. 8.1.  The receiver-look directions used in deriving the BSS 
values were ~130−160°R. The sonar equation was used at each depth to derive scattering 
strengths as a function of beam, frequency, and grazing angle. 
 
 
 

B. Measured Bottom Backscattering Strengths 
 
Figures 8.B-1–8.B-64 show bottom backscattering strengths measured at the 19 LFA-11 
‘Segment 3’ sites/runs (Figs. 8-1 and 8-2) for the above signal combinations. The header 
at the top of each image gives the signal duration and frequency, along with the source-
steering angle. (Generally, the axes limits are the same, but occasionally the x-axis upper 
limit varies, e.g., Site/Run 24.) 
 
The low-frequency BBS oscillations are hypothesized to be a propagation effect due to a 
standing wave being generated between the water-sediment interface and a caustic in the 
very thick sediment (Gauss et al., 1996). The change of depth of the caustic with range is 
responsible for the oscillations with grazing angle; the sediment sound-speed profile drives 
the amplitude. See Holland and Neumann (1998) for a theoretical model of the 
phenomenon with application to CST-5 data at 225 and 930 Hz. See Vogt and Tucholke 
(1986) for details on the geology of the Scotian Continental Rise. 
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Fig. 8.B-1 − Site 20 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals at 
190 Hz and source-steering angles of down 13 (left) and down 24 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-2 − Site 20 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 13 (left) and down 24 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-3 − Site 20 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals at 
270 Hz and source-steering angles of down 13 (left) and down 24 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-4 − Site 20 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 13 (left) and down 24 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-5 − Site 21 LFA-11 BBS vs. grazing angle for 4 signals: 0.1-s CWs (top) at 190 (left) 
and 270 (right) Hz; and 1-s HFMs (bottom) sweeping 210−230 (left) and 290−310 (right) Hz.  

The source-steering angle was down 13 deg.  
(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-6 − Site 22 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals at 
190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-7 − Site 22 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-8 − Site 22 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals at 
270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-9 − Site 22 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-10 − Site 23 LFA-11 BBS vs. grazing angle for 4 signals: 0.1-s CWs (top) at 190 (left) 
and 270 (right) Hz; and 1-s HFMs (bottom) sweeping 210−230 (left) and 290−310 (right) Hz.  

The source-steering angle was down 20 deg.  
(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-11 − Site 24 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-12 − Site 24 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-13 − Site 24 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-14 − Site 24 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-15 − Site 26 LFA-11 BBS vs. grazing angle for 1-s CW signals at 190 Hz and a source-
steering angle of down 20 deg.  (Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-16 − Site 27 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-17 − Site 27 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-18 − Site 27 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-19 − Site 27 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-20 − Site 28 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-21 − Site 28 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-22 − Site 28 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-23 − Site 28 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-24 − Site 29 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
 
 
 
 



 

    
93 

 
 
 
 
 

 
 
 
 

Fig. 8.B-25 − Site 29 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-26 − Site 29 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-27 − Site 29 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-28 − Site 30 LFA-11 BBS vs. grazing angle for 0.1-s 190-Hz CW signals  
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-29 − Site 30 LFA-11 BBS vs. grazing angle for 1-s HFM signals sweeping 210−230 Hz 
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
 
 
 



 

    
98 

 
 
 
 

 
 

 
 
 
 

Fig. 8.B-30 − Site 30 LFA-11 BBS vs. grazing angle for 0.1-s 270-Hz CW signals  
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-31 − Site 30 LFA-11 BBS vs. grazing angle for 1-s HFM signals sweeping 290−310 Hz 
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-32 − Site 31 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-33 − Site 31 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-34 − Site 31 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
 
 
 



 

    
103 

 
 
 

 
 

 
 
 
 

Fig. 8.B-35 − Site 31 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-36 − Site 32 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-37 − Site 32 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-38 − Site 32 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-39 − Site 32 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-40 − Site 33 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-41 − Site 33 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-42 − Site 33 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-43 − Site 33 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-44 − Site 34 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-45 − Site 34 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-46 − Site 34 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-47 − Site 34 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-48 − Site 35 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
 
 



 

    
117 

 
 

 
 

 
 
 
 

Fig. 8.B-49 − Site 35 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-50 − Site 35 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-51 − Site 35 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-52 − Site 36 LFA-11 BBS vs. grazing angle for 0.1-s 190-Hz CW signals  
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-53 − Site 36 LFA-11 BBS vs. grazing angle for 1-s HFM signals sweeping 210−230 Hz 
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-54 − Site 36 LFA-11 BBS vs. grazing angle for 0.1-s 270-Hz CW signals  
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-55 − Site 36 LFA-11 BBS vs. grazing angle for 1-s HFM signals sweeping 290−310 Hz 
and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-56 − Site 37 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-57 − Site 37 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-58 − Site 37 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-59 − Site 37 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (bottom) HFM signals 
sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-60 − Site 38 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 190 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-61 − Site 38 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (middle; bottom) HFM 
signals sweeping 210−230 Hz and source-steering angles of down 20 (left) and down 30 (right) 

deg.   (Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-62 − Site 38 LFA-11 BBS vs. grazing angle for 0.1-s (top) and 1-s (bottom) CW signals 
at 270 Hz and source-steering angles of down 20 (left) and down 30 (right) deg.  

(Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-63 − Site 38 LFA-11 BBS vs. grazing angle for 1-s (top) and 4-s (middle; bottom) HFM 
signals sweeping 290−310 Hz and source-steering angles of down 20 (left) and down 30 (right) 

deg.   (Mackenzie curve (dotted) shown as a reference.) 
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Fig. 8.B-64 − Site 39 LFA-11 BBS vs. grazing angle for 4 signals: 0.1-s CWs (top) at 190 (left) 
and 270 (right) Hz; and 1-s HFMs (bottom) sweeping 210−230 (left) and 290−310 (right) Hz.  

The source-steering angle was down 20 deg.  
(Mackenzie curve (dotted) shown as a reference.) 
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C. Comparison to Other Data 
 
Figure 8.C-1 shows BBS vs. grazing angle measured by different source and resolution 
systems in the vicinity of NRL Site 26 (within 19 km of one another). The non-LFA-11 
measurements are by NRL in 1990 (Davis et al., 1993) and DREA (Canada) (Robison, 
1975). 
 
 

 
 
 

Fig. 8.C-1 − Comparison of NRL LFA-11 Site 26 BBS at 190 and 270 Hz with near-by NRL 
(710-90-5) and Canadian (Robison) SUS-charge measurements, along with the Mackenzie curve 

(dashed).  
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9. OTHER NRL BBS MEASUREMENTS 
 
Other NRL BBS measurements have previously been documented in various reports, in 
particular those during two research programs: the primarily deep-water Critical Sea Test 
(CST) program (1988-1996) of SPAWAR (Zittel et al., 2006), and the primarily shallow-
water Littoral Warfare Advance Development (LWAD) program of ONR. 
 

A.      CST (Deep Water) 
 
The CST BBS data results derive from 68 vertically-bistatic direct-path measurements 
using SUS explosive charges as sources a horizontal line array (HLA) as a receiver made 
during 7 experiments conducted by NRL during the CST program. The frequency range is 
~50–1500 Hz and the grazing-angle range is ~25–55 degrees (corresponding to 
reverberation decay times between the first and second fathometer returns).  
 
These data were obtained in mostly thickly-sedimented regions composed primarily of 
clays, silts, or muds in the: Norwegian Basin (CST-1; foraminiferal clay, marl, or ooze), 
Icelandic Basin near Hatton Bank (CST-2; mud with high basaltic silt/sand fraction), 
Bermuda Rise and Hatteras Abyssal Plain (HAP) (CST-3; pelagic clay and turbidite layers, 
respectively), Aleutian Abyssal Plain (CST-4; pelagic clay overlying turbidites), Messina 
Rise on the Ionian Abyssal Plain (CST-5; hemipelagic mud), Sila Fracture Zone (CST-7; 
thinly sedimented), and Herodotus Abyssal Plain up to the Nile Cone (CST-8; thickly 
sedimented). 
 
The BBS experiments and results are documented in Ogden and Erskine (1993, 1997). 
However, since those publications, an extensive CST SUS reprocessing effort revealed 
recalibration adjustments were needed for the reported CST SUS scattering-strength 
values (especially in the lowest frequency bands), generally as in Fig. 9.A-1. (For run-
specific #s, contact J. Fialkowski, NRL.) 
 

 
 

Fig. 9.A-1 − CST SUS scattering strength (SS) recalibration-adjustment values.  
(The adjustment values are to be added to previously-reported CST SUS SS values.) 
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Examples of reprocessed cross-CST-experiment results are shown (along with some 
physics-based model comparisons) in Figs. 9.A-2 and 9.A-3 (Gauss et al., 2008). 
 
 
 

 
 
 

Fig. 9.A-2  − Deep-water BSS from aft-looking beams for representative CST data sets. 
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Fig. 9.A-3  −  Deep-water data-model comparisons for 2 CST sites. Data (symbolled curves) are 
from aft-looking beams.  Inset table gives key assumed sediment-volume parameter values. 
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B.      LWAD (Shallow Water) 

The LWAD BBS measurements were conducted by NRL during 8 experiments (1996 to 
2000) using basically the same experimental set up (Fig. 2-1) as the BBS experiments that 
form the basis of the shallow-water portion of this report1. Their dates and locations are: 
 

• LWAD FTE 96-2    Long Bay (Carolina Coast) 1996   7 sites 
• LWAD FTE 97-2    Southwest of Key West 1997   1 site 
• LWAD SCV 97      Long Bay (Carolina Coast) 1997   7 sites  
• LWAD 98-2     Southwest Coast of Florida 1998   2 sites 
• LWAD 98-4     Long Bay (Carolina Coast) 1998   4 sites 
• LWAD 99-1     Southwest Coast of Florida  1999   4 sites 
• LWAD 99-3     Coast of Oregon             1999   2 sites 
• LWAD 00-3     Adriatic Sea                  2000    2 sites 

These LWAD experiments and results are respectively documented in a series of NRL 
reports: Soukup and Ogden (1997), Soukup and Edsall (1997), Soukup (1998), Kunz 
(1998), Kunz (Feb 1999), Kunz (Jul 1999), Kunz and Gauss (2000), and Kunz (2001). See 
Soukup and Gragg (2003) for further analysis/modeling of the LWAD SCV-97 data.  
 
 
 

10. DISCUSSION AND CONCLUSIONS 
 
Scattering from the seabed can be a complex mix of surface roughness and volume 
heterogeneity contributions. This report documents the results from analyzing a series of 
bottom backscattering strength data collected by NRL at a number of shallow-water 
locations (New Jersey Shelf, Stanton Banks, Malta Plateau, Heceta Bank) at MF, and on 
the Scotian Continental Rise at LF. Empirical-power-law fits to the MF results were also 
presented, as well as a brief examination of the relationships between the T-MAST-02 BBS 
results and local bottom parameters (surficial grain size and bottom type).  
 
The MF results demonstrate the inadequacies of using Lambert’s Law to model bottom 
backscattering strengths in shallow water, and that, if physics-based BBS predictions are 
not possible, more general empirical power laws, where not only the strength but the 
angular exponent can vary, are needed to match the data at a given frequency. 
 
 
 
 

                                                
1 Note as the NRL VLA receiver was recently recalibrated in 2011, the published Kunz and Kunz and Gauss 
LWAD BBS values need adjustment—those in the Soukup et al. papers are unaffected as they used a different 
VLA). (See the authors for details.) 
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