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Understanding acoustic scattering from objects placed on the interface between two media requires
incorporation of scattering off the interface to the object as well as the reciprocal process of scattering
from the object onto the interface. In addition, the contact of the target with the interface may
change the dynamics of the target. Here, this class of problems is studied in the particular context of
a 61 cm long, 30.5 cm diameter aluminum cylinder placed on a flattened sand interface. Experimental
results are presented for the monostatic scattering from this cylinder for azimuthal scattering angles
from 0 to 90 degrees and frequencies from 1 to 30 kHz. These results are presented both in terms of
the absolute target strength measured as a function of azimuthal angle and frequency and in terms
of Synthetic Aperture Sonar (SAS) images derived from these same data. Next, details seen within
these experimental results are explained using physical acoustics derived insight. Subsequently, the
target strength results are compared to finite element calculations that incorporate the geometry and
interface/target interactions at various levels of sophistication. The simplest calculation assumes
that the source and receiver are at infinity and uses the finite element result for the cylinder in free
space along with image cylinders for approximating the target/interface interaction. Then the effect
of moving the receiver to a finite distance and inclusion of a more complete Green’s function for
the target/interface interaction is examined. These first two calculations use the axial symmetry
of the cylinder in carrying out the analysis, i.e., the result is a three dimensional prediction for
scattering derived using multiple two dimensional calculations. Finally, the results from a three
dimensional finite element analysis are presented and compared to both the experiment and the
axially symmetric calculations.

I. INTRODUCTION

Scattering from elastic objects placed on or near the
water/sediment interface is a problem receiving increas-
ing attention1–5. In many cases the targets of interest
have been hollow spheres. This focus on spheres has
been, in part, because numerical and analytical model-
ing of the target is well-developed, thus one can concen-
trate on the physics introduced by being near the sedi-
ment/water interface. However, recent developments in
finite element modeling5,6 now allow examination of more
complicated elastic objects placed on the interface be-
tween two media.

In this article the target examined is an aluminum
cylinder with flat ends. The cylinder is 61 cm long and
30.5 cm in diameter. It was placed on a flat sand/water
interface (often called the “proud” target case, a termi-
nology that will be used here) and data acquired at fre-
quencies from 1 to 30 kHz over azimuthal angles from 0o

(broadside) to 90o. Like the sphere, examination of scat-

tering from finite elastic cylinders in the free field also has
a long history from which the physical processes involved
in the scattering can be quantitatively understood7–10.
This insight is valuable for the present case when ex-
amining experimental results and when comparing finite
element modeling to these experimental results.

There are three goals in the present article. The first
is to present experimental results for the absolute tar-
get strength of the proud cylinder as well as SAS images
of the cylinder. These results are important for testing
models not only within the rest of this article but hope-
fully also for models developed by other researchers. The
second goal is to explain the experimental results within
the context of previous physical acoustics analyses9,10.
The final goal is to use data/finite element model com-
parisons and the physical acoustics insights to better un-
derstand the essential physical processes and geometrical
parameters that must be included in finite element mod-
eling in order to predict the absolute target strength of
a proud cylinder for the geometries realized here.

The remainder of this article is organized as follows.
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Section II presents a summary of the experimental ap-
paratus and procedure as well as the analyzed results.
Section III examines the experimental results using a pro-
cess oriented view derived via physical acoustics. Section
IV then describes a series of finite element calculations
with increasing fidelity relative to the actual experimen-
tal arrangement and the sediment/target interaction, and
compares those results to the data. Section V summa-
rizes. A subset of the author list concentrated on the
work presented in particular sections. Section II docu-
ments the experiment and data analysis carried out by
KLW, EIT, SGK, and JLL. Section III was the focus for
PLM. Sections IV A, IV B, and IV C were written by, and
present the analyses of, KLW, MZ, and DSB,respectively.

II. EXPERIMENT

The experiment described here was carried out in
March 2008 in the Naval Surface Warfare Center test
facility 383 in Panama City, Florida. The test facility in-
cludes a fresh water pool 110 m long by 80 m wide with
1.5 m of sand on the bottom. The water depth above the
sand is approximately 14 meters. The built-in filtration
system allows 10 m dive visibility.

A. Apparatus and procedure

The measurement system used was designed to carry
out backscattering measurements with sufficient spatial
resolution to perform Synthetic Aperture Sonar (SAS).
Figure 1 shows an engineering drawing of the system. It
comprises a bottom-mounted rail and a rail tower instru-
mented with transducers and position sensors. The rail
is deployed by divers in sections, each rail section is 7 m
in length. Rail sections are connected and leveled to form
longer rail lengths; during the experiment 3 sections were
used. The electric motor-driven tower traversed the rail
at a constant speed of 5 cm/s. Transmissions were made
twice per second as the tower moved along the rail; given
the horizontal width of the receiver (10 cm) this trans-
mission rate is sufficient for SAS processing.

The electronics controlling transmission, data acqui-
sition and digitization, tower motion and monitoring of
all position instrumentation (e.g., inclinometers, pressure
sensors) resides in a tower-mounted electronics housing.
Separate power and data/control cables are connected
to this housing. These cables are attached to a triangle
shaped guide at the backside of the tower to assure that
the cables are not pinched as the tower moves. These
cables were fed back to a mobile office where topside ex-
perimental control resided. Thus, data analysis could be
carried out as the experiment proceeded and experiments
altered based on those results.

The transmitted pulse used was a 6 ms FM slide from
1 to 30 kHz. The beamwidth of the transmitter is broad
over the entire frequency range (full width greater than

FIG. 1:

Rail and mobile tower system used. In the figure, the rail
consists of 3 rail sections each 7 m in length, resulting in a

20 m span over which the tower could be moved.

40o) in order to allow SAS processing. The receiver con-
tains six separate elements arranged in a vertical array,
and each receive element has a 10 cm horizontal aperture.
The vertical apertures are (from top to bottom) 30, 10,
10, 10, 10, and 30 cm. Backscattering signals received
on each element are recorded separately. This allows the
vertical beam pattern to be altered to minimize scatter-
ing interference from the water/air boundary. It also
allows time delay between separated receiver elements to
be used to determine the depression angle of target re-
turns relative to the center of the receive beampattern.
Both source and receiver were calibrated as a function of
frequency before the experiment to allow backscattered
pressure to be determined in absolute units of dB re 1
µPa with an uncertainty of approximately ± 1 dB.

The transmitter and receiver are mounted on a panel
that can be rotated up or down in five degree increments.
For the measurements presented here the inclinometer
mounted on this panel indicated a tilt angle of 20.3o rel-
ative to the vertical. This angle plus the arrival time
of the specular reflection from the cylinder to the re-
ceive elements allowed the geometry to be determined
to an uncertainty of approximately 5 cm. At the point
of closest approach, the horizontal distance from the cen-
ter of the transmitter (receiver array) to the center of the
cylinder (deployment discussed below) was 9.55 (9.45) m.
The center of the transmitter (receive array) was 3.60 m
(3.85 m) above the center of the cylinder. From these
measurements the grazing angle for the ray drawn from
transmitter (receive array) center to cylinder center was
20.7o (22.2o).

The aluminum cylinder was deployed by divers approx-
imately 10 m from the center of the rail. Before deploy-
ment of the cylinder, the sand in a 3 m (range) by 2 m
(cross range) area was flattened by divers using two I-
beams deployed in the sand and a third I-beam used as a
scrapper. After this operation the I-beams were removed
and the cylinder deployed using a lift system that consists
of a flotation bladder and built-in winch with wireless
electronic control from shore. This system, along with an
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underwater communication system between divers and
winch operator, allowed divers to remain neutrally buoy-
ant above the flatten area while placing the cylinder at
the designated location and orientation. Small lift lines
from which the cylinder was suspended were removed,
leaving only a small indentation (1 to 2 cm long and a
few millimeters deep at two locations along the cylinder).
The results shown here are from four deployments with
associated orientations of the center line of the cylinder
relative to the path of the rail tower of 0o (broadside),
25o, 47o, and 70o. For each cylinder orientation the tower
traversed the entire length of the rail transmitting 800
times.

The sound speed in the (fresh) water was deter-
mined from its temperature to be 1486 m/s. The water
(sand) density was assumed to be 1000 (2000) kg/m3.
The sound speed in the sediment, measured using a
diver deployable measurement system11, was 1694 m/s.
This same system enables sediment attenuation (given
here in terms of δp, the ratio of the imaginary to real
wavenumber12) to be determined. δp was 0.008. Finally,
the material parameters used for the aluminum cylinder
were density = 2700 kg/m3, longitudinal sound speed =
6568 m/s, and shear speed = 3149 m/s. Radiation damp-
ing dominates inherent attenuation for the waves within
the cylinder that lead to measurable backscatter, and the
finite element results to be presented are thus not sensi-
tive to attenuation values chosen; however, for complete-
ness, the results shown here assumed 0.00015 dB/m/kHz
for the longitudinal wave and 0.0003 dB/m/kHz for the
shear wave.

B. Results

Figure 2 presents the backscattering from the proud
cylinder for the four different orientations. The scale is
in dB relative to the brightest pixel in each panel. There
is a rich structure of returns for all orientations. One
goal in the remainder of the article is to understand this
structure and to quantitatively compare finite element
modeling results to the data. In this regard, further an-
laysis of these data will be useful.

The data were SAS processed to obtain the images
shown in Fig. 3. The four panels coincide with the same
panels in Fig. 2. The dB scale is again relative to the
brightest pixel in each panel. The broadside SAS image
(Fig. 3(a)) clearly indicates the length of the cylinder.
The obvious multiple return structure in Fig. 3(a) as well
as other features seen in panels of Figs. 2, 3 and in Fig.
4 below will be identified in Sec. III.

The data were also processed to get absolute levels for
the target strength of the proud cylinder as a function of
azimuthal angle and frequency. The normalizing pressure
is the value of the transmitted pressure at the location
of the center of the cylinder in the absence of both the
cylinder and the sand (i.e., in the free field). The result
is shown in Fig. 4. The azimuthal angle is measured

on the horizontal plane through the axis of the cylinder
relative to broadside. Thus 0o is broadside and 90o is
end-on as seen by an observer at the center of the rail
0.15 m above the water-sand interface. Figs. 5, 6, 7,
8, and 9 are results of finite element calculations using
different assumptions. They will be discussed in detail
in the later sections but are grouped together with the
experimental results to facilitate comparisons.

III. PHYSICAL ACOUSTICS
INTERPRETATION

Above 16 kHz (ka ≈ 10) it is helpful to consider cou-
pling conditions for the free field excitation of elastic
waves guided by the surface of the cylinder9,10. Prior cal-
culations of the phase velocity of high-frequency modes
propagating down infinitely-long solid steel cylinders in
water give values close to the speed of a Rayleigh wave on
an elastic half space13. Calculations for an infinitely-long
aluminum cylinder yield a similar result14. A noteworthy
difference between aluminum and steel cylinders is that
the rates of radiation damping for most axially propagat-
ing modes on aluminum cylinders are over twice that for
similar modes on steel cylinders as a consequence of the
smaller density of the aluminum15. This increase in radi-
ation damping broadens the range of cylinder tilt angles
over which the modes are excited14,15.

For the purpose of describing the coupling, it is con-
venient to consider free field ensonification by a plane
wave having a wave vector k i. The plane containing
the unit vector k̂ i and a unit vector along the cylin-
der’s axis ẑ cyl intersects the side of the cylinder clos-
est to the source along a meridian of the cylinder. The
excitation of high-frequency elastic waves propagating
along the meridian is governed by the value of the tilt
angle9,13 γ = arcsin(k̂ i · ẑ cyl) relative to the Rayleigh
wave coupling angle γR = arcsin(c/cR) where c is the
speed of sound in water and cR is the Rayleigh wave
velocity. For aluminum in water γR ≈ 30o. Experi-
ments with metal cylinders having flat ends show that the
backscattering is enhanced when γ is close to γR as a con-
sequence of radiation associated with elastic meridional
rays which have reflected off the end of the cylinder9,14.
When γ is decreased below γR, sufficiently long cylin-
ders display backscattering features associated with the
excitation and reflection of helical rays by the end of the
cylinder8–10,14.

To compare the expected high-frequency behavior with
features visible in Figs. 2-4, notice that γ is related to the
grazing angle θg and the cylinder’s azimuthal orientation
angle φ by γ = arcsin(cos θg sinφ). See Eq. (A6). In
Fig. 2(b) and 3(b), φ is 25o so that γ is 23o and the back
end of the cylinder appears bright (i.e., in Fig. 3(b), the
complex structure at a cross range from about −0.4 to 0.1
m and a range of about 0.1 to 0.2 m). This is interpreted
as a consequence of radiation by elastic meridional and
helical rays excited on the cylinder and reflected off of
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(a) (b)

(c) (d)

FIG. 2: Each panel shows pulse compressed and basebanded backscattering returns for a proud 60 cm long aluminum cylinder
for 480 transmissions as the rail tower translated the central 12 meters of the rail. The cylinder’s orientation is different in
each panel. The axis of the cylinder relative to the path of the rail tower for each case is a) 0o (broadside), b) 25o, c) 47o, and
d) 70o. The dB scale is relative to the brightest pixel in each panel.

the far end of the cylinder. The corresponding region in
Fig. 2(b) is from a cross range of about −1 to 1 m.

In Figs. 2(c) and 3(c), φ is 47o so that γ is 43o. The
aforementioned backscattering enhancements are sup-
pressed and the magnitude of the scattering associated
with the far end of the cylinder is greatly reduced. A
corresponding reduction in free field backscattering for
mid-range values of γ has been observed for steel9,10 and
aluminum14 cylinders.

In Figs. 2(d) and 3(d), φ is 70o so that γ is 61o. This γ
is close to the predicted value of 90o−γR ≈ 60o associated
with the excitation of a face-crossing Rayleigh wave on
the near flat end of the cylinder10. When the excited
wave reflects from the curved edge of the cylinder, the
radiation from the reflected Rayleigh wave is directed
toward the source of the sound. In agreement with that
interpretation the end of the tilted cylinder closest to the
source appears brightest in Figs. 2(d) and 3(d).

The aforementioned features are also visible in the high
frequency structure in Fig. 4 where the vertical axis
gives the cylinder’s apparent azimuthal orientation an-
gle φ. The face-crossing enhancement is most noticeable
above 19 kHz (ka ≈ 12), which is consistent with free
field observations for steel10 and aluminum14 cylinders.
The meridional-ray feature near φ ≈ 32o(γ ≈ 30o) is sup-
pressed below 15 kHz. The features are also visible in the
the finite element results discussed in Sec. IV. Below 10
kHz some enhancements are visible associated with the
coupling of sound with specific resonances of the trun-
cated cylinder. A noticeable example is the feature near
φ = 50o and 7 kHz in Fig. 4.

The complications introduced by the proximity of the
cylinder to the sediment are most easily seen in Fig. 3(a)
where the specular echo is split into a triplicate of fea-
tures associated with paths discussed in Sec. IV A. That
splitting is consistent with a ray analysis of reflections
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(a) (b)

(c) (d)

FIG. 3: The SAS images of the proud 60 cm long cylinder resulting from processing the data presented in Fig. 2. The dB scale
is relative to the brightest pixel in each panel. Note that range 0 in the figure is relative to 9.5 m - the nominal horizontal
distance from transmitter/receiver array to the center of the cylinder.

from cylinders and a flat adjacent surface given by Baik
and Marston14,16.

IV. FINITE ELEMENT MODELING

Finite element modeling of the proud cylinder’s tar-
get strength is presented within this section. The results
from three separate calculations are shown. Each cal-
culation incorporates the geometry and interface/target
interactions at a different level of fidelity. The simplest
calculation (Sec. IV A) assumes that the source and re-
ceiver are at infinity and uses the finite element result
for the cylinder in free space along with image cylinders
for approximating the target/interface interaction. Then
the effect of moving the receiver to a finite distance and
inclusion of a more complete Green’s function for the tar-
get/interface interaction is examined (Sec. IV B). These

first two calculations use the axial symmetry of the cylin-
der in carrying out the analysis5,6, i.e., the result is a
three dimensional prediction for scattering derived us-
ing multiple two dimensional calculations. Finally, the
results from a three dimensional finite element analysis
(Sec. IV C) is presented and compared to both the ex-
periment and the axially symmetric calculations.

A. Source/receiver at infinity and image cylinder
approximation

This most approximate finite element calculation as-
sumes the source and receiver are far enough away to use
plane wave approximations, uses the results calculated
for the cylinder in the free field, and includes the effect
of the interface via image cylinders. This allows the use
of plane wave, finite element results calculated using the
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FIG. 4:

Experimental result for the absolute target strength of the
proud cylinder as a function of azimuthal angle and

frequency.

FIG. 5:

Finite element result for absolute target strength of the free
field cylinder as a function of azimuthal angle and frequency.

Result calculated assuming source and receiver at infinity
(see Sec. IV A for details).

FIG. 6:

Finite element result for absolute target strength of the
proud cylinder as a function of azimuthal angle and

frequency. Result calculated assuming source and receiver at
infinity and using image cylinders to account for

cylinder/interface interactions (see Sec. IV A for details).

FIG. 7:

Finite element result for absolute target strength of the
proud cylinder. Result calculated using actual experiment
geometry and with second order accurate layered medium

Green’s functions (see Sec. IV B for details).

FIG. 8:

Finite element result for absolute target strength of the
proud cylinder. Result calculated using actual experiment

geometry and with first order accurate layered medium
Green’s functions (see Sec. IV B for details).

FIG. 9:

3-D FE computation of absolute target strength of the
proud cylinder as a function of azimuthal angle and

frequency. (see Sec. IV C for details).

axial symmetry of the cylinder in the freefield. This can
have a computational advantage since the freefield result
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can be determined via multiple 2-D calculations instead
of a full 3-D calculation. Figure 10 shows the paths taken
into account and the image cylinders. The figure is ori-
ented such that the observer is looking down the cylinder
axis but the paths shown should be viewed as projections
of the paths for any incident direction onto this plane.
Several facts can be immediately discerned from the fig-
ure. First, the paths labeled 2 and 3 represent bistatic
scattering paths even though the source and receiver are
arranged in a monostatic geometry. Second, paths 2, 3
and 4 are delayed relative to path 1 in arriving to the
receiver. The phase delay of paths 2 and 3 in arriving to
the receiver relative to path 1 is 2ka sin θg and the delay
of path 4 is 4ka sin θg (k is wavenumber, a is the cylin-
der radius and θg is the grazing angle onto the sediment)
regardless of the azimuthal rotation of the cylinder rela-
tive to the acoustic path. However, the angle θcyl (which
is the bistatic angle as measured in the cylinder coordi-
nates) in Fig. 10 is equal to θg only when the cylinder is
broadside to the acoustic path. For all other azimuthal
orientations (angles φ), θcyl can be defined in terms of
θg and φ. Appendix A presents the cylinder coordinates
and angles φcyl and θcyl and derives expressions for them
in terms of the relevant experiment angles θg and φ.

The backscattering target strength to be presented
here is calculated as

TS(f, φ, θg) = 20 log(rr/(roPo) (1)
(ppath1 +

2Rws(θg) exp(i2ka sin θg) ppath2 +

R2
ws(θg) exp(i4ka sin θg) ppath4)),

where rr is the range from the center of the cylinder to
the receiver, ro is the reference range of 1 m, Rws(θg) is
the water/sediment reflection coefficient (in the present
case the sand sediment was treated as a fluid), and Po

is the incident pressure at the location of the cylinder in
the absence of the sediment. The 2 in the path 2 term
accounts also for the reciprocal path 3.

The finite element calculation6 to obtain the pressures
for the paths in Eq. (1) is for the cylinder in the free
field. The pressures ppath1 and ppath4 are taken as equal
and are the backscattering pressures as a function of φcyl

(with θcyl = 0). The calculation of ppath2 has to account
for the bistatic nature of that path (and path 3) and the
required bistatic angle is 2θcyl. Thus the path 2 contri-
bution depends on both φcyl and θcyl which are functions
of φ and θg given in Appendix A.

There are several assumptions implicit in this calcula-
tion. The use of a single grazing angle with parallel inci-
dent and scattered angles implies the source and receiver
are far enough away to assume plane wave incidence and
return. (Far field geometry is also implicit in the use of
rr for all paths). It is assumed that the two fluid Green’s
function5 can be accurately approximated via use of a
reflection coefficient. It also ignores any alteration of
the target response due to the contact with the sediment

FIG. 10:

Paths included in finite element calculation in Sec. IV A.
Top panel shows all paths and the bottom four panels show
the separate paths. Path 2 and 3 are reciprocal and include
one bottom bounce, path 4 includes two bottom bounces.

and any multiple scattering between target and interface.
These assumptions are tested in subsequent subsections.

The finite element calculation used a mesh size of 2 cm.
The convergence of the free field result using this mesh
size was tested at the highest frequency of the calcula-
tion (30 kHz) for azimuthal angles from 0 to 90 degrees.
Calculations were done for mesh sizes of 4, 2 and 1 cm.
Differences as large as 2 dB were found between the 4
and 2 cm meshes. The largest difference seen between
the 2 and 1 cm results was 0.2 dB. The same mesh size
was used for all frequencies. This certainly increased run
time dramatically but allowed a “start and forget” ap-
proach. The run time to calculate TS every 200 Hz from
1 to 30 kHz and every 1o from 0 to 90 degrees was about
six days on a dual processor, 3 GHz computer.

Two results are presented. Both give absolute target
strength to be compared to Fig. 4. Figure 5 shows the
target strength for the cylinder in the free field. Figure
6 shows the target strength for the proud cylinder as
calculated via Eq. (1) using a θg of 21.5o (the mean of
the transmitter and receiver grazing angles).

It is immediately obvious that the free field result does
not match the overall target strength measured in the
experiment as well as the proud result does. Closer ex-
amination also shows that much of the detailed structure
seen in the experiment is reproduced in the proud finite
element calculation. However, there are also regions in
frequency-φ space where there is significant discrepancy,
e.g., for frequencies of 15 to 30 kHz with azimuthal an-
gles from 10 to 20 degrees. This particular region has
been identified in the previous section as including con-
tributions from helical waves that have the potential to
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FIG. 11:

Comparison broadside target strength: data (black), free
field finite element calculation (red), and proud finite

element calculation (green) using Eq. (1).

be more significantly impacted by the fact the cylinder
is on the sediment. The question to be examined next is
to what extent more sophisticated finite element calcula-
tions improve data/model comparisons.

Before proceeding, however, it is interesting to exam-
ine the broadside (φ = 0o) and φ = 90o results further.
Figure 11 compares data and finite element results for
broadside. Enhancements in target strength of up to 10
dB are seen in both the data and the proud finite element
results relative to the free field case. For φ = 90o the free
field result is much lower than the proud data and fi-
nite element results because there is no scattering from
the flat end back to the receiver. It is the single bounce
paths from the end that gives the main contribution to
scattering near φ = 90o.

B. Source and receiver at finite distance and
second order approximation of the layered medium

Green’s function

In an attempt to address the discrepancies between
the target scattering FE model results of Sec. IV A and
the experimental data, the axisymmetric target scatter-
ing model is modified to include the source at a finite
distance, and the vertical position of the receiver array
element locations for the various positions along the rail.
The source at a finite distance is modeled as a point
source, which is decomposed into the azimuthal modal
cosine series required by the axisymmetric target scat-
tering model6 using the fast Fourier transform17. The
procedure followed for taking into account the presence
of the seabed is similar to the procedure represented in
Fig. 10, which takes into account the first order inter-
actions between the incident field, the target, and the
seabed, neglecting higher order multiple reflections and
neglecting the impedance jump at the target/fluid inter-
face in contact with the seabed.

For a given location and orientation angle of the cylin-
der with respect to the rail, one determines the actual
positions of the source and of the recieve array element
centers and the resulting incidence angle on the cylinder

FIG. 12: Target strength as a function of frequency at broad-
side aspect and cylinder orientation parallel to the rail, com-
puted by taking into account the actual source-target-receiver
geometry of the experiment. Strong variations of the target
strength as a function of sensor location along the vertial re-
ceive array are evident. The red curve shows the effect of
applying the beamforming to the model results.

in-plane with the seafloor. The finite element computa-
tion is carried out for the signal incident directly from
the source, and for the bottom reflected incident signal
(image source contribution), which is multiplied by the
sea floor reflection coefficient associated with the graz-
ing angle of the ray connecting the image source and the
target center. For each of the incident fields (source and
image source contribution), the coordinate system is ro-
tated into the coordinate system of the FE calculation,
according to Appendix A, and the problem is solved with
the FE model. In the final step, the result from each of
the two FE calculations is translated back into the phys-
ical coordinate system, and the scattered field is reprop-
agated from the target surface to the receivers using the
discrete sum representation of Helmholtz-Kirchhoff inte-
gral with the approximate two-layered medium Green’s
function presented in Eqs. (4)–(6) of the work by Zam-
polli et al.5 This yields two target echo components at the
receiver locations, one generated by the source incident
field and one generated by the boundary reflected inci-
dent field (image source), which are added up coherently
at each receiver.

Figure 12 shows the strong variability of the simulated
target strength with receiver location, and the effect of
beamforming the simulated responses at the receive ar-
ray element centers. Even at the lower frequencies there
are large variations between the echos at the receiver
locations along the vertical array, caused by the inter-
ference between the direct and the boundary reflected
echo components. Since it is beamformed data that are
shown throughout the paper, in what follows below the
simulated response at the array elements is beamformed
by adding coherently the complex pressures computed at
each of the hydrophone center locations.

The strong variability in the simulated echo, associ-
ated with small changes in the source-target-receiver ge-
ometry, is also evident in Fig. 13, which shows how a
relatively minor change in the array tilt angle (just 1.3o)
causes large changes in the computed target strength.
Furthermore, a given source-target aspect angle can be
obtained by changing the cylinder orientation, and by
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FIG. 13: Variation of the simulated beamformed array re-
sponse caused by changes in the vertical receive array tilt
angle.

displacing the tower along the rail. Figure 14 shows a
comparison between the simulated responses computed
for broadside incidence with the cylinder parallel to the
rail and the tower located at the center of the rail, and
with a cylinder orientation of 25o relative to the rail and
the tower displaced by 4.45 m with respect to the rail cen-
ter. Also in this case it can be seen that the variations
in the computed response associated with changes in the
geometry are not negligible.

The difference between the broadside insonification
(φ = 0o) at 0o cylinder orientation and at 25o lies in
the grazing angle, which decreases by 1.78o, and in the
horizontal range between the target and the rail, which
increases by 0.98 m. To address the effects associated
with each of the two changes independently, the cylinder
oriented at 0o with respect to the rail is considered, and
two separate simulations are carried out: one in which
the height of the source and receive array is changed so
as to reproduce the change in grazing angle, and one in
which the grazing angle is kept constant and the horizon-
tal range, and consequently also the source and receive
array height, are changed. Fig. 15 shows the result of
these computations in comparison with the broadside in-
sonification case for the tower in the same position as the
experiment, and in comparison with the data. The target
strength appears to be sensitive mainly to small changes
in the grazing angle. Figs. 12–14 suggest that the ac-
tual source-target-receiver geometry of the experiment
should be taken into account by the numerical model.
Nevertheless, some discrepancies such as the null near 10
kHz or the low target strength levels between 15 and 20
kHz appear to be stable with respect to variations in the
geometry.

In the examples of Figs. 12–14, the Green’s function
used in the model is the second order accurate approx-
imation resulting from the steepest descent approxima-
tion of the wavenumber spectral integral (Eqs. (4)–(6)
in Zampolli et al.5). In this approximation, the Green’s
function is described by a direct free field point source
and an image point source premultiplied by an effec-
tive reflection coefficient that accounts for the spectra of
plane waves contributing to the fields realized for finite
source/receiver geometries. An additional lateral wave
contribution, originating from a branch point contribu-

FIG. 14: Computed target strength for broadside insonifica-
tion, obtained by two different combinations of cylinder ori-
entation relative to the rail and tower displacement.

FIG. 15: Sensitivity of the beamformed array response to
changes in the grazing angle (keeping the range constant), and
to changes in the range (keeping the grazing angle constant),
for broadside insonification and cylinder orientation 0o with
respect to the rail.

tion in the integrand of the spectral wavenumber rep-
resentation, is also taken into account. The first order
accurate approximation, instead, considers only the di-
rect free field point source and the image source multi-
plied by the plane-wave reflection coefficient associated
with the grazing angle of the ray connecting the image
source and the source point of the Green’s function. Fig-
ure 16 shows the comparison between the model results
obtained by the FE model with second order accurate
Green’s functions, and by the same model using the first
order accurate Green’s functions. The two computed tar-
get strength curves are virtually identical across most of
the frequency band, with the first order approximation
exhibiting a better agreement with the experimental data
at the lower frequencies. The first order accurate Green’s
function can be obtained from the second order accurate
one by omitting the correction term in the reflection co-
efficient, −iN/(kR1) in Eq. (4) of Zampolli5, and by
omitting the lateral wave contribution, Eq. (6) in that
same reference. Eliminating the two terms one at a time,
and performing the comparison between the numerical
results obtained, shows that the second order correction
to the reflection coefficient is negligible in the cases con-
sidered here, and that the lateral wave contribution does
not appear to be visible in the experimental results.

The model described in this section is used to com-
pute the target strength as a function of azimuth and
frequency for the same cylinder orientation angles and
source aspect angles as those used to produce the exper-
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FIG. 16: Computed target strength for broadside insonifica-
tion, obtained using different approximations of the layered
medium Green’s function. The first order accurate Green’s
functions are the same as those used in Sec. IV A.

imental results of Fig. 4. The vertical array tilt angle is
the same as in the experiment, and the array responses
are broadside beamformed. The results are shown in
Fig. 7 for the model with second order accurate layered
medium Green’s functions, and in Fig. 8 for the same
model with the first order accurate Green’s functions.
Comparison of the results shows that the consideration
of the experimental source-target-receiver geometry con-
tributes to improving the model-data agreement, particu-
larly in the region between 15 and 30 kHz, with azimuthal
angles from 10 to 80 degrees. Using the first order ap-
proximation of the layered medium Green’s function im-
proves the model-data agreement at low frequencies.

A more detailed look at model/data comparisons for
a few angles is shown in Fig. 17. Much of the structure
seen in the data is also reproduced in both the model
of Sec. IV A and the present section. The comparisons
indicate that the models capture much of the important
physics. However, given that the discrepancies in the
nulls around 10 kHz and 20 kHz for broadside and near-
broadside angles (Figs. 12–14) are insensitive to varia-
tions in the source-target-receiver geometry, there is a
need to address the acoustic interaction with the sedi-
ment with more accurate models. In particular a three-
dimensional finite element model that takes into account
the contact surface between the target and the sea floor,
and a more accurate model of the sea floor reflection
coefficient as a function of angle and frequency are two
avenues for further effort. The first of these avenues is
addressed in the next section.

C. Three dimensional finite element analysis

The analysis is steady-state, a.k.a. cw or frequency-
domain, with the time-frequency dependence being e+iωt.
Spatially, the analysis is divided into two regions: (i) a fi-
nite target region, consisting of the target surrounded by
a small ball of fluids, and (ii) the infinite region exterior
to the target region. For each frequency/aspect-angle
pair of values, the analysis comprises two steps: (i) the
scattered field is first computed in the target region and
(ii) that solution is then used to compute the scattered

field exterior to the target region.
Scattering in the target region is modeled using

the commercial finite-element (FE) software Comsol
Multiphysics18, complemented by several novel FE mod-
eling techniques developed at the Naval Surface Warfare
Center, Panama City Division (NSWC PCD) for signifi-
cantly increasing computational efficiency. Scattering in
the exterior region is modeled using non-FE analytical
techniques, also developed at NSWC PCD19.

1. Target Region

The target region has three subdomains (Fig. 18): (i) a
hemisphere of water, (ii) a hemisphere of sediment, mod-
eled as a fluid, and (iii) a solid aluminum cylinder,with
its axis parallel to the interface and lying almost entirely
in the water but slightly buried (0.005 m deep) in the
sediment. The hemispherical outer boundaries are lo-
cated 1.5 wavelengths from the cylinder at all frequencies.
Second-order Bayliss Turkel radiation absorbing bound-
ary conditions20 are applied on the hemispherical bound-
aries, which approximate infinite half spaces to within a
modeling error of typically one or two percent.

The governing PDE in the cylinder is the linear elasto-
dynamic equation for viscoelastic, anisotropic, inhomo-
geneous solids,

−∇ · (c∇u)− ω2ρsu = 0 (2)

where u is particle displacement, c is a 4th-rank tensor
of elastic moduli and ρs is solid density.

The governing PDE in the fluids is the linear Helmholtz
equation for inviscid (though including bulk attenua-
tion), anisotropic, inhomogeneous fluids,

−∇ · ( 1
ω2ρf

∇p)− 1
B
p = 0 (3)

where p is the scattered acoustic pressure (defined below),
ρf is fluid density, B is bulk modulus, and the operand of
the divergence operator (the “flux”) is particle displace-
ment,

u =
1

ω2ρf
∇p (4)

Although the water and the sediment are modeled as ho-
mogeneous fluids with different densities, Eq. (3) treats
both fluids together as a single inhomogeneous fluid with
a piecewise-constant density. A single dependent vari-
able p therefore applies to both fluids, with continuity of
p and normal particle displacement [normal component
of Eq. (4)] automatically enforced on fluid-fluid inter-
faces as Dirichlet and Neumann conditions, respectively,
during element assembly.
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(a) (b)

(c) (d)

FIG. 17: Comparisons of data (black), finite element results using plane wave incident and scattering angles (green), and finite
element results using experimental geometry with first order accurate Green’s function (magenta): a) broadside, b) 17o relative
to broadside, c) 23o relative to broadside, d) 33o relative to broadside.

FIG. 18:

Left: Geometry of FE model for target region, Right:
enlarged end view of cylinder.

Placing ω2 in the denominator of the divergence
operand, rather than in the numerator of p/B as is often
done in acoustics, is important in structural acoustics be-
cause it yields symmetric fluid-solid FE coupling matri-
ces; therefore the entire FE matrix system is symmetric.
This symmetry is a manifestation of reciprocity, which
characterizes linear fluid and solid media.

The scattered field, p, is defined as the field remaining
after subtracting the incident field from the total field,

p = ptotal − pinc (5)

where the incident field, pinc, is, by definition, the field
that would exist in the absence of the target. The phys-
ical incident field for this analysis is assumed to be a
plane wave. The analytical field pinc is therefore the well-
known theoretical solution for a plane wave incident on
the interface of two fluid halfspaces, i.e., incident and re-
flected plane waves in the water and a transmitted plane

FIG. 19:

Geometric meaning of variables used in Helmholtz integral.

wave in the sediment21.

2. Exterior to the target region

Target strength is computed at the center of the ex-
perimental receive array. The array is over 9 m away,
which is well outside the FE target region, even at the
lowest frequencies. Therefore, the field exterior to the
target region is computed using the Helmholtz (a.k.a.
Helmholtz-Kirchoff) integral,

p(r′) =
∫ ∫

∂Ω

(
∂G(r′, r)

∂n
p(r)−G(r′, r)

∂p(r)
∂n

)
dΓ (6)

where ∂Ω is any closed surface circumscribing the tar-
get (Fig. 19), n is the outward unit normal to ∂Ω, r is
the location of dΓ on ∂Ω, r′ is the location of the receiver,
G(r′, r) is the Green’s function for the environment, i.e.,
two infinite halfspaces, p(r) is the scattered field com-
puted in the FE analysis of the target region, and p(r′)
is the desired scattered field at the receiver.
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The NSWC PCD 3-D FE system offers two analytical
methods for computing G(r′, r): (i) wavenumber integra-
tion, which is an exact formulation but computationally
slow, and (ii) a steepest-descent approximation to the
wavenumber integration, which assumes the receiver is
many wavelengths from the target but is computation-
ally fast22. The results below used the steepest-descent
method because the two methods, randomly sampled,
differed by only about 1 percent.

3. Uniform modeling error across entire frequency band

Acoustic response as a function of angle and frequency
is not an end in itself; it is usually input to detection and
classification signal-processing algorithms. The accuracy
of those algorithms is significantly increased if the mod-
eling error in the FE calculation is uniform across the
entire frequency band. The NSWC PCD software sys-
tem achieves this by scaling the target-region FE models
in two ways: (i) the outer fluid boundaries are located
a constant number of incident wavelengths (1.5 in this
analysis) from the cylinder at all frequencies, and (ii) the
number of finite elements per incident wavelength, in all
directions, is maintained constant at all frequencies. The
NSWC PCD software system automatically controls this
scaling.

4. Results

Target strength: Figure 9 is the complete broadband
multi-aspect acoustic plot. Target strength was com-
puted every 0.1 kHz from 1 to 30 kHz and every 0.5
degrees from 0 to 90 degrees, a total of 54,481 3-D
models. Using an exact (no approximations introduced)
symmetry-based domain decomposition technique, each
of the 54,481 3-D models was reduced to one quadrant
of the geometry in the left panel of Fig. 18. Each quad-
rant was analyzed four times, each time with a differ-
ent excitation and different boundary conditions, and the
four results were then added. Thus, there was a total of
217,924 3-D FE quadrant analyses. Using quadratic ele-
ments throughout the domain, the computational size of
the quadrant analyses ranged from 10K degrees of free-
dom (dof) at 1 kHz to 813K dof at 30 kHz. The com-
plete acoustic plot took about 30 hours on a 25-blade
distributed processing system with two dual-core 3 GHz
processors per blade.

This should be compared with the experimental data
in Fig. 4. A more precise comparison is shown in Fig.
20, which plots the horizontal slices at 0o azimuthal angle
(broadside) from both Fig. 9 and Fig. 4.

Figure 20 indicates that most of the experimen-
tal/numerical differences are in the range of about 2 to 5
dB. This is quite reasonable, perhaps even better than to
be expected, when one considers both the experimental
and numerical errors.

FIG. 20:

Comparison of 3-D FE model and experimental data at
broadside insonification.

On the experimental side, measurements of this type
typically have several sources of error, which, collectively,
usually amount to about 2 to 3 dB.

On the numerical side, three intentional approxima-
tions were made. First, the incident field in the model
is a plane wave, i.e., the source at infinity, which yields
a single grazing angle. In the experiment the source is a
transmitter about 10m from the cylinder, which insoni-
fies the cylinder with almost-plane waves with a range
of grazing angles. Second, target strength in the model
is computed at a single point, the center of the receive
array, whereas the experiment physically integrates the
scattered field over each of the arrays six elements and the
electronics beamform the six outputs. Last, the model
treats the sediment as an ideal acoustic fluid (with dissi-
pation), ignoring the granularity of the sand-water mix-
ture.

A fourth source of numerical error is discretization er-
ror, which is inherent in any FE model. However, the
next section shows that that error is negligible in this
model.

Discretization error : Figure 21 shows the results of a
convergence study. The red curve is the same as the red
curve in Fig. 20. The green curve is the result of enrich-
ing all the quadratic elements to cubic elements; it stops
at 20.5 kHz because at that frequency the model contains
over one million degrees of freedom, which is close to the
limit for an in-core solution. A numerical comparison of
the two curves reveals that (i) the mean discretization
error is about 0.15 dB, and (ii) the discretization error is
quite uniform over the tested band of 1 to 20.5 kHz, as
predicted in Sec. IV C 3.

V. SUMMARY AND DISCUSSION

An experiment examining scattering from an alu-
minum cylinder placed proud on a water/sand interface
has been described and results shown. Those results were
compared to finite element calculations that included dif-
ferent assumptions. The model/data comparisons show
first and foremost that the inclusion of the environment
(in this case the water/sediment interface) is essential for
accurately predicting the cylinder’s target strength as a
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FIG. 21:

Comparison of the FE model results at broadside
insonification using quadratic (red) and cubic (green)

elements.

function of frequency and angle.
The finite element modeling was carried out in three

ways. The first model involved use of multiple 2-D finite
element calculations for scattering from the cylinder in
the freefield assuming plane wave incidence and a single
scattering angle (receiver at infinity). This was combined
with the use of image cylinders to treat the scattering
from the sand/water interface. The second model also
used 2-D finite element calculations but used the geom-
etry of the experiment, summed the returns calculated
at each receiver element and used a more accurate two
fluid Green’s function. The second model demonstrated
the sensitivity of data/model comparisons to the experi-
mental geometry.

Neither of the first two models accounted for multi-
ple scattering that can occur between the cylinder and
the sand/water interface. The last model addressed this
deficiency via use of a fully 3-D finite element method
with the source at infinity (plane wave incidence) but
the (point) receiver at a finite distance. This model also
holds the promise of treating much more complicated tar-
gets and waveguide propagation. A future step will be to
include the experimental geometry in the 3-D modeling.

From at least an overall qualitative standpoint the 3-
D model seems to more accurately capture the target
strength behavior for the region identified in previous sec-
tions as including contributions from helical waves (fre-
quencies of 15 to 30 kHz with azimuthal angles from 10
to 20 degrees, cf. Fig. 4 to Fig. 9). As noted earlier,
this particular region has the potential to be more sig-
nificantly impacted by the fact the cylinder is in contact
with the sediment. More quantitatively, Figure 22 shows
the same angles as Fig. 17 but with model results sep-
arated so that model/data comparisons for each model
can be more clearly seen. Generally speaking, each model
has particular frequency/angle regions where it is closest
to the data.

Differences between models and between data and
models are as much as a few dB. However, the over all
target strengths as well as the structure seen both as a
function of frequency and angle is sufficient to demon-
strate the ability of finite element modeling to capture
the response of the target. In the future a model-to-
model comparison of the second and third models, where

the experimental geometry is more accurately treated in
the 3-D model, should be useful in isolating any multiple
scattering effects.

The level of detail captured by the finite element mod-
eling is indicative of the high fidelity possible via these
type of calculations. However, understanding the ba-
sic physical phenomena that are responsible for the fea-
tures seen required the insight derivable from comple-
mentary physical acoustics modeling. For instance, the
dip seen in broadside target strength (for the data and
all models) around 7 kHz can be shown to be a direct
result of, and very sensitive to, the the phase of the wa-
ter/sediment reflection coefficient. Also, the fact that the
major contributors to the target strength measured near
φ = 90o are the bistatic paths including a single reflection
from the water/sediment interface, is something easily
argued via physical acoustics and proven true using the
image cylinder model by examining the separate contri-
butions. In the end, insights derived using the combina-
tion/comparison of experiment, physical acoustics and fi-
nite element modeling may be essential in understanding
and predicting the changes caused by the environment
and an object’s orientation within that environment.

Appendix A: Geometry and angle definitions for
Sec. IV A

The goal is to translate the rotations of the cylinder
around an axis normal to the plane of the water/sediment
interface into the coordinate system defined for the finite
element calculations5,6. That this translation is required
can be seen by considering a cylinder rotation in the plane
of the water/sediment interface (the defining angle of the
experimental results in Fig. 4) from broadside (0o) to
end on (90o). Since the source and receiver are above
this plane there is never an end-on geometry realized in
the experiment. This translation is also needed in order
to calculate the bistatic scattering contribution from the
image cylinder associated with the single reflection off
the water/sediment interface.

Figure 23 defines the geometry needed to obtain the
angles required for the finite element calculation (θcyl

and φcyl) in terms of those of the experiment (θg and
φ). Implicit in these definitions is that the source and
receiver are at −∞ with an associated grazing angle onto
the cylinder and the sediment of θg. Also, though the
experiment uses a combination of cylinder orientations
and movement of the source and receiver along a rail,
here the situation is examined as though the source and
receiver are stationary and the cylinder rotates through
a continuous set of angles φ.

From Fig. 23 the following equations can be deter-
mined:

ẑ cyl = sinφ x̂ + cosφ ŷ , (A1)

r̂sr = sin θg ẑ − cos θg x̂ , (A2)
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

FIG. 22: Comparisons of data (black), finite element results using plane wave incident and scattering angles (left column, green
curves), and finite element results using experimental geometry with first order accurate Green’s function (center column,
magenta curves), 3-D finite element results (right column, red curves): top row) broadside, top center row) 17o relative to
broadside, bottom center row) 23o relative to broadside, bottom row) 33o relative to broadside.

r̂sr = cosφcyl r̂ cyl − sinφcyl ẑ cyl, (A3)

where ẑ cyl is the unit vector along the cylinder axis and
r̂sr is the unit vector pointing toward the source and
receiver.

From Eqs. (A1), (A2), and (A3) one has

ẑ cyl · r̂sr = − sinφcyl, (A4)

and

ẑ cyl · r̂sr = − cos θg sinφ. (A5)

From (A4) and (A5) one gets the first of the relations
sought, i.e.,

φcyl = arcsin(cos θg sinφ). (A6)
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FIG. 23:

Definition of angles and unit vectors needed to get θcyl and
φcyl in terms of θg and φ

Eqs.( A1)−(A3), and (A6) can also be used to get an
expression for r̂ cyl in terms of θg, φ, x̂ , ŷ , and ẑ :

r̂ cyl =
1√

1− cos2 θg sin2 φ
× (A7)

(− cos θg cos2 φ x̂ + cos θg sinφ cosφ ŷ + sin θg ẑ ).

The relation for θcyl comes from the dot product of
(A7) with the unit vector perpendicular to ẑ cyl in the
x-y plane, − cosφ x̂ + sinφ ŷ , giving

θcyl = arccos

 cosφ cos θg√
1− cos2 θg sin2 φ

 . (A8)
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