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Abstract Bed sediment classification using high-frequency hydroacoustic instruments is challenging
when sediments are spatially heterogeneous, which is often the case in rivers. The use of acoustic
backscatter to classify sediments is an attractive alternative to analysis of topography because it is
potentially sensitive to grain scale roughness. Here a new method is presented which uses high-frequency
acoustic backscatter from multibeam sonar to classify heterogeneous riverbed sediments by type (sand,
gravel, and rock) continuously in space and at small spatial resolution. In this, the first of a pair of papers
that examine the scattering signatures from a heterogeneous riverbed, methods are presented to
construct spatially explicit maps of spectral properties from georeferenced point clouds of geometrically
and radiometrically corrected echoes. Backscatter power spectra are computed to produce scale and
amplitude metrics that collectively characterize the length scales of stochastic measures of riverbed
scattering, termed “stochastic geometries.” Backscatter aggregated over small spatial scales have spectra
that obey a power law. This apparently self-affine behavior could instead arise from morphological scale and
grain scale roughnesses over multiple overlapping scales or riverbed scattering being transitional between
Rayleigh and geometric regimes. Relationships exist between stochastic geometries of backscatter and
areas of rough and smooth sediments. However, no one parameter can uniquely characterize a particular
substrate nor definitively separate the relative contributions of roughness and acoustic impedance
(hardness). Combinations of spectral quantities do, however, have the potential to delineate riverbed
sediment patchiness, in a data-driven approach comparing backscatter with bed sediment observations
(which is the subject of part two of this manuscript).

1. Introduction

The use of swath mapping systems such as multibeam echo sounder (MBES) for measuring river bathymetry
is on the increase because these systems can provide extensive coverage (hundreds to hundreds of thou-
sands of square meters) in short periods (minutes to hours) [Parsons et al., 2005; Wright and Kaplinski, 2011;
Guerrero and Lamberti, 2011; Grams et al., 2013]. High-frequency (several hundreds of kHz) MBES systems
measure water depths (up to tens of meters) simultaneously along a wide swath perpendicular to the track
of a moving vessel. High frequencies permit short acoustic pulse lengths (order microsecond or less) which,
in combination with narrow along-track beam widths, allow high spatial resolutions (typically centimeters to
meters). Since MBES systems are already used to map bathymetry, much attention has been paid to devel-
oping techniques that use the acoustic signals measured by the instrument to classify submerged sediment
deposits by grain size [Anderson et al., 2008; Van Rein et al., 2009; Snellen et al., 2013].

The basic premise behind acoustic sediment classification is that the magnitude of echoes measured by

a MBES receive array depend, at least in part, on the composition of bed sediments, that have different
backscattering properties due to impedance differences (acoustic hardness) and characteristic surface
roughnesses [Jackson and Richardson, 2007]. Acoustic sediment classification techniques proposed to date
are either statistical [Amiri-Simkooei et al., 2009; Eleftherakis et al., 2012; Snellen et al., 2013] or based on
physical models [Jackeman, 1988; Lyons and Abraham, 1999; Snellen et al., 2013]. Statistical models are gen-
erally not able to separate the relative contributions of roughness and hardness in the backscatter signal.
Currently, there is no widespread acceptance of any one particular technique [Brown et al., 2011].

Classifications based on physical scattering models are currently limited to relatively deep water
(several tens of meters or more) at low frequencies (up to 100 kHz) and moderate bed slopes (up to 10°)
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[Jackeman, 1988]. Most physical models [e.g., Matsumoto et al., 1993; Fonseca et al., 2009; Lamarche et al.,
2011] are based on the variation of backscatter with the incidence angle made by the beam relative to
the bed [Jackson and Richardson, 2007]. However, these models are relatively poorly developed for high
frequencies [Hellequin et al., 2003]. In addition, backscatter at large grazing angles (the angle made by

an incident beam on a sloping bed) is both poorly modeled from an acoustics standpoint and generally
agreed to be a poor sediment discriminator [Jackson and Richardson, 2007]. Heterogeneous riverbeds tend
to form large slopes compared with typical shelf seafloors. Increases in slope increase the grazing angle
for a given incident angle and therefore render sediment classification using angular dependence increas-
ingly unsuitable. Rivers are typically shallow (up to tens of meters), which means small areas of the bed are
insonified (the process of applying carefully controlled sound, usually for the purposes of measuring the
response), leading to greater variation in backscatter amplitudes owing to small numbers of independent
scatterers [Amiri-Simkooei et al., 2009].

Techniques with a more general scope are predominantly statistical [Brown et al., 2011] due to the stochas-
tic nature of scattering by bed sediment and the nonuniqueness of a particular scattering amplitude [Brown
and Blondel, 2009; Brown et al., 2011], especially in shallow water [Amiri-Simkooei et al., 2009] and the large
variety in specifications of commercial multibeam systems [Van Rein et al., 2009]. These statistical methods
analyze the receive echo (backscatter) signals, aggregated over some scale, and relate them to observations
of sediment type [Shields, 2010; Snellen et al., 2013]. However, most of these methods to date are designed
to be applicable over relatively large spatial scales (typically, several to hundreds of square meters of con-
tinental shelf seabed). The composition of riverbeds can be much more heterogeneous than typical shelf
seabeds, in terms of typical length scales of patchiness (spatial persistence of different sediment types), the
abruptness of sedimentary transitions, and the variety of covariation of bed forms with grain size over rel-
atively short distances [e.g., Dietrich and Smith, 1984; Paola and Seal, 1995; Nelson et al., 2009]. Sediment
patchiness is a term often used to describe aggregations of bed sediment that are relatively homogeneous
at the scale of 0.1-1 channel widths [Nelson et al., 2014], although these patches can exist at all scales down
to less than 1 m2, which have been termed micropatches [Vericat et al., 2008]. Sediment grain size between
adjacent patches can vary by orders of magnitude over scales of meters.

There are three main considerations associated with this sediment heterogeneity. The first is that sedi-
ment varies considerably over the swath. Irrespective of the potential limitations associated with large
slopes, angular backscatter relationships [Fonseca et al., 2009], probably the most commonly employed sed-
iment classification approach for seafloors [Brown and Blondel, 2009] can, by definition, only classify on a
swath-by-swath basis thus assuming within-swath sediment homogeneity. In fact, the usable fraction of the
swatbh is typically only half [Hamilton and Parnum, 2011]. Sediment in heterogeneous rivers tends to vary
considerably over a typical swath width (tens of meters). Second, because backscatter must be considered
at small spatial scales (ideally up to just a few meters), fewer spatially aggregated observations are amenable
to classification approaches based on statistical models for backscatter distributions [Amiri-Simkooei et al.,
2009]. Third, high frequencies mean short (millimeter scale) acoustic wavelengths. When the bed can consist
of combinations of silt, sand, gravel, cobble, and rock, scattering is transitional between acoustic regimes.
For example, for a 400 kHz system with an acoustic wavelength of ~3 mm (in fresh water), silt and sand are
in the Rayleigh scattering regime (weak incoherent echoes) and gravel, cobble, and rock are in the geomet-
ric scattering regime (strong coherent echoes) [Urick, 1983]. This third consideration might actually help
acoustic classification of riverbed sediment patchiness rather than hinder it.

The goal of this two-part manuscript is to identify signatures of small-scale (order meter) bed sediment
patches in high-frequency backscatter from a heterogeneous riverbed. We adopt a phenomenological
approach based on statistical analysis of backscatter. In departure from previously proposed methods, we
use Fourier analyses to provide an objective, computationally efficient means by which to measure the spec-
tral content (the strength of periodic components at different frequencies) of backscatter data. Previous
research has examined the spectral properties of topographic data to gain insight into colocated backscat-
ter, with an aim toward developing theoretical models for bed scattering [e.g., Dziak et al., 1993; Matsumoto
et al., 1993; Jackson et al., 1996; Jackson and Richardson, 2007]. Here we examine the spectral properties

of backscatter toward a more pragmatic aim of empirically relating spectral parameters to sediment type
for the purposes of sediment classification and, by extension, visualization of riverbed patchiness. Spectral
analysis neither assumes nor requires a particular form of backscatter distribution (increasingly important
as water depths decrease) and requires no knowledge of the physics of scattering by the bed. The great
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advantage of spectral analysis to quantify the features of spatial fluctuations in backscatter (which are
salient to variations in bed sediment type) is its ability to distinguish between signals with identical
distributions but different autocorrelations. The problem is decomposed into two parts. In this part
(Part 1), we

1. detail methods to correct raw high-frequency echoes recorded by the receive beams of a MBES in shallow
water over a sloping heterogeneous riverbed for beam geometries (angle of sound incidence and area of
beam of the sloping bed) and radiometries (source and transmission losses);

2. outline considerations for gridding georeferenced backscatter and derived metrics into digital
surface models;

3. describe a general procedure to quantify the spectral characteristics (geometries) of gridded
backscatter; and

4. develop a windowing procedure by which to construct spatially explicit maps of spectral properties that
collectively quantify the length and amplitude scales of backscatter.

These maps can be estimated with the same spatial resolution as the input data and serve as the start-

ing point for the second part [Buscombe et al., 2014, hereinafter Part 2], which examines these spectral
properties from areas of known sediment type, with a dual aim of examining the stochastic geometries of
backscatter for individual sediment types and developing a rudimentary classification of riverbed sediment.

2. Methods

2.1. MBES Data Collection

For the purposes of this manuscript (Part 1), the methods described herein are illustrated using a single
MBES data set collected from the Colorado River in Grand Canyon National Park, Arizona (at river mile 87
near Phantom Ranch, 140 km downstream from Lees Ferry, Arizona). The data consist of elevations and
backscatter collected from an ~1000 m by ~100 m reach of riverbed. Many more data sets are analyzed and
used in Part 2, with an identical processing chain as that described here. Details of backscatter collection,
processing, and the field site are beyond the scope of the present manuscript but are described in detail in
Part 2.

Data were collected using a 400 kHz Reson® 7125 multibeam sonar, which consists of emission and recep-
tion transducers with a monostatic Mills cross-arrays configuration that produces a swath comprised of
512 beams across a total across-track subtended angle of 135°. This geometry permits a swath width

of up to 7 times the water depth. Each beam has a 0.5° across-track by 1.0° along-track angular width

at half power (—3 dB). Each echo is registered simultaneously by all 512 beams, which constitute one
ping. Pings are recorded up to 50 times per second. More details of sonar data collection are described

in Kaplinski et al. [2009, 2014].

Sound velocity is measured at the sonar head, and periodically, casts of an acoustic sound velocity probe
are taken through the water column (Figure 1). These profiles show that the water column is very well
mixed (homogeneous): the sound velocity throughout water column is within 0.2 m s~ of sound velocity
measured at the surface (Figure 1). Ray-tracing corrections on the soundings are therefore not carried out.
Long-term continuous measurements at gaging stations show salinity and temperature to be very slowly
varying quantities.

2.2, Definitions and Assumptions

In this contribution we consider the (per beam, per ping) amplitude of backscattered sound associated
with time-of-flight bathymetric sounding. The recorded amplitude is the integral of the portion of reflected
sound at incidence angle from all scatterers in the insonified area of the bed (the beam footprint, Figure 2).
The recorded amplitude is that associated with the range to the bed, which is either the peak amplitude or
the amplitude associated with the highest phase coherence between the source sound wave and the echo.
We do not distinguish between amplitudes from these two methods of bed detection.

Given the high frequency of the sound source, we assume that the acoustic penetration into the bed is neg-
ligible [Jackson and Richardson, 20071, and the effects of scattering by sediment volume heterogeneities
are minimized [Gallaudet and de Moustier, 2003]. We therefore assume that the amplitude reflects the com-
position of bed surface sediment (and possibly form roughness within the beam footprint) only. Below, we
use the term amplitude for the raw echo level recorded by the receive beams of the monostatic multibeam
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Figure 1. Profiles of sound velocity as a function of depth below the transducer, made on successive days at one survey
site (river mile 30, in Marble Canyon, 48 km downstream from Lees Ferry), integrated over space. Error bars are 10 cm on
the depth and 1 standard deviation (where multiple measurements per depth were made) on the sound velocity.

transducer and backscatter (which is really a backscatter coefficient because units remain relative—decibels
(dB)—rather than absolute, i.e., pressure) for corrected amplitudes. The correction procedure is detailed in

section 2.4.

Vessel
track

Substrate A

Grazing

Figure 2. Terminology used describing a MBES receive geometry over
a hypothetical heterogeneous riverbed on the order of a few square
meters, during one sweep, at an instant in time (one ping). One swath,
consisting of a number of beams, is highlighted that insonifies a
narrow strip of the bed with varying sediment types (substrates A and
B). For illustration, the geometry of just one beam is shown, with a
small footprint.

2.3. Quality Control

Several checks are performed to ensure
that only high-quality amplitude data
are used for bed sediment characteriza-
tion. Patch tests are conducted before
initiating the surveys to determine the
offset angles and timing between the
various system components. Beam
angle tests are used to determine the
uncertainty of soundings for all beam
angles [U.S. Army Corps of Engineers,
2004]. The procedure compares sound-
ings for each beam angle to a reference
surface. A reference surface is a digi-
tal elevation model (DEM) created for a
portion of the riverbed using multiple
overlapping sweeps with beam angles
less than 45° (a 90° swath angle). A
check line is collected over the refer-
ence surface with the full swath width,
and the individual soundings from

the check line are compared to the
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reference surface to calculate the uncertainty of the soundings per beam angle. These tests show that the
system is highly accurate, with uncertainty varying between 0.03 m and 0.05 m at the 95% significance level
across all beam angles.

Quality assurance assessments are also performed in real time during the surveys by continuously monitor-
ing across-track swaths and comparison between adjacent overlapping sweeps. A sweep is defined as the
collection of pings made during one longitudinal passage of the boat (Figure 2). Several sweeps are required
to map an entire pool of the river. Bad soundings and sweep misalignment can occur during high-rate vessel
attitude changes (pitch, roll, yaw, etc.); through systematic side-lobe interference which affects successive
pings; and scattering of soundings by air bubbles, drifting insects, and organic matter in the water; and the
noisy acoustic environment. These soundings are identified by manual sweep editing and systematically
stepping through overlapping sweeps. Judgments have to be made as to what soundings are usable: some
groups of soundings are obviously outliers, yet others require an experienced eye to judge the quality of
groups of soundings based on the range from the transducer and the context with the bathymetric sur-
face as a whole [Kaplinski et al., 2014]. For these reasons, surveys are conducted so there is always overlap
between sweeps.

After manual filtering of soundings, an automated spatial filtering procedure is carried out, designed to
identify artifacts based on (1) excessive bathymetric slopes and (2) beam locations. For each beam, if the
bed slope in the along-track direction from the preceding beam to the present beam, and from the present
beam to subsequent beam, both exceed 60°, and if the signs in slopes are opposite, then that beam is
flagged. Along-track slopes are determined from the same beam in the previous and subsequent pings.
Slopes > 60° can occur (for example, rock faces), but at such high slopes, almost all of the sound is reflected
specularly and the magnitude of the echo is poorly correlated with bed sediment composition [Jackson
and Richardson, 2007]. In addition, a sounding is flagged if groups of outer beams have smaller across-track
distances than inner beams. These are identified as beams whose footprint on the bed is more than 2 m
inboard of an inner beam. These beams are therefore unreliably positioned. One could go further by flag-
ging (or filtering) beams with excessive spatial gradients in backscatter. However, we have no physical (or
acoustic) basis upon which to define a threshold to do this. All amplitudes and depths associated with
flagged beams are not considered further.

2.4. Geometric and Radiometric Corrections

Angle-induced biases in amplitude, considered an inherent property of swath sonar bed scattering [Jackson,
1994] are corrected for each beam. This process minimizes the sensitivity of backscatter to system cali-
bration [Snellen et al., 2013]. As the ratio of instantaneous insonified area to the nonnadir beam footprint
reduces with increasing beam grazing angle (the angle made by an incident beam on the sloping bed),
the number of time samples also increases and amplitudes therefore have an angular dependence [Simons
and Snellen, 2009]. In addition, the relative contribution of specular reflections and volume scattering also
decrease with grazing angle.

Amplitudes are corrected for variation with grazing angle as follows. The average amplitude as a function
of the grazing angle with the bed is computed for 1° spaced bins extending the full swath, port, and star-
board. Grazing angles are computed by factoring in the across-track bed slope. For grazing angles > 15°, the
plane fitting extends over the two adjacent bins (i.e., three bins used for each angular value). Averages are
made over 50 consecutive pings for stable estimates of the angular mean. Amplitudes are recorded in dB, so
corrections are subtracted from the raw values and then a reference value taken at a reference angle of 30°
(from nadir) is added back in. This is a standard approach based on the assumption that the reference angle
is minimally sensitive to slope correction and absorption errors, and is usually in the region 30-50° [Jackson,
1994; Kloser et al., 2010].

Backscatter, B(9) (dB), is calculated by balancing the following acoustic budget for the system [Urick, 1983;
Amiri-Simkooei et al., 2009]:

B(0) = EL(6) — SL + 2TL(0) — 10 log [A#(6)] (M)

where echo level EL(9) (dB) is the received amplitude after correction due to angular effects; SL is the
(measured) time-varying source level (dB), which is a function of the transducer-array beam pattern and is
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proportional to the transmit power steering. Transmission loss, TL (dB), is estimated using [Le Gonidec
etal., 2003]

TL = (2¢, + 2¢) R+ 40 log (R) @

where R=d/ cos (0) is the range (m); d (positive down) is the water depth below the transducer (m); ¢, and
€ are attenuation due to sediment and water (Appendix A), respectively. These simple corrections for sed-
iment are appropriate for relatively small concentrations (up to about 1 g/L) of fines (silt and clay), which
are homogeneously suspended in the water column. The acoustic footprint A¢(0) is calculated for 8 #0 as
[Simons and Snellen, 2009; Amiri-Simkooei et al., 2009]

cTRQ,
2sin (6 — By) cos fy

Ar(0) = 3)
where f, and f, are respectively the riverbed slopes in the along-track and across-track directions; T is the
transmit pulse duration (s); ¢ is the speed of sound in water (m s7'), and Q, is the along-track beam aperture.
At high grazing angle where 6 ~0, equation (3) reduces to the flat bed case: A;(§ = 0) = Rzngy [Simons
and Snellen, 2009]. Automated quality control, grazing angle corrections, and slope estimations for beam
footprint calculations are carried out using MB-System software [Caress and Chayes, 1996, 2014].

2.5. Gridding

Geometrically and radiometrically corrected georeferenced backscatter data are mapped onto a regular
grid using spline-under-tension continuous curvature interpolation [Smith and Wessel, 1990]. This bicubic
spline technique produces an analytical solution for the surface B(X), where coordinate vector X ranges over
a two-dimensional domain [X, Y], obtained by solving:

(1= )V[VEBX)]+«cV[BX)] =0 (4)

where k is a tension factor between 0 and 1, and V indicates the Laplacian operator. k > 0 minimizes unde-
sired oscillations and false local maxima or minima [Smith and Wessel, 1990]. This approach is preferable to
Delaunay triangulation due to enhanced computational efficiency on these very large data sets (millions of
data points per variable per survey) and, under tension, it is less prone to error at abrupt changes. Follow-
ing Smith and Wessel [1990], we use k = 0.35 because the field of backscatter is a rapidly varying quantity
with steep spatial gradients.

Suitable values for quantity B(X) can be any measure of central tendency in the distribution of values in a
cell, or a percentile of the cumulative distribution. These quantities, as well as optimal grid size, are discussed
in Part 2.

2.6. Power Spectra

We consider B(X) as a random field specified by the joint probability density function p(B(X;), B(X,), ... :
X;,X,, ... € [X, Y]). The use of Fourier methods to make useful measurements from quasi-periodic, yet non-
sinusoidal, data has a long history [Priestley, 1981]. The discrete Fourier transform (DFT) of B(X) consisting of
Ny x N, observations at regular intervals AX = AY is as follows [Priestley, 19811:

Ny—1Ny—1 . (M_,_M)
W,K)= D D B(mAX,nAY)e ™\ M TRy (5)
m=0 n=0

where i is the imaginary unit, e is the base of the natural logarithm, m and n are increments in X and Y,
respectively, and K=(ky, ky) is a two-dimensional wave vector (whose magnitude K=4/k; + k is the wave

number) related to the frequency components by Fy, = & and F, = N:(ZY' Therefore, the wave num-
ber is the number of times the function B(X) has the same phase per unit space. Subscript 2 in equation (5)
(and elsewhere below) denotes that this is a 2-D operation. The power spectrum, a measure of the vari-
ance in B(X) associated with different narrow bands of frequency, is estimated using the periodogram of

equation (5), which has units dB?:

1

NNy

P,(K) = | W, (K)|? ©6)
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P(K) (dB?)

107! 10°
K(m™1)

Figure 3. Example of spectral processing: (a) a 12.5 m? patch of gridded backscatter (50 x 50 grid cells of 0.25 x 0.25 m);
(b) the 2-D random field simulated from the power spectrum of detrended and Hann-tapered (Figure 3a); (c) the
marginal power spectrum of the backscatter data (black dots) and the bin-averaged spectrum of the simulated field
(white dots). Note that the simulation in Figure 3b is not intended to mimic the spatial pattern of the data in Figure 3a,
only the dominant spectral content. The outer length scale, /, is shown by the vertical dashed red line, corresponding

to a scale of 3.5 m (in this example), calculated based on the divergence from the marginal spectrum. Wavelengths
smaller than this are not considered for the linear least squares fit through the data (yellow line), from which the spectral
strength (w;) and exponent (y;) parameters are defined.

To prevent spectral leakage, equation (6) is calculated by (1) detrending the data by a linear least squares
2-D plane and (2) applying a Hann taper, normalized to account for the change in variance associated with
its application, such that equation (6) becomes [Perron et al., 2008]:
N1 N1 !
PyK) = |NZNZ DY Y Hm,n? | [Wo(K)J2 7)

m=0 n=0

The 1-D marginal spectrum, P, (F), is the 2-D spectrum (equation (7)) collapsed as a function of the radial
frequency F = 1/F} + F2 (Figure 3). The subscript 1 here, and elsewhere below, denotes calculations based
on the 1-D form of the spectrum. No radial integration occurs; therefore, this spectral form incorporates any
anisotropy in B(X).

2.7. Stochastic Geometries

Four useful quantities calculated from P, (F) (Figure 3) are the spectral strength (®,), the spectral exponent
(71), the integral length-scale (/;), and the variance in amplitude (012). We term these quantities stochastic
geometries, in the sense of Fara and Scheidegger [1961], because they are statistical measures of physical
amplitude and length scales and also because the units of these scales are mixed. The spectral strength is a
measure of power at low frequencies. The spectral exponent is a measure of the rate of decay in power as a
function of increasing frequency. The integral length scale is a measure of the persistence (autocorrelation)
in the data. The amplitude variance is calculated over all resolvable (and statistically significant) scales. The
remainder of this section details how these quantities are calculated.
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Spectral power decreases rapidly with increasing frequency. A simple functional form of P, (F) is a power
law [Jackson and Richardson, 2007]:
— 6()1

where | defines the outer length scale of the spectrum. The inclusion of a dimensional constant, hy, in
equation (8) allows w, to have dimensions dB?, independent of the value of y, [Jackson and Richardson,
2007]. This power law behavior cannot persist at very high frequencies, which lead to a phenomenon known
as spectral roll over where the spectral slope steepens [Priestley, 1981]. The length scale associated with this
rollover frequency is the outer scale /, which is calculated as the point of divergence between P, (F) and a
background power spectrum [Perron et al., 2008].

The background spectrum is required to calculate / but is also useful to identify noise at high frequencies
and assess the significance of the spectrum (detailed below). This background spectrum, P,(K), is calculated
from a simulated Gaussian 2-D random field drawn from P,(K) using the methods detailed in Oppermann
et al. [2013] and Selig et al. [2013]. This approach preserves the same covariance of the simulated field as
the data. The obtained simulation is statistically homogeneous and isotropic, which means that the corre-
lation between two field values at position X depends only on their physical distance (|X; — X,| « 1/K). It
is therefore a smooth spectral approximation to an isotropic form of P,(K). The spectra of B(X) and a Gaus-
sian field with the same covariance function remain similar over a large number of low frequencies because
the covariance captures the essential features of variation of backscatter over relatively large separation
distances. The divergence appears at high frequencies because it cannot represent either large changes in
amplitude over short distances [Sayles and Thomas, 1978] or asymmetry about a vertical or horizontal axis,
because it is unaffected by a change in sign of B,-B, or X,-X, [Goff and Jordan, 1988]. Background spectra

are calculated in 2-D then collapsed as a function of F to give P, (K).

Spectral strength and exponent are estimated from bin averages of the marginal power spectrum P, (F), as
the parameters that minimize the error:

1| (r:Fp + @) + Prpll? IFI>1/1 )

where || represents the two norms; PTb = log 10[P,(F,)] and F, denote b linearly spaced bins of log 10[F] up
to the frequency associated with /. The parameter vector (y,, ®,), where t indicates transpose, is the least
squares solution of the following overdetermined linear system:

o~

F, 0 P,
F, 0 P,
D) =2 (10
F, 0 Py

The spectral power corresponding to a confidence level a = 0.05 is calculated using the y? cumulative
distribution function [Gilman et al., 1963; Torrence and Compo, 1998]:

Pra(F) = 22201 = )P, (F) (1)

where subscript 2 on 2 refers to the degrees of freedom [Jenkins and Watts, 1968]. Only the P, (F) > P, (F)
are used to fit the regression using equation (10) (Figure 3). Usually the regression is fit to only a subset (up
to approximately half) of the original spectrum due to these tests of statistical significance.

The autocovariance function &, (L), over L lags, is calculated as the 2-D continuous Fourier transform of
P,(K) [Priestley, 1981] then integrated radially over segments to collapse it to 1-D:

2 +o0
&Ly = / ( / PZ(K)e“KLdL> (K cos ., K sin y)Kdy (12)
0 —00
where y is a vector of angles over which the radial integration occurs. The assumption here is that the
radial integration incorporates any significant anisotropy in B(X). The integral length scale, /,, is defined as
the product of 2z and the lag at which &, falls to half its value at zero lag [Taylor, 1938]. Finally, the area
under the power spectral density curve is the variance of the amplitude distribution [Sayles and Thomas,
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Figure 4. Schematic of the windowing procedure to create spatially explicit maps of stochastic geometries. In each
case, inputs are 100 x 100 grid cells. Three idealized cases are shown: (a) full-window shift (0% overlap), (b) half-window
shift (50% overlap), and (c) quarter-window shift (75% overlap) on the same window (size and position). Shifts occur

in the vertical and the horizontal. For each shift a node is created in the center of the shifted window. The spectrum is
calculated for the shifted window and the values of stochastic geometries assigned at the node location. The output res-
olution in Figure 4a is 1/1000 that of the input, and the output resolutions in Figures 4b and 4c are 4/1000 and 16/1000
that of the input, respectively.

1978]. The DFT periodogram power spectrum estimate (dB?) is linearly related to power spectral density

(dB*), therefore,
612:21// P,(F)dF, Fy,=|F|>1/I (13)
Fo

in which the definite integral is estimated using the trapezoidal method on the statistically significant por-
tion of P, (F) (P,(F) > P, ,(F)). The factor of 2 in equation (13) accounts for the symmetry in the DFT array. For
normally distributed amplitudes, the square root of equation (13), 5,, is equivalent to the root-mean-square
backscatter (dB). Drawing parallel with the usage of the same metric to describe roughness of elevation
surfaces [Sayles and Thomas, 1978], and because backscatter amplitudes are not usually normally dis-
tributed, especially in shallow water [Amiri-Simkooei et al., 2009], we refer to this quantity simply as acoustic
roughness, which does not pertain to any particular distributional form.

Complex spatial patterns of backscatter must be described by a range of frequencies, so the spectral expo-
nent, y;, which quantifies the rate of decay in power as a function of frequency, is a useful measure of how
complex the data is by quantifying the range of frequencies necessary to describe the data (spectral width).
Spectral strength, w,, and roughness, ¢;, both measures of the amplitude of spectral power, are useful mea-
sures of the magnitude of backscatter fluctuations over space. The spectral strength, @,, quantifies the
extent to which the spectrum becomes red-shifted by decreases in spectral width. Parseval’s theorem states
that the sum of the spectrum must equal the variance in the data; therefore, steep gradients in the spectrum
dictate intercepts at large power: when backscatter has large variance at low frequencies, w, is large. Rough-
ness is a scalar that describes the overall power in the spectrum over all frequencies or the spatial variability
of backscatter over the window. This quantity can be shown to be scale dependent [Sayles and Thomas,
1978; Hough, 1989] and therefore may only be a meaningful metric when comparisons are made of spatially
explicit spectral maps with the same resolution. Integral length scale, /,, is a measure of the largest statisti-
cally significant scale in the power spectrum, describing the length scale over which the surface is typically
statistically similar, characterizing the scale of the large, low-frequency fluctuations in the data.
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Figure 5. Example spectral padding procedure to minimize edge effects in the windowed spectral processing:

(a) median backscatter data gridded in 0.25 x 0.25 m cells; (b) simulated data, with the same spectral properties as
Figure 5a, to pad beyond the boundaries of Figure 5a; and (c) the padded data for analysis. Large backscatter values are
hot colors.

2.8. Spatially Explicit Spectral Maps

In this section we describe a procedure to create spatially explicit maps of w,, y;, 6;, and ,, the quantities
collectively describing the stochastic geometry of backscatter, detailed in section 2.7, from the digital sur-
face model B(X). These spectral maps show in detail the spatial heterogeneity of the variation in spectral
frequency content and amplitude.

For each of the four stochastic geometries, g, the procedure consists of three stages: (1) spectral padding,
(2) creating overlapping square windows of B(X) and calculating g for a set of nodes defined for each win-
dow, and (3) creating a new surface of g at those nodes. With reference to Figure 4a, a window is a fixed
frame of reference: a square area composed of several grid cells. For illustration, the single window in each
of the three examples in Figures 4a through 4c is identical in area and position and composed of 100 x 100
grid cells. If the degree of overlap is 0% the window is shifted a full length in the horizontal and verti-

cal directions. For each shift, a spectrum is calculated according to the methods detailed in section 2.6,
and for each spectrum the four stochastic geometries are computed according to the methods detailed

in section 2.7. The node positions within the window depend on the number of shifts, for example, a
half-window shift (overlap of 50%) creates four nodes because the shift is applied in both the horizontal and
vertical dimensions (Figure 4b) and a quarter-window shift creates 16 nodes (Figure 4b).

In order to achieve a resolution identical to the input, the shift is 1 grid cell, so as many nodes as there are
cells are assigned values from the spectral processing. For the 100 x 100 window in Figure 4 this would be
10,000 individual nodes and computed spectra. The technique is computationally demanding: 10 million
spectra must be computed for a data set comprised of 1000, 100 x 100 cell windows, with one-grid shifts.
However, the problem is readily amenable to both parallel and distributed computing because the inputs
(a small window of the data, typically 10,000-100,000 grid cells) and outputs (essentially, four numbers: w,,
71, 61, and Iy) are small in size for each window/shift. The full-resolution operation on the map of backscatter
depicted in Figure 5¢, using parallel processing running code implementations written in an interpreted
language (Python/Cython), completes in minutes (on a four-core 2.8 GHz, ~8 MB cache processor).

Given the irregular shape of the surveyed area, in a window on the edge of B(X), many grid cells might be
empty of data. Therefore, empty cells in boundary windows, as well as all cells in one adjacent window are
filled with artificial data which have the same statistical properties as the portion of the window which is
filled with data. This procedure is common in spectral analysis and is termed “padding.” Its purpose is to
eliminate edge (boundary) effects in the windowing procedure, in order to produce statistically reliable
values of the stochastic geometries in the outermost grid cell. Padding is achieved by filling each empty
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Figure 6. Maps of (a) shaded relief, (b) spectral exponent, y; (nondimensional) (c) spectral strength, w; (dB2), (d) acoustic roughness, o; (dB), (e) integral length
scale, Iy (m), and f) per-grid standard deviation in elevations, log scaled to accentuate the spatial pattern, at river mile 87 (in Grand Canyon, 140 km downstream
from Lees Ferry). Three areas with rhythmic within-channel morphology have been identified as 1, 2, and 3, which are shown to the right of each subpanel at a
scale of 300%.

grid cell with a realization of a Gaussian random field with the same spectrum as B(X) Figure 5). These ran-
dom field values are estimated using exactly the same procedures used for calculating background spectra
for individual windows, as detailed in section 2.7. Upon completion of the creation of the new surface, the
padding cells are removed: their purpose is simply to help estimate a reliable stochastic geometry in the
boundary cells that may (or may not) have missing data.

3. Results

A digital surface model of median backscatter B(X), gridded at 0.25 x 0.25 m, was constructed and analyzed
using the methods detailed in section 2.8 using a window size of 100 x 100 grids (25%25 m), and a step size
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Figure 7. The (lack of) relationship between water depth and (a) spectral strength, @, (dB2), (b) spectral exponent, y;
(nondimensional), (c) acoustic roughness, o4 (dB), and (d) integral length scale, / (m), for the data at river mile 87 (in
Grand Canyon, 140 km downstream from Lees Ferry).

of one grid (0.25 m). The resulting four maps of spectral strength, spectral exponent, integral length scale,
and roughness (Figures 6b through 6e), therefore, preserve details at a resolution of 0.25 x 0.25 m. The grid
size was chosen as the smallest scale at which there were multiple usable soundings after quality control
procedures. To aid interpretation and discussion of the spatial patterns revealed in the maps of stochastic
geometries, maps of the shaded relief (Figure 6a) and per-grid standard deviation of elevations (log scaled,
Figure 6f), which is frequently used as a roughness indicator from topographic data, are also presented.

The area marked 1 in Figure 6 has an abrupt transition from rhythmic morphology on river right to non-
rhythmic morphology on river left. The other two areas (marked 2 and 3) are characterized by dune
morphologies with differing geometries. It is instructive to examine how spatial variability of these stochas-
tic geometries varies with small- to medium-scale morphologies. Each of these parameters are uncorrelated
with depth (Figure 7); however, shaded relief maps (gridded at the same resolution) are a powerful means
with which to scrutinize spectral geometries with morphological features such as low- and high-amplitude
dunes, boulders, rock ledges, and planar beds readily apparent (Figure 6a). Each spectral quantity is typified
by variability over scales of up to tens of meters, illustrated by close-up details of three areas (denoted 1, 2,
and 3 in Figure 6), which are approximately equal to changes over several hundreds of meters.

Three areas in Figure 6 have been highlighted because of their quite distinctive morphologies. First, the
close-up detail in area 1 of Figure 6 shows a short reach with an abrupt transition from low-amplitude rhyth-
mic morphology to what appears to be a more planar bed with coarse substrate. The sedimentology of this
area shows no abrupt transition, however. The dune field is composed of sand and gravel, and the adjacent
cobble bar is filled with varying quantities of sand. While highly variable, values of ¢, and I, are generally
larger on the planar side of the transition. The same pattern is evident in both w,, y,, although somewhat
muted. The abrupt transition in the morphology of area 1 is not reflected in the spectral parameters, which
suggest that they are more sensitive to the sedimentology of the area than to the morphology.

Second, the close-up detail in area 2 of Figure 6 shows a short reach dominated by dunes with a more
three-dimensional structure and greater spatial variability. From the shaded relief maps it is clear that there
are features with rhythmic morphology; however, the crests are both lower in amplitude and less linear
than in area 1. The dominant patterns in w,, y,, 6;, and [, trend longitudinally, i.e., perpendicular to the
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orientation of the bed form crests. In particular, the ridge of high values in each of the four stochastic
geometries trends toward the center of the channel. There are no abrupt changes in depth; indeed, this
section of the channel is relatively flat. The variation is due to individual small boulders in the dune field
which are barely visible in the hill-shaded bathymetry.

Finally, the close-up detail in area 3 of Figure 6 shows a short reach of approximately linear and steep

sand dunes flanked by rocks in shallow areas either side, visible in the shaded relief map (Figure 6a). The
large-scale pattern is the high values of each parameter over the rocky areas and the low values in the
sandy regions. Qualitatively, it makes physical sense that variance in backscatter (¢,) would be low over
physically more smooth surfaces (the roughness signal) and spectral slope, and intercept (o, and y,, respec-
tively) would also be low over sandy surfaces with lower acoustic impedance (the hardness signal). While
the present method, in common with other phenomenological approaches based on backscatter statistics,
cannot separate the relative contributions of roughness and hardness, the use of spectra does at least allow
roughness length scales to be quantified, which significantly aids physical interpretation. There is little vari-
ance in o, across the sand dune field; however, there are patches of that field with significantly different
values of w,, v, and /,, which implies some variability in surface roughness and/or hardness. This could be
due to topographic or grain size variations or both.

4. Discussion

In general and qualitative terms, areas of rocks and boulders (rough and hard) are associated with relatively
high values of all four stochastic geometries. Areas of relatively soft materials (dune-forming sands and
gravels) have relatively low values. For the 400 kHz instrument used here, sands are in the Rayleigh scatter-
ing regime but small proportions of small gravels would make the sediment transitional between Rayleigh
and geometric regimes. Areas of coarse-grained but relatively planar bed have a range of values of all four
stochastic geometries, so the signature is indeterminate. The coherence of the scattering (Rayleigh or geo-
metric) caused by either acoustic frequency or varying proportions of gravel in the mixture could affect the
distribution of backscatter magnitudes enough to make discrimination between sands and gravels inde-
terminate. It is therefore more likely that combinations of these parameters would be required to uniquely
characterize a particular substrate or separate the relative contributions of surface roughness and acoustic
impedance. An evaluation of the validity of this hypothesis, for heterogeneous riverbeds, requires spatially
explicit maps of these quantities at high resolution in order to have the density of observations with which
to compare with bathymetric features and sediment observations (which is the subject of Part 2) at the
same resolution.

Spectra of surfaces of backscatter obey a power law form because there is no significant concentration of
spectral power in any particular frequency band, indicative of a continuum of wavelengths of backscatter,
just as morphology and grain size have a continuum of wavelengths. Backscatter, like morphologies [Nikora
et al., 1998; Perron et al., 2008], are generally larger in amplitude at longer wavelengths. Modeling backscat-
ter spectra using an inverse power law: .‘f(F) « F"1 (equation (8)), values of y; tend to vary between —0.5
and —3.5 (Figure 6a) that implies that the scaling relationship between amplitude and wavelength does
not hold over all wavelengths. In the terminology of fractals, backscatter surfaces are self affine [e.g., Voss,
1988; Turcotte, 1997]. If this is indeed the case, y, < —3 would indicate that shorter-wavelength fluctua-
tions in backscatter have larger amplitude-to-length ratios, which would in turn indicate that scattering is
high magnitude but not spatially persistent. Rocks and boulders (in Figure 6a) are found to have higher y,
compared to relatively smooth dune surfaces. For a self-affine surface, this would indicate that the rate at
which backscatter amplitude declines relative to wavelength is smaller for hard, rough surfaces compared
with relatively smooth and soft surfaces. This seemingly physically nonintuitive result prompts us to suggest
that the power law behavior is instead indicative of multiple processes operating over multiple overlapping
scales [e.g., Hough, 1989; Jackson and Richardson, 2007]. For example, the influence of form roughness (rip-
ples, and dunes) on acoustic scattering; this may be qualitatively consistent with a simple conceptual model
for the heterogeneous riverbed where the backscatter signal is indicating a continuum of changes in bed
sediment grain size over discrete morphological units, or a situation where sediment and backscatter are
more rapidly varying quantities, superimposed over slower changes in surface topography.

Collectively, the above would indicate that relating the stochastic geometries of backscatter to surface
sediment type is feasible if the following conditions are met:
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. The stochastic geometry of backscatter is defined at a resolution, and over a window, small compared
to the length scale over which significant changes in the geometries of local morphological forms
occur, in order to maximize the likelihood that the grain size signal is captured independent of the
morphological signal.

2. This small window is sufficient in size to aggregate enough observations to provide a statistically

meaningful measure.

3. Some measure or combination of measures of stochastic geometry of backscatter are able to tease out

the relative contributions of roughness and acoustic impedance (hardness), if these quantities do not

scale with grain size.

These issues are addressed in Part 2.

5. Conclusion

Methods have been presented to construct spatially explicit maps of spectral properties from georefer-
enced point clouds of geometrically and radiometrically corrected echoes from a high-frequency multibeam
echo-sounder (MBES). There are three stages to this process. First, a digital surface model of an appropriate
parameter of the distribution of backscatter in a defined area (grid size) is created using a gridding algo-
rithm that is relatively insensitive to, and captures the essential features of, the abrupt nature of backscatter
fluctuations over space. Second, empty boundary cells of this surface model are filled with realizations of

a Gaussian random process with the same global spectral characteristics of the backscatter data. Third, the
surface model is windowed with overlap, and for each overlapping window the power spectrum is esti-
mated using a discrete periodogram. Finally, a number of quantities are computed from the power spectra
and mapped onto a new surface composed of discrete cells whose spatial position is governed by the size
and spacing of overlapping windows.

Power spectra produce scale and amplitude metrics that collectively characterize the stochastic geometry of
riverbed scattering. Treating scattering over small patches (up to a few meters) as a nonstationary random
process, spectral analysis enjoys the advantages of being able to discriminate between data with identical
distributions but different autocorrelations, and being unaffected by the specific spatial arrangement of the
riverbed sediment patches (if frequency content remains the same, because the power spectra contain no
phase information).

Backscatter power spectra obey a power law form; however, we argue that this does not necessarily indicate
self-affine behavior (amplitude-to-length ratios are not independent of scale). We tentatively suggest that
the use of combinations of stochastic geometries has a potential to delineate riverbed sediment patchiness
given spatially explicit maps of these quantities at high resolution, in a data-driven approach comparing
backscatter with bathymetric features and sediment observations. The use of spectral analysis requires

no assumptions about the distributional form of the data nor a priori knowledge of the physical nature of
riverbed scattering. It thus serves as a suitable means through which to classify bed sediment through a
purely data-driven approach, which is the subject of Part 2.

Appendix A: Attenuation due to Sediment and Water

Attenuation due to suspended sediment is calculated according to Urick [1948], in dB~! km:

es=2¢a<%k4a3+k(a—1)zs—”) (A1)

$2 + (0, + 7,)?
)
BE)(-)

where §, = 2v/w; v is the water viscosity (m? s™1); w = 2xf is the radian frequency; f is the acoustic fre-
quency (Hz); acoustic wave number k = 2z / A; acoustic wavelength A = ¢/f (m); c is the speed of sound in
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water (m s™'); ¢, is the volumetric concentration of particle with radius a (m); o, = p,(a)/p; and p,(a) and p
are the densities (kg~! m3) of sediment of radius a and water, respectively.

Attenuation due to water is calculated, in dB~' km, using [Fisher and Simmons, 1977]:

_apif? aypohf? 2
€= i f + if + asp;f (A4)

where:
a, = —8'3610(0-789”—5> (A5)
a, = 21.44%(1 +0.0257) (A6)
a; = (4937 x 107 = (2.59 X 10™)T + (9.11 X 107)T? — (1.5 x 107573 (A7)
f, = 2.84/5/35 x 10¢4-1245/T+273) (A8)
(8—1990/T+273)
2=8.17><1o (A9)
1+ 0.0018(S — 35)
p, =1—(1.37x107%)d + (6.2 x 107%)d? (A10)
ps =1—(3.83x107°)d + (4.9 x 1071%)d? (A11)

where p; = 1; S is salinity (ppt); and T is temperature (°C).

Notation

a Particle radius (m).
a,,d,,a; Attenuation coefficients.
A¢  Acoustic footprint.
b  Frequency bins.
B Backscatter coefficient (dB).
¢ Speed of sound in water (m s™').
d Water depth below transducer (m).
e Base of the natural logarithm.
EL  Echo level (dB).
f  Acoustic frequency (Hz).
f1,f,, f;  Attenuation coefficients.
F = ./F; +F.:Radial frequency vector (Hz).
F, Binaverages of F (Hz).
g Stochastic geometry.
h, Dimensional constant.
H 2-DHann taper.
i Imaginary unit.
k = 2x/4; Acoustic wave number.
ky  Wave number in X direction.
ky Wave number in Y direction.
K = (ky, ky); A two-dimensional wave vector.
| Outer scale of the power law form of spectrum (m).
Iy Integral length scale (m).
L Lagindex.
m = X/Ay; Indices of X.
n =Y/Ay;Indicesof Y.
Number of scatterers in insonified area.
Ny  Number of observations in X direction.
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Ny, Number of observations in Y direction.
p  Probability.
Py, P2 p3  Pressure coefficients.
P,  2-D power spectrum of B(X).
P, 1-D power spectrum of B(X).
R Angular range (m).
S Salinity (ppt).
s, Sediment attenuation coefficient of sediment of radius a.
SL  Source level (dB).
t  Matrix transpose.
T  Temperature (°C).
TL  Transmission loss (dB).
T Pulse duration (s).
W,  2-D discrete Fourier transform of B(X).
x  Along-track beam vector.
X Cartesian coordinate (m).
X Coordinate vector.
y Across-track beam vector.
Y Cartesian coordinate (m).
a Confidence interval.
p, Bedslope in the along-track direction (°).
B, Bed slope in the across-track direction (°).
x> Chi-square probability distribution.
6, =2/
Ay Regular spacing of v (°).
A, Spacing of observations in X direction (m).
Ay, Spacing of observations in Y direction (m).
e Sound attenuation due to water (dB km=1).
€, Sound attenuation due to sediment (dB km~1).
v, Spectral strength parameter (nondimensional).
x  Tension factor (nondimensional).
A = c¢/f; Acoustic wavelength (m).
v Water viscosity (m? s77).
@ = 2xf; Radian frequency (rads).
®, Spectral strength parameter (dB?).
Q, Along-track beam aperture.
Q,  Across-track beam aperture.
¢, Volumetric concentration of particle with radius a (m).
w  Vector of angles over which spectral integration occurs.
p Density of water (kg™ m3).
p(a) Density of sediment of radius a (kg~' m3).
o Root-mean-square variance of B(X) (dB).
o, =p@)/p.
7, Sediment attenuation coefficient of sediment of radius a.
# Beam angle (°).
&, 2-Dautocorrelation function of B(X).
V  Laplacian operator.
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