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Abstract

Biological activity in marine sediments creates a time-varying, randomly fluctuating medium. A bio-diffusive model
s proposed for predicting the temporal and spatial spectrum of sediment density fluctuations. Perturbation theory
15 used to model sediment volume scattering and the temporal correlation of the scattered field. These models are
compared with field data recorded in a biologically active shallow water environment, and sediment bio-diffusion
parameters are estimated.

1. Introduction

Biologically active sediments are continually modified by epifauna (organisis that live on the sediment surface) and
infauna (organisms living in the sediment). The collective mixing effect of these organisms is termed bioturbation.
On micro- and macroscopic scales, bioturbation affects the physical and chemical properties of the sediment. The
intensity of bioturbation affects the distribution of marine chemicals which in turn influences the microbial activity
in the sediment and the ultimate fate of marine pollutants [1, 2]. Epifaunal activity creates microtopography that
may decrease the critical velocity necessary to erode surface layers [3]. Infaunal activity, such as tube building,
is responsible for vertical and horizontal redistribution of solid material within the sediment, creating spatial and
temporal inhomogeneities in sediment bulk properties (e.g. density and porosity). Often, the traces of these
mixing activities provide the only evidence of the existence of fauna in an area [3].

Models of acoustic scattering from the sea floor can be used to invert for sediment properties such as roughness
spectra and volume inhomogeneity spectra [5, 6, 7]. In such inversions it is assumed that the sea floor does not
change with time, however, on time and distance scales comparable with with scales of bioturbation, acoustic
properties of the sea floor will change. Time scales of bioturbation range from diurnal to seasonal, and distances
scales range from mesoscale to meter scale patchiness [1].

In this paper, the effects of bioturbation on acoustic backscatter will be discussed. A stochastic model of
bioturbation will be introduced, and a review of perturbation theory to model volume backscatter presented.
By coupling these models, a model for the decorrelation of an acoustic backscattered field due to bioturbation
is obtained. Model predictions will be compared with field data recorded in a biologically active shallow water
environment over a two month period.

2. Bio-diffusive Sediment Model

Quantitative analysis of bioturbation requires the use of mathematical models that describe the mixing process.
The simplest model of this mixing process is the vertical diffusion equation [1, 2, 4].
2 2
ac(z,t)—D,,v ¢(z,t) =0 (1)

This equation describes the temporal and spatial evolution of a tracer concentration, ¢(z,t), deposited on the
surface of the sediment and being mixed into the sediment by localized diffusion. In this model all the biological
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activity 1s described by a single parameter, the bio-diffusion coefficient 1J,. The diffusive nature of the mixing
process is not the result of the mixing effects of a single type of organism, but is rather the net effect of a collection
of infauna having a wide range of mixing lengths and acting over a long period of time.

While the behavior of a sediment tracer (such as a radio-isotope) may be modeled by the homogeneous and
steady-state solution of the one dimensional diffusion equation, in the context of acoustic scattering, the inhomo-
geneous and transient nature of the process is of primary concern. On the time scales of interest, the movement
of sediment is not necessarily restricted to localized mixing between adjacent horizontal layers, rather, larger or-
ganism may transfer sediment between non-adjacent layers creating nonlocal (non-diffusive) mixing that give rise
to spatial inhomogeneity. Furthermore, over short time periods it cannot be assumed that a large collections of
organisms with a broad spectrum of sizes have reworked the sediment. Instead, mixing may be dominated by
organisms with discrete length scales.

Given that we are interested in this nonlocal and transient behavior of bioturbation, the simple diffusion model
1s inadequate. A proposed extension to (1) is the forced diffusion process, generalized in terms of the sediment

bulk density ps.

e, ) = V- (D0, 09 ,00] = 0.1 (2)
Here, D is a local diffusion coefficient representing the continuous diffusive activity of smaller organisms (meio-
fauna) or the collapsing and filling of borrows created by larger organisms. By taking D to be a scalar, we have
assumed isotropic diffusion. In general, the horizontal and vertical diffusion rates may differ [1] and a tensor
diffusion coefficient must be used. The right-hand side of (2) is an excitation function that represents the nonlocal
mixing activities of larger organisms (macrofauna).

If there is a single transport event at time ¢, that

@ (b) removes or deposits sediment at a small volume cen-
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0 1 o 1 The function h,, describes the random size and shape
of the volume of sediment moved by each event. The

v _ . . : coefficient ¢, is a zero-mean random variable that rep-
Figure 1: Sediment source and sink functions randomly

distributed in the (a) horizontal and (b) vertical direc-
tions. The depth-dependent point density, A(z), is plot-
ted as the solid line in (b). The z = 0 plane is the
sediment-water interface.

resents the amplitude of each event, therefore, mass is
conserved within the volume of interest.

In general, the excitation may be anisotropic and
inhomogencous in space. For example, biological ac-
tivity may decrease with depth into the sediment, as
illustrated by Figure 1. This figure shows a hypothet-
ical depth-dependent distribution of spherical shape functions. Activity is concentrated near the sediment-water
interface and decreases with depth into the sediment, but is uniform in the horizontal plane. In this paper we will
assume spatial homogeneity in the horizontal plane but include the effects of depth dependent mixing activities.

Equation (2) is a deterministic differential equation with a random excitation, g, due to the nonlocal exchange
of sediment. The solution, p, can then be interpreted as the output of a linear system with a stochastic input.
Thus the mixing process can be characterized as a linear filtering process where the spectrum, S,,, of the output
process is defined completely i terms of the spectrum, Sy, , of the input and the frequency response, Hp(k,w),
of the linear system representing the left hand side of (2).

Spp(k,w) = |Hp(k,w)|* Syq(k,w) (4)

If ¢, and r,, are Poisson random variables, the spectrum of the input process is found by interpreting the
excitation as the output of a filtered Poisson, or shot-noise process [8]. The depth dependence of ¢ will be
characterized by the number of events per unit volume and time at each depth, that is, the depth-dependent
Poisson point density A(z) (Figure 1). If the point density is a slowly varying function of depth relative to the
shape function, it follows that the autocorrelation of g can be expressed in terms of the autocorrelation, Ry, of
the shape function,

Rgg(ra, 2, 7) = a7 A(2) (Run(rq)) 8(7) | (5)
where (rg is the variance of ¢,,. The correlation is expressed in terms of the difference coordinates ry = vy — ra
and 7 =t; — {5, therefore, the excitation can be considered a depth-dependent. locally stationary random process.
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The shape function is random in general and the expected value of its autocorrelation is used. The spectrum is
found by taking the Fourier transform of (5) with respect to ry and 7,

52
Sya(k, z,w) ~ =L \(2)Shu (k) , 6
ga w) B (2)Shn (k) (6)
where Sy (k) = (27r)3(|111,(k)|2> is the expected value of the shape function spectrum, and 1, is the Fourier

transform of the shape function h,. Note that the spectrum is independent of temporal frequency, w, because of
the assumed impulsive nature of the source and sink events.

For the case of a depth-dependent and isotropic diffusion coefficient, the system frequency response can be
approximated as

Hp(k,w) =~ (7

—iw

. S : s o _ s g . .
where k% = kz+ky +k? and the gradient of D(z) is neglected. Combining (4-7) and performing an inverse Fourier
transform in time, the temporal correlation / spatial spectrum of density inhomogeneities in the sediment can be

modeled as X ]
2 M2) Sunlh) -pieyiot %
“D(z) 2k

The above expression is general in the sense that it attempts to model bioturbation in nonspecific terms (e.g.
diffusion and point density) while still accounting for the two-scale nature of the mixing process (meiofauna and
macrofauna). The shape function and its expected value should reflect. the size and shape of the macrofauna that
move sediment nonlocally. Anisotropy can be modeled, for example, by using a shape function that represents
directional feeding, such as vertical burrows made by conveyer-belt feeders [1, 4]. The point density should reflect
the amount and rate of macrofaunal activity, which in general is depth dependent. The diffusion coefficient should
reflect the length and time scales of the meiofaunal activity, which can also be modeled as depth dependent.
Assumptions about these parameters will be discussed in the comparison with acoustic data.

Spp(le; i) =7

3. Seafloor Volume Scattering

The sea floor is modeled as a fluid half-space in which the sediment properties are random functions of space and
time. The sediment density and compressibility, p, and sy, are defined in terms of their mean and fluctuating
components, p(r,t) = p; +dps(r,1) and r,(r,t) = ks + drs(r,t). The water density and compressibility, p.
and &y, as well as the sediment mean values, p, and &, are assumed to be constant in space and time. At
the sediment-water interface the density and compressibility are discontinuous, creating an acoustic impedance

mismatch. The boundary is in general a rough surface, however, it will be modeled as planar.

A pressure wave, incident upon the sediment, will interact with inhomogeneities in the sediment to create
sources of scattered sound, and an integral equation can be obtained by superimposing the induced sources. Thus,
for an unbounded region, the resultant scattered field, p’, is the sum of the monopole and dipole fields from all

the differential sources within the volume of the sediment [9, 10].

P(x,t) = /L (B2 () (8, )G (e, )p(x ) = 7, (', )V Gio (e, x') - /(e )]’ (9)

The average wavenumber in the sediment is defined as Lf = w?pie, where w is the acoustic frequency. The
fluctuating sediment parameters are defined as v, = (ks — &) /K and 5, = (ps — pe)/ps, and are assumed to vary
in time much slower than the acoustic frequency. The Green’s function for this system, (/. is the unperturbed
Green’s function that satisfies reciprocity and the appropriate boundary conditions along the sediment-water
interface. Equation (9) is similar to the well-known integral equation [9] which uses the free-space Green’s function.
However, in general, (7y can include gradients in the mean sediment parameters as well as interface effects.

If the field distribution inside the sediment is known, the field outside the sediment can be computed. The
total field is the sum of the unperturbed field and the perturbed or scattered field.

plr,t) = po(r) + 9/ (x,1) (10)

Equation (9) may be solved by successive approximations using small perturbation theory. Using the known
sediment properties and the known Green’s function Gy, the total field is expressed as the perturbation series,

p(r,t) = po(r) +pi(r,t) + pa(r,t) +-- -, (11)
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where each higher order term is defined in terms of the preceeding order.

Pr1(r,t) = / k2 (") v, (x), 1) Go(r, v )pu(r), 1) — v, (2, 1)V Go(x,v') - V'p, (¢, )] dr! (12)
V,

s

If the sediment fluctuations are small, the series converges rapidly and a low-order approximation will sufficiently
represent the scattered field.
In the far field and over a small patch of sea floor where it is assumed the incident wave is plane, the half-space
Green’s function near the interface can be approximated as [11]
Go(r,x') ~ if’_ik“""+ik5"'l and Go(r',r) ~ LL&”'k"' rikor! (13)
4mr a, 4mr

T is the pressure transmission coefficient for plane waves incident upon the interface from the water. The position
vector r lies in the water, and r’ lies in the sediment. The origin of the coordinate system is taken on the interface
near the center of the region contributing to the integral in (9). The constant a, is necessary to satisfy reciprocity
and is defined as the ratio of the average sediment density to water density, a, = p/p,. Spherical spreading
in the water is included, but neglected in the sediment due to absorption (# < r). The wavevector k,, is in
the direction of the incident field, and the wavevector k; is the corresponding wavevector in the sediment. The
transverse components of k, are the same as those of k,,, and its vertical component is chosen to give the correct
sediment wavenumber k. In general the wavenumber in the sediment is complex such that k,/k, = (1414d) ey /s,
where ¢;/c,, is the sediment to water sound velocity ratio. The compressional loss factor d is the ratio of the
imaginary to real components of the sediment wavenumber.

Using (12)and (13) the first-order backscattered field at position r in the water is found to be

i 5.2 —i2kyr ’ ’ i2k.r! g
pi(r, ) = ———k2emike /[mr 8) = 7, 1, )] 2 (14)
a,(4mr)? !

7
Ve

The attenuation in the sediment in the z-direction is determined by I'm[k,] = k,Im[P(6)]z. The factor P(6
is the ratio of the vertical component of the sediment wavenumber to the wavenumber in the water, P(f) =
[(ks/kw)?—cos? 0]'/2, where 0 is the grazing angle in water. The pressure transmission coefficient is 7' = 2¢/(C+1),
and the z-direction impedance ratio is ¢ = (a,sin6)/P(0).

3.1. Temporal Correlation of the Backscattered Field

As the sediment fluctuates randomly in time, the scattered field will fluctuate. Thus, the backscattered field is
also a random process, which can be characterized by the cross-correlation of p; at two different times, R, (1) =
(p1(r,t)pi(r,t 4+ 7)). In developing the field correlation we will assume that sediment fluctuations are small,
stationary in time, and spatially stationary in the horizontal plane only. The latter two assumptions follow from
the sediment model of Section 2. Therefore, assuming the sediment can be approximated as a depth-dependent,
but otherwise stationary random processes, the correlation of the first-order backscattered field is found to be

1L e y E T s
Rop (T)i= E(Lm’l)“ ks : /r'”’”[k’]""(ll"./I?(l‘d,:(..T)rf’“n’[kf]"‘(Ir(l ; (15)
Vs Ve

where the sediment correlation functions appearing in
R(xa, 2e,7) = Rew(Var 7e: 7) — 2Rop (X 26, 7) + Rop(ras 70, 7). (16)

are the auto- and cross-correlations of the zero-mean functions v, and v,. The difference and center coordinates
are defined as rqy = vy —ry, and r. = (r; +1r3)/2, respectively. Following other authors [12], we assume the sediment,
compressibility fluctuations are proportional to the density fluctuations, v, = yty,. The sign of the proportionality
constant u is positive if p; and s, are positively correlated and negative if negatively correlated [12, 13].

Applying the above assumptions, the Wiener-Khintchin theorem, and the Fourier windowing theorem, the
correlation function (15) can be expressed as

0

A T2 = 4 5 = A
Rap(r) = | |4|ks| (p—1)° / .S,,p(kd‘:(.,r)r""‘“"(lzC , (17)

a_;f’, 327r

—o0
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where A is the area of the scattering region and k4 = 2Re[k,] is the Bragg wavenumber having magnitude
kg = 2ky[cos® 6 + (Re[P(6)])*]'/?. The imaginary component of the vertical wavenumber is a = I'm[k]- z , or,
using previous notation, a = k, Im[P(0)]. The modified density spectrum, S,,, is the convolution of the true
density spectrum and the Fourier transform of the half-space window.

o0

Spp(Kay 26, T) = / Spp(Kly, ze, )W (K% — ke, z0)dk. (18)

—o0

The half-space window function, defined in the difference coordinates, is a depth-dependent rectangular window
having the Fourier transform
sin (2k; 2.)

mk,

W ks, 2) = (19)

Therefore, the convolution integration of (18) is only over the z-component of the Bragg wavenumber.

3.2. Backscatter Strength

The first-order backscatter strength is defined in terms of the zero-lag correlation of the backscattered field. If the
penetration distance into the sediment is small compared to the distance traveled in water (»" < r), it 1s typical to
describe volume scattering in terms of an equivalent surface scattering strength. From (17) the surface backscatter
strength is found to be

- 0
s ~ 4 9 = diois ‘
7o =5k (- 1)° /'pp(kd.:,.)r* fedey (20)
P
o0

This expression for scattering strength is similar to those derived by [11, 12, 13, 14], except half space effects
are included. The half-space windowing effect, expressed as the convolution integral in (18), can be interpreted
as a smoothing of the density spectrum. Insight into this effect is gained by combining (20) (18) and (19) and
assuming the density spectrum is independent of depth. By performing the integration over z.. a new window is
defined. 1

= .

Wiks) = 2m(4a® + k2) (21)
If the spectral representation of the half-space window is a narrow function compared to the spectrum of sedi-
ment inhomogeneities, the convolution will have little smoothing effect, and the half-space effects are negligible.
However, for certain combinations of grazing angle and attenuation, the window is broad and the convolution may
significantly alter the density spectrum at the wavenumbers of interest.

4. Model-Data Comparison

Acoustic backscatter data and sediment physical properties were measured in a shallow bay of Orcas Island,
Washington State, USA in August 1995. A calibrated 40 kHz monostatic transducer with a fan-shaped beam
pattern was used to scan a site approximately 50 meters in radius. The instrument remained at a fixed location
for approximately 60 days. Each day, 10 complete circular scans of the site were recorded. The complete acoustic
data set provides a series of backscatter images that reveal changes in the sediment occurring over the time and
distance scales of the experiment.

The sediment in the area is a silty-clay with moderate biologically activity. No bubbles were observed in the
sediment, and an extensive set of sediment physical properties were measured at the site by investigators of the
US Naval Research Laboratory. This work included core and in-situ measurement of geoacoustic parameters,
X-radiography of sediment inhomogeneity, and stereophotographic measurement of sea floor roughness.

4.1. Backscatter Strength

Backscatter strength per unit area of sea floor was measured as a function of grazing angle for the Orcas site. The
scattering mechanism cannot be inferred from the acoustic data only, owing to the similarity of the magnitude
and angular dependence of the measured values compared to other sites having a range of different sediment types
[7, 12, 15, 16, 17, 18]. By using sediment measurements as inputs to models for acoustic scattering, the model
results are compared with observed backscatter data, and the dominant scattering mechanism inferred.

Two scattering models are considered: scattering from volume inhomogeneities and scattering from a rough
sediment-water interface. Both models assume a fluid sediment. Surface roughness scattering is treated using a
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Density Ratio dy 1.406 Diffusion Coefficient Dy 2.4 (em?®[year)
Sound Velocity Ratio &y 0977 Macrofauna Rework Depth Ly 3.8 (¢m)
Proportionality Constant — p -0.934 Meiofauna Rework Depth L 3.8 (em)
Compressional Loss d 0.0019 Mean Radius Na 0.4 (em)
Spectral Strength wa 6.443¢-05 (em™') | Radius Standard Deviation ¢, (.14 (em)
Correlation Length lz 3.198 (em)

Table 1: Sediment parameters estimated from cores and model-data comparison for the Orcas site.

first-order perturbation approximation [12] with roughness characterized by the two-dimensional, isotropic, power-
law spectrum estimated from sites with similar sediments [7, 12]. The Orcas roughness data have not vet been
analyzed. As Figure 2 shows, the predicted interface scattering was sufficiently below the measured values that
interface scattering effects can be safely neglected, even without full knowledge of the actual roughness parameters.

Volume scattering is treated in a manner similar

to Section 3.2 except that the sediment fluctuations

-15 - ~ = T T
are not treated as depth-dependent, owing to lack of
___ Volume Scattering Model (Half-Space) g 7 - ' & I I X =) SR
20k Volume Soallefing Mode! resolution in the core data. For the special case of
Surface Scattering Model a depth-independent density spectrum and neglecting
| o Data, 40kHz | half-space effects, (20) can be rewritten as
g 2
%-30 r = T, (22)
s
3
o . .
£-351 where o, is the sediment volume backscatter strength.
5 s
@ . m T8 2@ 99
40} Oy = j“.\ (1= 1)"Spp(ka) (23)
2
. Figure 2 shows the predicted backscatter strengths
found using the first-order volume model of (20) and
(21) which include half-space effects effects, and using
50 L : : s = 3
0 10 20 40 50 60 (22) and (23) without half-space effects. In this case, a

30
Grazing Angle (deg) . _ 8
first-order approximation models the data reasonably

: 9 well, and hall-space effects can be negligible. The dif-
Figure 2: Comparison of measured backscatter with ll, and half-s; fects can be negligible. The dif

Sk . ference between model predictions and data is most
model predictions for the Orcas site. | il I most

likely due to errors in the estimated inhomogeneity

spectra.
Following [19], the spectra of core density fluctuations were estimated using a first-order auto-regressive (AR)
model applied to the Ore
(taking density as an example) can be expressed as

core data. This model assumes that the auto-correlation of the normalized fluctuations

Byp(ra) = o5eIrdllnd (21)

where a is the first order AR coefficient estimated from the core data using the Levinson-Durbin algorithm [20].
Since is a zero-mean process, the zero-lag autocorrelation is its variance 2. The three-dimensional density
P g ; g

spectrum is found from (24) to be
ws

Spp(k) = —5——= . 25
wlK) = L
where [. is the correlation length defined as [. = —dz/Ina, §z is the core sampling interval, and w; = &7 [172g)-

Similar expressions are used for the compressibility spectrum and cross-spectrum. The spectral parameters for
the Orcas cores are listed in Table 1 along with other geoacoustic parameters supplied by [21]. While these
data give reasonable agreement between the acoustic model and data, there are concerns as to the sufficiency of
the core inhomogeneity data. The core sampling interval of 2 cm provides marginal resolution compared to the
acoustic wavelength. Also, the core data are one-dimensional, which necessitated an assumption of isotropy in
the spectral estimates. Both of these concerns could be addressed through use of X-ray data obtained during the
Orcas experiment [22, 23].

4.2. Backscatter Correlation

The coherent correlation of the backscattered field is used to observe the changing sediment. First, the complex
envelope of the received signal, s(t), is digitized and range-gated to correspond with small patches of sea floor.
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Next, the signal from each range bin is cross-correlated with the signal from the same range bin, but from a later
scan.

M+N-—-1 5
Re(7) = Z 50(tn)st (te)et €t (26)
n=M

The subscript on s denotes the scan time; sq is the signal from the scan chosen as a reference. and s, is the signal
from a scan at time 7 later. Sound velocity fluctuations in the water, d¢, are compensated by a correction to the
phase of the received signal [24]. This phase correction was estimated from sound speed measurements obtained
using a conductivity and temperature instrument mounted on the acoustic platform. No significant oceanographic
processes or sediment transport events were observed during the experiment. For the Orcas site, sound speed
fluctuations were not a significant factor in the observed changes in the backscattered field. Given the nature of
is expected that acoustic penetration into the

the sediment and the expected low level of roughnes
sediment and the effects of biological mixing are the dominant mechanism for decorrelation.
Predictions of the backscatter correlation using

scattering, it

(@ ®) the models of Sections 2 and 3.1 are compared with
1 1 the correlation estimated from the Orcas backscatter
08} 09 data. In this comparison, several simplifying assump-
e - = o : ; s
Sog Sos™ tions about the sediment model are made. First, a
kS che . : . G
o7 o7 simple spherical shape function is used, such that
(6] O I
2 g5 Hy (k) = 5 sinak — ak cosak) . (27)
% 20 40 0% 20 40 3 s o Y : :
Lag Time:(daye) Lag Time {days) I'he radius a is a Gaussian random variable with
(©) (@) normal distribution N (1,:0,). The depth-dependent
1 1 g ¥ g .
point density and diffusion coefficient are modeled as
0.9 tn X 2ppa
g Sos X(z) = Xoe™ 5 and  D(2) = Doe™/E (28)
k<t s
° o .
£ S where the activity decreases with depth at a rate de-
S 8 g : o
- fined by the macrofauna and meiofauna rework depths
Ly and L.
05 05 : TN R T ;.
20 40 [} 20 40 Using (27), (28), and (17- 19), the normalized cor-

Lag Time (days; Lag Ti d . Ve .
? idaye} Ay Timeiaaze! relation coellicient is caleulated. In general, the con-

: ’ . volution and the expected value integral must be per-
Figure 3: Comparison of measured backscatter correla- ‘ l N I

tion and model predictions, (a) 6 = 14.7°, (b) 0 = 9.4°,
(c) 0 =7.6° (d) 0 =6°

formed numerically. Figure 3 shows a comparison of
the observed and predicted correlations as functions
of lag time. 'The model was fitted to the data (plotted
as points) by trial and error while constraining the parameters of the sediment model to realistic values. The
offset is due to uncorrelated noise in the data. Table 1 outlines the parameters estimated from the model-data
comparison. These values are presented mainly as an illustration of the model. Further work is required before
bioturbation parameters can be estimated with confidence from acoustic backscatter data.

5. Summary

A model for the change in correlation of sea floor backscattering as a function of the time has been presented. We
combine a diffusion model having random excitation to describe the time evolution of sediment inhomogeneities
and a first-order perturbation treatment of sediment volume backscatter. The first-order volume backscatter model
is validated by comparison with acoustic data using sediment inhomogeneity spectra measured from core data.
This model includes half-space effects which were found to be negligible in the present case, but which could affect
correlation estimates. Higher resolution two- or three-dimensional core analysis (NX-ray, ('I') is recommended for
future work to reduce errors in application of the scattering model. The backscatter correlation model predicts
sediment bio-diffusion parameters that are realistic, but further work is needed in which acoustically derived
parameters are compared with ground truth.
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