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Coupled Scattering and Reflection Measurements in
Shallow Water

Charles W. Holland

Abstract—The characteristics of shallow-water reverberation reflection measurements could be exploited to obtain key geoa-

are often controlled by scattering from the seabed. While scattering coustic properties including sound speed gradients, density, at-
mechanisms are understood in general, the state-of-the-art falls far tenuation, and layer statistics.

short of predicting the correct angular and frequency dependence .
of scattering in a given region. A series of acoustic and supporting Following that approach, coupled measurements of seabed

geoacoustic measurements were conducted over a large area in the'€flection and scattering have been made at shallow-water sites
Straits of Sicily in order to study seabed scattering in a complex lit- in the Straits of Sicily (see Fig. 1). By coupled, it is meant that
toral environment. The hypothesis was that exploiting direct path  the measurements are not only co-located, but sample commen-
reflection coefficient measurements, in conjunction with the scat- syrate spatial scales of the seabed. It is also meant that the pro-
tering measurements, could help illuminate the underlying scat- oqging and analyses employ commensurate assumptions and
tering mechanisms. The sediment at the seabed interface was found A . . L

to be a fine silty clay with nearly uniform properties across the modell_ng. Finally, the analysgs provide mutually beneficial in-
area. Notwithstanding this spatial homogeneity, 1-6-kHz reflec- formation about the seabed interface and subbottom structure.
tion and scattering measurements showed significant spatial vari- The coupled approach also leads naturally to a self-consistent
ability. The coupled reflection-scattering approach resolved this description of the sediment geoacoustic properties. A self-con-
apparent discrepancy, revealing that the reflection and scattering sjstent geoacoustic description capable of predicting both re-

processes are largely controlled by the sediment properties below, ; P ; :
rather than at, the water sediment interface. Measurements at 3600 flection and scattering is an important goal in the development
of seabed databases.

Hz show that site-to-site variability is in part controlled by the .
thickness of the silty-clay layer. Layers up to 10 m below the water ~ 1he measurements presented here were undertaken in an at-

sediment interface contribute to the scattering at 3600 Hz. tempt to understand the bottom interaction process in a regional
Index Terms—Geoacoustic inversion, seafloor reflection, Spttlng rather t'han ata single S't,e' Wh_'le ',t may be possible to
seafloor scattering, shallow-water acoustics. fit a parameterized model for a given site, it is usually not clear

how those parameters vary around the site, or even if the pa-
rameters capture the physical mechanisms or are simply proxies
|. BACKGROUND AND OBJECTIVES that adequately fit that data set. The coupled nature of the mea-

VER THE past decades, a variety of physics-basé§irements and analysis with the Malta Plateau data illuminates
O seabed scattering models have been developed (€S veral physical processes on a rggional scale: 1) on the Malta
[1]-[8]). These models require increasingly detailed geo&latéau the scattering arises principally from subbottom layers,
coustic properties of the seabed. For example, the incidépther than the water—sediment interface and 2) distinctness in
field on the subbottom volume or interfaces can be predictdf Scattering strength from the various sites may be largely due

only if the deterministic background properties of the sedime geo_met_rical factors (j.e., layer t_hickness) rather than spatial
column are known. Thus, analysis of scattering measureme |ab|I|ty In the_ S‘?"%“e””g propertles of.the sgdment. The fact
require a substantial amount of geoacoustic information, a t spatial variability can be linked to identifiable, determin-

. . L : .. IStic processes fulfilled one of the goals of the study.
the modeler is nearly always in the position of having too littl& The paper is organized in the following manner. First, the

geoacoustic data. : . .
. xperiment locations and general environment of the Malta
The type of geoacoustic measurements that can be condu . )
ateau are described. Then the reflection measurements are

d:—zpends‘ n pa:t up(()jnt;he wa;;cer_depth (eg. if dltvtershcgn scussed, highlighting the geoacoustic properties that can be
pcl)]}/ equtrrr:en.), anf th € sca_ennlg n;ga;t:reme?t ec NIqU&iracted from these data that are crucial for understanding
self (e.9., the size ot the area involved In the scattering proc ﬁ?odeling) the scattering. Scattering measurements are then
and thus the size of the area that needs to be surveyed). In

" : i Scribed and model-to-data predictions are provided which
dition to state-of-the-art geoacoustic measurement technquﬁaicate the potential of the coupled approach. Conclusions

it is proposed that reflection measurements can substantiglly,ging the data and methods are provided in the final section.
augment geoacoustic data required for bottom scatter modeling.

The resultsin [7] demonstrated in a deep-water environment that Il. ENVIRONMENTAL DATA
. . . . , In [9] the Straits of Sicily are described as “a geologically
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Fig. 1. Bathymetry (in meters) and site locations in the Straits of Sicily. The area bounded (roughly) by the 200-m contour is referred to as théeklalta Pl
The Maltese island of Gozo is in the bottom left corner of the plot.
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Fig. 2. Seismic reflection data of transect from Site 4 (0 km) to Site 1 (11 km). Site 5 is at 6.25 km. The vertical exaggeration is 100: 1 and the itiset shows
apparent slopes. Note that the angles of all the reflecting horizons are less than 1 degree. The base of the first sediment layer can be seen aa8itét (0 km
ms two-way travel time (Twitt).

(roughly defined by depths shallower thai10 m) and the area The gravity cores were stored upright; piston cores were sec-
west of the Ragusa Ridge, termed the Malta Plateau. Nearly tlaned into 4-m sections and stored horizontally after capping.
entire area of the Malta Plateau is covered with a high-porosiburing a geophysical survey conducted during May 1999,
silty-clay sediment, although a few areas in the northern regisaund speed measurements were conducted at 200 kHz on the
(e.g., near Site 6) exhibit rock outcrops. In this paper, reflegravity cores (Sites 1 and 4) shortly after collection. However,
tion and scattering data sites on the Malta Plateau (Sites Ipréblems in system calibration prevented measurement of
and 10) will be discussed. Acoustic and supporting geoacoustizsolute sound speed. Density measurements were made on
measurements were conducted between 1998-2000. piston cores in the laboratory following the cruise. The density

Seismic reflection data from Site 4 to Site 1 are shown imeasurements on the piston cores are believed to be biased
Fig. 2. Note that the seafloor is smooth and flat, with slopes dtie to the core settling and disturbance during transport which
the water—sediment interface and subbottom horizons much leffects both the depth registration and density values. For
than 1 degree. At Site 4, the first sediment layer is about 10thee silty-clay sediments, the measurements are believed to
thick and thins seaward. represent an upper bound to ihesitu values. Sound speed and

In addition to seismic reflection data, sidescan, bottom videdensity measurements made on gravity cores collected at Site
piston (8 m barrel) core and gravity (1.3 m barrel designed 1® in April 2000 were made immediately following the core
minimize sediment disturbance) core data were also collectedllection and are believed to be of high quality.
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Fig. 3. Core measurements at Site 4 from: (a) two gravity cores separatefitosn (the tick marks are at 10-m/s intervals and the dashed line is a sound speed
gradient of 1.5 s') and (b) a piston core.
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Fig. 4. Core measurements at Site 1 from: (a) two gravity cores separate@sn (the tick marks are at 20 m/s intervals) and (b) a piston core.

A. Site 4

The water depth at Site 4 is 102 m with a slight)(2 degree)
seaward slope. Sidescan and bottom video recordings show
the seafloor is featureless except for centimeter-scale holes fr"'t.F
biologics. Three cores were collected that all contained a ve
homogeneous soft silty clay. Sound speed measurements (un
ibrated) on the gravity cores show a 1.5tgjradient [Fig. 3(a)].
Density measurements on the piston core [Fig. 3(b)] are L
lieved to represent an upper bound to ithsitu density.

B. Site 1

Site 1 lies at 128-m water depth with a slightd.1 degree) _
seaward slope. Sidescan data in this area shows a generally'._“
tureless bottom with faint lineations caused by dragnet fishiry_
Gravity coring at this site showed a silty-clay layer with a high _ _ _
sound speed gradient [see Fig 4(a)] Piston coring showed tﬁ'ﬁt 5. Photograph of contents in the core catcher at Site 1, showing large

i T T whnole shells, shell fragments, pebbles, and cemented rock, in a muddy shelly
below the silty clay layer there exists a thin sandy layer and thgfyel matrix. The coin in the foreground is 2.5 cm in diameter.
a pebble/shell layer extending for 2 m to the bottom of the core
[Fig. 4(b)]. Fig. 5 is a photograph of the material found in the

core catcher (about 3 m subbottom) and reasonably representa- ] . )
tive of the lower 2 m. A. Overview of Measurement and Inversion Techniques

Ill. REFLECTION MEASUREMENTS

) The reflection technique was developed in order to extract

C. Site 10 high resolution (resolving layers of order 50 cm), geoacoustic
The water depth at Site 10 is 125 m and the bathymetryirformation from the seabed [10]. The measurement technique

flat. The core data at Site 10 showed an upper lay@5(cm) and inversion strategy are briefly reviewed here.

of silty-clay, then a layer of clayey sand with shell fragments The measurement configuration uses a broadband source and

(~30 cm), then gravelly sand. Fig. 6 provides the sound speadingle hydrophone (see Fig. 7). It is a “local” technique in

and density measurements. the sense that it samples a relatively small (a few hundred me-
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Fig. 6. Two gravity core analyses (solid and dashed lines) at Site 10 from the multisensor core logger. The asterisks were measured using séémgard labo
methods as a cross check. The cores were separated by approximately 130 m.

be best extracted in one domain. For example, density and atten-
uation are best extracted in the frequency domain, while layer
thickness is best extracted in the time domain.

The inversion technique employed here follows a two-step
process:

1) Time-domain data is used to obtain an initial parameteri-
zation (i.e., determine the number of layers in the seabed)
and to provide initial estimates of the layer thickness and
interval velocity for each layer.

2) Frequency-domain data (reflection coefficient) are used
to refine the velocity structure and extract the density
and attenuation. An important feature of the analysis is
that the processing is performed in a layer-stripping ap-
proach. That s, first the reflection coefficient is obtained

Fig. 7. Reflection experiment geometry. The data presented in this section are at just the water se(j|ment interface, a-nd the geoacou.stlc

from a single hydrophone of the vertical array. parameters fo_r that interface are obtal_ned. Nex_t,_holdlng

those properties constant, the reflection coefficient for

the first two sediment layers is processed and the geoa-
terS) region of the seafloor. This “local” attribute prOVideS the coustic properties extracted and so forth. The advantage
opportunity to develop range-dependent geoacoustic models by  of this technique over the traditional method of computing
making measurements at several sites (see [11]). The source em-  the total energy reflection coefficient is that it further in-

ployed in the experiments was either an EG&G Model 265 Uni-  creases the amount of independent data and thus further
boom (Site 4) or a Geoacoustics Model 5813B Boomer (Site  reduces uniqueness problems.

1) mounted on a catamaran at a nominal depth of 0.40 m. Thexggitional details regarding the experiment design, data pro-
usable bandwidth of the pulse is roughly from 0.5 to 10 kHéessing, and inversion can be found in [10].
and the source repetition rate was 1 pulse per second. The re-

ceiver consisted of a vertical array of which only the bottorB. Site 4 Reflection Analysis
hydrophone 4-15 m above the bottom) was employed in the g proadband time series data at Site 4 collected during the

analysis. Although multiple phones could be USE‘?‘ to ir_‘c_reaéﬁARABQS experiment are shown in Fig. 8; the track was par-
the data coverage, the data from one hydrophone is sufficientiy) 1 the hathymetric contours. The vertices of the hyperbolae

m.eﬁt tlhe analy?;s rec;wrekments. Dalta were sampllf-d at 48 'I‘A'r]é at the minimum offset between source and receiver, which
with a lowpass filter of 16 kHz and telemetered back to RIV Al g case is 13 m. The earliest arrival is the direct path, then a

liance. o , , group of four arrivals are visible that are reflections from bottom
Geoacoustic inversion schemes in general suffer from Moy ybhottom layers. The last group of arrivals, having a min-

main problems: 1) uniqueness, i.e., many diverse geoacougtie,m travel time of about 0.2 s, correspond to the second bottom
models can be made to fit the same data and 2) lack of an igince.

tial parameterization (e.g., determination of number of impor- The shapes of the hyperbolas are a function of the geometry
tant sediment layers). The inversion strategy used in this pagetne experiment and the sound speed structure. Knowing the
extracts geoacoustic information from both the space-time dQsometry, the sound speed structure can be estimated using the
main as well as the space-frequency domain. The motivating, harameter method [12]. In order to better visualize the data

for using data in both domains is to increase the amount of iy particular the bottom reflected paths) the data are mapped to
dependent data (i.e., reduce uniqueness problems). In additjQRy ,ceq timet,., defined as

the time-domain data provides a very useful initial parameteri-
zation. A third reason is that certain geoacoustic parameters may 2 =1 —(r/c,)?
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Fig. 8. Raw reflection time series data at Site 4.

wheret is time,r is horizontal range, and. is the reducing ve- exhibit no apparent range dependence in reflectivity over this
locity. Thus, arrivals traversing a path with an average velocigperture. The small layer dips are very smal).06 degrees
equaltothat ofthe reducing velocity would be “flat” inrange (i.e and lead to the slight asymmetry around zero range observed in
independent of reduced time). In the transformed data (Fig. 8)g. 9. Assuming a zero dip results in an errord.7 m/s.
the first reflection arrival at 0.0062 & from the water—sediment  Between the first and third reflecting horizon there is a
interface, later arrivals correspond to subbottom layers. strong reflection (at~0.008 €) which corresponds to 8.4 m
Also in this figure are the “picks” (dashed line) for eaclsubbottom. Although the strength of the reflection indicates a
layer with the resulting interval velocity and thickness structurgrong impedance change at the boundary, the interval velocities
provided in Fig. 10(a). The “picks” are reflection arrivals thagn each side of the boundary were essentially identical. The
are selected interactively. Extensive tests using the methodgimplest explanation is that there is a thin (smaller than the
synthetic data [13] show minimum errors associated withrasolution of the pulse) layer interbedded in an otherwise ho-
ray parameter corresponding 4b0° at the seabed and whenmogeneous layer. The geoacoustic properties of this layer and
a maximum offset of ~400 m is used to estimate stackinghe layer at 10 m subbottom-0.009 €) cannot be extracted
velocities. Errors associated with multilayer synthetic modeking the time-domain method but will be extracted using the
inversions were less than 25 cm in depth estimates and l@ggjuency-domain data (reflection loss).
than about 1% in sound speed. Other errors are associated Witbrocessed reflection loss (defined-a201log, , ||, whereR

geoacoustic properties that may vary in range (the techniqg&ne pressure reflection coefficient) data for the water—sedi-
assumes that the properties vary in depth only). Range depgjgnt interface (i.e., windowing around just the first arrival of
dence in the sediment properties is difficult to estimate, biig. 9) are shown in Fig. 11. One of the salient features of these
in these environments it is believed to be small because &3 is that the water—sediment interface is nearly acoustically
region of the seafloor probed is small (less than 60 m for thgynsparent; above grazing angles of 10 degrees, 99% of the en-
maximum offset of 400 m), several cores taken tens of meteigyy is transmitted into the sediment. Thus, the subbottom sed-
apart showed no substantial variability, and the seismic dgfgent structure will tend to govern the reflection and scattering

1Another source of error is due to the fact that the hyperbola is an approgiharac'[ensucs' The_Other .Sal!ent feature in the data is the pres-
mate, not exact representation of the arrival structure for reflection from a g&@nAce of the angle of intromission, the angle where the reflection
eral layered media. For the geometry of this problem, 400 m was a compronjssefficient approaches zero. The angle of intromission occurs
between having enough range extent to adequately characterize the arrival struc- L .

Wijen the sound speed ratio is less than 1 (see Fig. 10) and the

ture and a short enough range so that the hyperbolic assumption for the ar : >
density ratio is greater than 1.

time was robust.
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Fig. 10. Site 4 sediment sound speed from a time-domain analysis: (a) using hyperbolic fits to the main reflecting horizons and (b) the modifsdteprofil
frequency-domain analysis.

Generally, at this point in the analysis, the interval velocity In a homogeneous material, the peak of the reflection loss
obtained above would be used as a first estimate for the modededhe angle of intromission is controlled by the intrinsic atten-
reflection coefficient. However, in this case, the presence of thation. However, interface roughness, fine-scale layering, and
angle of intromissiond) along with a measure of near-normakolume inhomogeneities in marine sediments can also control
incidence reflection losa/j permits both the sediment velocity,the small but finite loss at that angle. Since these latter effects are
c2, and densityps, to be obtained unambiguously as not known, only an “effective” attenuation can be extracted; this

forms an upper bound to the intrinsic attenuation. Model-to-data
comparisons using the inversion results are shown in Fig. 11
p2 = p1(1 — dv/(cos (1 + v))*) ™/ (1) with afitted effective attenuation of 0.07 dB/m/kHz. While that
e =(pre1/p2)(14+v)/(1 —wv). (2) value is consistent with the work in [15], there is mounting evi-
dence that Hamilton’s estimates for fine-grained sediments are
The bottom water sound speed and density are 1511 m/s amdorder of magnitude too high (see [16]-[18] and [7]).
1.029 g/cm, respectively, yielding the sediment properties The model predictions of Fig. 11 are frequency-independent.
14804+ 4 m/s and 1.32t 0.04 g/cni (see [14] which describes Note that the fit between the model and the data are excellent
the inversion process in detail). The time-domain methdtbm 800 to 2000 Hz, but above 2000 Hz the data show a de-
yielded 1490 m/s averaged over the upper 10 m (see Fig. p@ndence on frequency. The frequency dependence of the data
and, using the gradient from the core data (see Fig. 3).isdndicative of the presence of fine-scale layering and/or volume
sediment-interface estimate of 1482.5 m/s is obtained whitthomogeneities. Modeling (see the Appendix) indicates that
is quite consistent with the value obtained from the angle @ihe-scale layering is the main cause of the frequency depen-
intromission. dence. The presence of fine-scale layering also explains the re-
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Fig. 12. Site 4 bottom reflection loss datg compared with model results using the time-domain (blue) and modified time-domain geoacoustic properties (red).

flection loss at the angle of intromission without resorting tasing the geoacoustic properties derived from the time domain
unrealistically large attenuation values. data (blue line). The model fits the measurements in a general

The reflection loss data for the upper 20 m of the sedimesgnse, but there are clues in the reflection data that can improve
column are shown in Fig. 12. Also shown are the predictionise geoacoustic model. For example, using the apparent critical
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TABLE | total energy reflection losscf at this site is shown in Fig. 15.

GEOACOUSTICPROPERTIES FORSITE 4 The blue curve shows the predictions using the sound speed
Thick- Sound | Density Attenuation profile from Fig. 14(a) which do not agree particularly well with
ness (m) | Speed | (g/em’) (dB/m/kHz) the measurements (almost certainly due to inaccuracies in the

(nvs) second layer sound speed). Using the location of the critical

8.4 1490. 1.32-1.5 0.01 angle at high frequency (5 kHz) as a guide, the sound speed
0.2 1550 1.7 0.05 of the second layer was estimated to be 1780 m/s. Oscillations
1.6 1490. | 1.6 0.02 observed in the high angle-@5 degrees) and 1-2 kHz data
038 }gfg » i-gg 8-55 suggested that the second layer thickness was about a factor of 2

too large. The modified sound speed profile [red dashed curve of
Fig. 14(b)] fits the measured reflection data considerably better

angle of the data~25 degrees) the second layer sound speé%ee the red curvg in Fig. 15). o ,

was estimated at 1660 m/s. Also, the peak in the reflection co-However, the fit to the low angle data in Fig. 15 requires
efficient at about 13 degrees (2—3 kHz) confirms the existen®8 unrealistically Ia_rge atten_ugtlon of 0.1 dB/m/kH_z in the_ﬁr_st
of, and provides estimates of the properties for the high-spe&dty-clay) layer. Itis unrealistic from the standpoint that it is
layer at 8.4 m. The reflection predictions (Fig. 12 red line) usir\%fa‘_‘y‘(’r of 10 higher than the first layer attenuation at Site 4
the modified geoacoustic properties [see Fig. 10(b)] are in betfdfhich has the same sound speed); it is greater than the effec-
agreement across angle and frequency. It is believed that sE4g attenuation from the similar sediment type at Site 4, and
tering from the layer at 10 m subbottom explains why the dafigher than that found in the literature ([16]-{18], [7] or even

have a generally higher loss than the model at high frequenciéil) would predict for asilty clay. In connection with this, note
Note also that there is greater variability in the high-frequend{)at the predictions do not match the data at high-frequency (4-6

data, which may be indicative of scattering. KHz) high angle £45 degrees) and the bias in the model versus

Including the sound speed gradient in the first sediment lay&€ data increases with increasing frequency. A probable expla-
has a negligible effect on the reflectivity and so for Simpncit)glatlonforboth these effects is scattering due the large inclusions

was not included in the geoacoustic properties. The accomfs-Shown in Fig. 5. o

nying density gradient can not be ignored: it has the effect ofInorderto estlma_te_the effect ofscat_termg_lnthe secqnd layer,
changing the impedance contrast at the base of the silty-cl%ﬁ)’eral model_predlcuons were mad(_a including scat'Ferln_g atthe
layer. The fine-scale layering properties (see the Appendix) h§gcond layer interface (using the Kirchhoff approximation as
a minor influence on the reflection coefficient integrated ovéfPlemented in OASES [19] reflection module). Fig. 16 com-
the upper 20 m and thus were not included. The geoacoudl'es the smooth layer (red) with an rms roughness of 3.5 cm
properties for Site 4 are given in Table I. The basement attend@4€); both predictions use the same attenuation found at Site
tion value has considerable uncertainty, since the reflection I¢5£0-01 dB/m/kHz). The frequency dependence of the low and

is not sensitive to that parameter. The basement parameter (Y48 angle predictions indicates that scattering plays an impor-
set from scattering analyses in the next section. tant role in the reflection process. However, noting the different

low-angle &30 degrees) dependence of the model and data at
5-6 kHz, volume scattering rather than interface scattering may

. ) . . ) ~_ Dbe the actual mechanism involved. Table Il provides the geoa-
Site 1 time series reflection data (Fig. 13) are similar tgoystic properties at this site.

Site 4 in that the water—sediment interface reflection apparent

at 0.0095 $ is weak relative to the following reflections. At )

Site 1, two strong reflectors follow very close in time afteP- Summary of Reflection Results

;r;e water—sediment interface at about 0.009%8d 0.0101 |y summary, the western Malta plateau appears to have a
- No other reflecting horizorsare apparent until about 303nket of surficial silty clay with uniform geoacoustic prop-

m subbottom (not shown) where there is a relatively weglties hyt spatially variable thickness. The thickness decreases
Iow-freque_ncy (below 1 kHz) reflegtor. ) . seaward (see Fig. 2). Below the silty-clay layer there are sev-
The sediment sound speed profile obtained from the time dgz| hin (tens of centimeters) high-speed layers. Below the thin
main analysis in the upper few meters is shown in Fig. 14. NQig o5 there is a thick layer of 1600 m/s that effectively forms
that the first layer sound speed is essentially identical to thap 4coustic basement at these frequencies. From the core data
at Site 4. Due to the closely spaced subbottom layers, it WaSsite 1, this sandy layer has large inclusions of shells, shell
difficult to accurately pick the hyperbolae for the second Iay_eﬁ"agments, and pebbles. The high compressional speed layer
However, the frequency-domain data (reflection loss) providgay 5150 have large inclusions. There appears to be significant
information on this layer. T scattering at this layer, especially apparent at Site 1. There is
Processing the reflection coefficient in individual layers wagy, ingependent data to indicate that the inclusions also exist at
not possmle at this site due to the close spacing of the Iayer; NERE 4: however, this seems to be implied inasmuch as the ve-
the interface, and layers below a few meters do not contribifRiyy, of that layer is almost identical (less than 1% difference
to the reflection coefficient at these frequencies. The measuigd, cen the two sites). Analysis of the reflection data provide

2The feature on the positive ranges at about 0.020&nsl 400 m offset is a sound spged, density, attenuat'orl] and layer thlgkness e_St'.mates
reflection from the tow ship and not a sediment reflector. of the sedimentary structure required for scattering predictions.

C. Site 1 Reflection Analysis
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Fig. 13. Broadband reflection time series data at Site 1 with a reducing velocity of 1512.8 m/s. The water—sediment interface reflection is%at 0.0095 s
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Fig. 14. Sediment sound speed profile at Site 1. The solid curve is from the time-domain analysis, the dashed line is from the frequency-dotiain (reflec
analysis).

IV. SCATTERING MEASUREMENTS 0.18-m spacing at 3600 Hz. This paper will focus on backscat-
. . . t{ari g, branche. Deviations from the predicted arrival structure
In this section, bottom scattering measurements are presen £ . C . .
rancha, including time delays, arrival elongation, or the ad-

di d in light of th [ [ btaing
and interprete In g to .t € geoacoustic properties o ta“mal(%ion of other branches directly point to the existence of sub-
from the reflection analysis. b .
ottom scattering.
In the following sections, an overview of the scattering model
is first given. Then, following a brief analysis of the beam time
Like the reflection technique, the scattering measuremesgries data, the scattering strength data and model results are
are “local,” i.e., yield scattering strength in a relatively smaresented and discussed.
(several 100 m) radius. The technique allows not only measure- ) ) )
ment of bottom scattering strength but also provides informg: Scattering Modeling Overview
tion on the scattering mechanism (i.e., interface or subbottomFor analysis of the bottom scattering data, the model of [7] is
volume scattering). Knowledge of the scattering mechanismemployed, which departs from most other bottom scatter models
important because it can serve as a key for predicting the fie-that it computes received level in the time domain from the
guency dependence of the scattering. Details of the measwgediment/basement interfaces and a distribution of subbottom
ment and analysis technique are given in [20]. scatterers, then processes the data for scattering strength using
The scattering mechanism information is contained in thike same assumptions employed in the data processing. The im-
beam time series. Figs. 17 and 18 show the various multipgtbrtance of the approach is that it provides a result that is di-
orders and the resulting arrival structure. The beam spacingéttly comparable with measured data. Some subbottom scat-
Fig. 18 is consistent with a Hanning-shaded 32-element arrayteting models (e.g., that compute the scattering strength in the

A. Measurement Technique Overview



HOLLAND: COUPLED SCATTERING AND REFLECTION MEASUREMENTS IN SHALLOW WATER 463

1000 Hz 1250 Hz &0 H:

i

-] - 2
ﬁ . v }/ -
%0 e e
E: L] & 4 [ .d

- ! /
u '1"" ﬁ -!"
2y a |

ﬂ — - - - - -

2000 Hz 2500 Hz 15} H:

20

18 1\ P N "
= F s A " T
E. il _I |ﬁ"- e , 1 I% y .,-':":' l\i .'-.'.-rd-\‘- :
- ) | T, || i g
= sl | fa | & o

lI 1 1 [ |
4000 Hz 5000 Hz B30 Hz
20
. . "

18 LE = FL
ﬁ il - .-:":-\" —— E ::“-u""".‘".
E 10 | B ] .'.,Ii- ! E -.:;

4] ||.' f o | 5™

5 ] d H &

|:|- - - . - - - - . - - & - - - - -
0% 3 45 & TS W 0 15 3 45 8) 75 S0 0 1% 3 & &0 TS M
amang fnigks (Seg) Emzreg Angle {deg) GErazrg Amghe (deg)

Fig. 15. Comparison of Site 1 measured reflection lagsiith model using layer structure from the time-domain analysis (blue) and the modified time-domain
analysis (red).
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Fig. 16. Comparison of Site 1 measured reflection lagswith model using geoacoustic properties from Table Il with roughness (blue) and without rough-
ness (red).

frequency domain) do not account for the time-angle artifaotessing corrects for insonified area at the water—sediment and
that exist in measured data when subbottom scattering playsa for insonified volume or insonified area at a subbottom layer
significant role. These artifacts exist because 1) the frequentigrizon.

employed local-plane wave approximation breaks down for theThe model considers a refracting sediment layer over a half-
experimental geometries and 2) the bottom scatter data pspace and treats scattering from the water—sediment interface,
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TABLE I tensity/, spectral exponent, and aspect ratia of the velocity
GEOACOUSTICPROPERTIES FORSITE 1 fluctuations. The dip angle is assumed to be 0 and the grain den-
Thick- Sound | Density at Attenuation RMS sity = 2.65 g/cn.

ness (m) | Speed | top(g/cm’) | (dB/m/kHz) | roughness Despite the fact that the model includes all of the generic scat-
(m/s) (cm) tering mechanisms, the environment in the study area is more

0.8 1490. 132 0.01 0 complex than the model considers. For example, the model only
0.5 1780 1.85 0.2 3.5 allows one layer between the water—sediment interface and the
- 1600 1.62 0.05 = basement; both Site 1 and Site 4 have more than one layer. Also,

the model only allows volume scattering within the single sedi-
ment layer, whereas at the Sites in the study area, volume scat-
tering (if important) occurs in sediment layers below the first
layer. As an interim measure, several approximations were in-
troduced to estimate these effects. In order to approximate the
effect of multiple layers between the water—sediment interface
and the basement, the scattering kernel was multiplied by the
two-way transmission coefficient as computed by OASES [19].
In order to approximate the effect of multiple layers between the
water—sediment interface and deeper volume scatterers bounded
with an upper deptlr = A, the ratio of the received intensity

for interface scattering at, to that at the sediment interface
was multiplied by the received intensity for volume scattering at
Fig. 17. Bottom scattering multipaths. =z = 0. However, the conclusion is that the layering observed in
the study area underscores the need for more complex models
that incorporate these environmental effects properly and are
able to directly model real data.

For the model used in this study, ray theory [22] was used to
compute the transmission losH(og ¢) terms, the range step
was set to 0.5 m, and the grid was based on polar coordinates
around the receiver position. Volume scattering was computed
with a depth spacing of 1 m. Contributions from the direct blast

and the normal incidence air—sea reflection were not included
180, o e in the calculations. _Sour_ce levels and beam patterns were com-
' Time (s) ' ' puted based on calibration results [20].
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Fig. 18. \Vertical arrival structure for multipaths of Fig. 17. 288 toward C. Site 10 Beam Time Series

seafloor. . . .
Site 10 is on the eastern edge of the Malta Plateau, just 1.5 km

st of the Ragusa ridge, with a water depth of 126 m. This site

the basement interface. The received level is computed in was selected to examine the difference in scattering between the

Born approximation as a sum of delayed, scaled, replicas of ﬁ,]%ntral Plateau (Site 1) and its eastern edge. The center of the
transmit source intensit§(¢) as receive array was 22 m above the bottom.

The beam time series data are shown in Fig. 19 along with

scattering from within the sediment layer, and scattering fro

RL(t; 6) modeled arrival branches (white dashed lines) whose geomet-
s N rical meaning can be understood from Figs. 17 and 18. The
= 10log |7, 2 Z Z S(t—t;) mk oitgk( e 098 A scattering branch that does not correspond to a modeled arrival

(commencing at 0.14 s on beam 0) is simply monostatic scat-
tering from the sea surface.

Note that there is no time delay between the modeled
and measured scattering branechmoreover, modeling (not
shown) indicates that there is no substantial time spreading
wherer, = 1 mis the unit distance; is the index for the inter- of this branch. These two facts indicate that the scattering is
face,!™ and(Pv are the intensity transmission ratios (includingoming from the upper 10 m of sediment (i.e., the limits of
the beam pattern) from the source to scatteringicatid from the pulse/beam resolution). The core data show a high-speed
celli back to the receiver, respectivelyis the scattering kernel, sandy gravel layer60 cm subbottom. This layer is probably
andA is the area of the cell. The scattering kernel for the intethe dominant mechanism giving rise to the scattering.
faces uses a two parameter (spectral strengiimd exponent,
~ of the roughness spectrum), power law model [21]. For sub: Site 4 Beam Time Series
bottom volume scatteringP/d$ is the differential scattering  Site 4 isin 102 m water depth at the northern edge of the study
cross-section and following [6] requires 3 inputs: spectral imrea. The center of the receive array was 29 m above the bottom.

k=1 =1

M
—2 in ~out in pout
SN St — )G dgw ") (3

Jj=1
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Fig. 19. Averaged (10 pings) beam time series from 3600-Hz bottoRig. 21. Averaged (10 pings) beam time series from 3600-Hz bottom scatter-
scattering at Site 10. The processing bandwidth is 150 Hz. The quantity plottad at Site 1. No delay between the modeled and measured arrivals is observed
is received level re kP&/s/Hz. The direct blast is seen just after 0 s across alhdicating that the scattering is coming from at or near the sediment surface.
the beams and the surface reflection is observed at 0.14 s. The vertical white

dashed line at 0.14 s is the model result for the surface reflection; the other

white dashed lines are model results for the various bottom scattering pafifggm 10 m subbottom. It is significant to observe that scattering
10 el betieen he adeled nd messured arials = obeened IniEaidingiy from the water-sediment interface decays rapidly
for angles below normal incidence; below°5beam 21), the
water—sediment interface scattering braimtlis about 10 dB
less than that from brandlf. These data provide direct proof
(without modeling assumptions) that the dominant scattering
mechanism in this environment is subbottom, not water—sedi-
ment interface, scattering. The comparison between interface
and subbottom scattering is more easily observed on branch
b than brancha because the latter is contaminated by array
overload (clipping) from the direct blast.
1 From the reflection analysis it is known that the first signifi-
41 @& 01 02 43 04 cant subbottom layers (in terms of impedance contrast) occur at
Time after iransmi (s} about 10 m subbottom (see Figs. 8 and 10 and Table I). The scat-
tering data indicate it is that horizon that is the dominant scat-
tering mechanism. Thus, the reflection data not only corroborate
features observed in the scattering data, but also provide quanti-
Fig. 20. Averaged (10 pings) beam time series from 3600-Hz bottom scatttative sediment properties required for physics-based modeling.
ing at Site 4. The delay between the modeled and measured arrivals indicgtds this utility of the coupled measurement concept that is one
Il e seallrng comes fom abouL 10 m belo e wate seiment P the central points of the paper, i.e., that reflection data can
(see Fig. 10). provide key information required for interpreting the scattering
measurements.

———s,
=104 =i} B

The_ reflec_tion_ analysis _at Site 4 shows that the upper 10 m f Site 1 Beam Time Series
sediment is silty clay with a sound speed less than that of the =~
overlying water column. As will be shown, the presence of the Site 1isin 128 m water depth near the center of the study area.

surficial silty-clay layer has an important effect on the scatterin1€ center of the receive array was 29 m above the bottom. Re-
as well as on the reflection. flection analysis at Site 1 showed a strongly reflecting/scattering

Fig. 20 shows the beam time series from the bottom sclgver 0.8 m below the water—sediment interface. In agreement
tering measurement. The predicted backscattering bradth thatanalysis, the beam time series at Site 1 (Fig. 21) show
(white dashed curve) commences 0.04 s past the direct bia@imeasurabfetime delay between the modeled and measured
at normal incidence (beam 23). The measured backscatteri¢gttering arrivals.
branch (branchx in Figs. 17 and 18) arrives substantially later . )
than the prediction. This time delay14 ms, indicates that the - Scattering Strength Analysis
scattering is coming not from the water—sediment interface, butBottom backscattering strength can be extracted from the
rather from a horizon about 10 m subbottom. beam time series following [20]. In modeling the data, the

The time delay is more clearly observed on bistatic branctdeterministic geoacoustic properties (i.e., layer thicknesses,
in beams 18-23. The first branéharrival, denoted branchl, sound speeds, densities, attenuations) obtained from the reflec-
visible at 0.15 s on beam 23, is the normal incidence reflectition analysis in the previous section are used. The reflection
from the water—sediment interface. Fourteen milliseconds IategTh - _ _ _

e uncertainties associated with the source depth, receiver depth, and water

on the Same beam (immediately preceding braf)d_mere '_S depth are of order a meter, i.e., insufficient for determining departures from the
another arrival, brand{’, that corresponds to a reflection arrivapredicted arrival structure of that order.
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Fig. 22. Measuredx) scattering strength at Site 1 with model predictions, from 0.8 m subbottom (dashed line) and from 1.3 m subbottom (solid line). The
layering structure is shown in the bottom left panel, density is the dashed line.

analysis also provided clues about dominant scattering mespeed of the basement was comparable at the two sites, it
anisms, i.e., that the water—sediment interface impedance ww&s not known if the scattering characteristics were also sim-
low enough so that scattering from it would almost certainly btar. Fig. 23 shows the measured data with modeling results
negligible, and that the subbottom layers with a high impedanassuming the same scattering parameters at the basement in-
were the probable mechanism for scattering. The time sertesface as at Site 1 (solid curve). This assumption appears to
analysis appeared to confirm this. Furthermore, the scatteriog suitable at 3600 Hz. Note that the 3600 Hz measured and
strength model was run with roughness parameters reasonabeleled Site 1 scattering are about 5 dB higher than at Site
for the silty-clay boundary{ = 1.0 x 10> m* andv = 3) 4. This is due to two effects: 1) differences of the thickness of
that gave predictions 15-20 dB lower than the measuremerttg silty-clay layer and 2) the presence of the thin layer at Site
thus indicating that the interface plays a negligible role in the at 8 m subbottom.
scattering process. The Site 4 angular dependence at 1800 and 1200 Hz is quite
Scattering strengthe] as a function of angle and frequencydifferent from that at 3600 Hz. The rapid decrease with angle
at Site 1 are shown in Fig. 22. The data were averaged oeeuld be explained by either scattering from an interface of
10 pings and a 2 degree sliding window, the standard dew-1800 m/s or scattering from within the basement volume. The
ation of the data is about 3 dB. In order to fit the model teeflection analysis appears to discount the former so the latter
the data in Fig. 22, the basement spectral strength and expeems to be more reasonable. The dashed curves in Fig. 23 were
nent were varied. The angular dependence in the model pcemputed with sediment volume parameterdof: 3.8 x 10~2
dictions are controlled almost entirely by the layer densitien—%%, = 1.8 andA = 4. The overall frequency and an-
and sound speeds, which were fixed in the reflection analysigilar dependence indicates that volume scattering plays a role
Changing the spectral strength changes only the overall aatfrequencies below 3600 Hz and at 3600 Hz for angles above
plitude; changing the exponent modifies the frequency depe2t degrees. The fit was also dependent upon attenuation (0.05
dence. The dashed curve represents the geoacoustic paramdifra/kHz was used) in the basement layer This deterministic
of Table Il with 3 = 3.0 x 10~° m* and~y = 3. The two model property was allowed to vary inasmuch as it was not well con-
results reasonably match the data except at the low anglestaained by the reflection analysis.
1800 Hz and 3600 Hz. The solid curve, representing scatteringMeasured data at Site 10 are shown in Fig. 24. Since there
at the basement interface (but excluding the effect of the 0.5were no reflection data at this site, and core data showed a sim-
high-speed layer), useél= 1.2 x 10~* m* andy = 3 and ap- ilar structure to Site 1, the Site 1 layering and scattering param-
pears to better explain the 1800 Hz and 3600-Hz low angle dagters were employed. The scattering strength at the higher two
Site 4 is landward about 11 km and differs ostensibly frofiequencies is quite similar with Site 1. The reason for the rapid
Site 1 in the thickness of the silty-clay layer. While the soundecrease in scattering strength versus angle at 1200 Hz may be
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Fig. 23. Measuredx) scattering strength at Site 4 with model predictions for interface scattering at 10 m subbottom (solid line) and volume scattering from 10
to 24 m subbottom (dashed line). Comparison with Site 1 at 3600 Hz, shows about a 5-dB decrease in scattering strength.
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Fig. 24. Measuredy) and modeled (solid line) bottom scattering strength at Site 10. The layering structure shown in the bottom left panel as well as the scattering
parameters were taken from Site 1. Comparison with Site 1 shows similar scattering strength at 1800 and 3600 Hz. The scattering at 1200 Hz majtlye governe
volume scattering.

due to volume scattering given the similarity in the angular de- In terms of regional characteristics, the 3600-Hz data are con-
pendence with Site 4. gruous with subbottom scattering from the basement interface
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Fig. 25. Measured reflection loss)(with the model including a 10-cm surface layer. Note the shift in the modeled angle of intromission at high frequencies that
is consistent with the data. Note also the improved fit of the high angle data relative that of Fig. 8.

with consistent values at all three sitgs & 1.2 x 107* m* rather than the sediment interface. The first sediment layer
and~y = 3). At lower frequencies the situation appears morgilty clay) is nearly acoustically transparent and contributes
complex, or at least is not fully explained with the present leveery little to the reflection and scattering process, except as
of modeling. The 1800-Hz data seems to be consistent betweelens, modifying the angular content of the incident field on
Sites 1 and 10 with the same parameters as at 36003Hz ( the subbottom layers. It appears to have uniform geoacoustic
1.2 x 10~* m* and~y = 3), however at 1800 Hz and belowproperties across the plateau, but variable thickness, roughly
at Site 4, the dominant scattering mechanism appears to bethd0 m. The dominant scattering mechanism at Sites 1, 4,
basement volume. and 10 appear to be the layer between 155-165 ms two-way

One conclusion is that more complex models of acoustic sct@vel at Site 4 (0 range) in Fig. 2. At Site 4, there is evidence
tering are required. On the other hand, it might be argued that that 3600-Hz scattering is generated in this layer, which is 10
data could be fit with simpler models, i.e., the scattering meceters (greater than 20 wavelengths) below the seafloor.
anism could be ignored and the data fit with an interface scat-

tering model. However, this alternative leads to an inability to APPENDIX
extrapolate the data in space or frequency and therefore makesSEFFECT OFFINE-SCALE LAYERING ON THE ANGLE OF
interpreting regional variability difficult. It is believed that com- INTROMISSION

plexity in the models (sufficient to capture the principal mech- In Fig. 11, it was observed that the halfspace model did not fit

anisms) will simplify regional modeling of scattering strengti}he measured reflection loss data above 2 kHz. In this appendix
As an example, the thickness of the overlying silt-clay layer has : y

a definite measurable impact on the scattering strength. This%‘?—iﬁﬁ?naﬂon Is advanced assuming the presence of fine-scale
fect can be relatively easily treated in physics-based modelin Note that at 4-5 kHz (Fig. 11) the low angle data (below the

whereas trymg_ to predict the effect heuristically, i.e., with an Ineingle of intromission) are shifted to higher angles relative to the
terface scattering model would be cumbersome at best.

halfspace predictions. This indicated that the high frequencies
“see” a lower sound speed and/or density than the low frequen-
cies. The simples explanation is that there is a surficial layer
In studies of acoustic interaction with the seabed, sometimsih a lower sound speed. Note also, that at high frequencies,
only the quantity ofimmediate interest (reflection or scatteringhe high angle 45 degrees) reflection data have a higher loss
is measured. Measuring both quantities in a coupled techniquethin the low frequencies, which is also consistent with a surface
lows a more complete and self-consistent characterization of thger of lower sound speed and density.
seafloor geoacoustic properties and their site-to-site variability.Fig. 25 shows the data predictions using a 10-cm surfi-
The coupled analysis provided substantial detail about thial layer of 1470 m/s, 1.28 g/chmand 0.01 dB/m/kHz (see
mechanisms involved in both the reflection and scatteringable IIl). The presence of this layer seems to explain: 1) the
Acoustic interaction with the seafloor on the Malta Plateancrease in reflection at high frequencies; 2) the increase of
is dominated by reflection and scattering from the subbottotine angle of intromission with increasing frequency; and 3) the

V. SUMMARY AND CONCLUSION
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Measured reflection loss)(with model including fine-scale near surface layering. Note that the oscillation structure in the model is similar to that in

the data, indicating that the data oscillations are probably a resonance due to fine-scale layering.

TABLE Il
GEOACOUSTICPROPERTIES FORFIG. 25

Thick- Sound | Density Attenuation
ness (m) | Speed (g/cm3) (dB/m/kHz)
(m/s)
0.10 1470. 1.28 0.01
-- 1480. 1.32 0.01
TABLE IV

GEOACOUSTICPROPERTIES FORFIG. 26

1
Thick- Sound | Density Attenuation W
ness (m) | Speed | (g/em’) (dB/m/kHz) 2]

(m/s)

0.10 1470. | 1.28 0.01 3]
0.50 1480. 1.32 0.01
0.07 1470. 1.28 0.01 [4]
- 1480. 1.32 0.01

[8]

reflection loss at the angle of intromission without resorting
to large attenuations. The one aspect it does not explain igg]
the presence of oscillations in the data above the angle of
intromission, e.g., apparent at 5 kHz from 2 to 60 degrees. 71
The oscillations at 4-5 kHz are presumed to come from

layering. Fig. 26 shows the predictions using a three-layereds]
bottom of Table IV. Note that, at 5 kHz, the predicted oscilla-
tions agree reasonably well with the measured data. While theg;
oscillations do not perfectly match the data, the similarity of the
predicted oscillatory structure to that measured give creden%o]
to the hypotheses that fine-scale layering:

* is responsible for the high-frequency departure form theill]

half-space predictions;
« controls the reflection loss at the angle of intromission.
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