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The capability of two acoustic profilers — SonTek's 1.5-MHz pulse-coherent acoustic Doppler profiler (PC-ADP)
and RDI's 600-kHz acoustic Doppler current profiler (ADCP) with pulse-coherent mode — was evaluated for
estimating high-resolution suspended sediment concentration (SSC) profiles in bottom boundary layer. In the
laboratorymeasurementswith a PC-ADP, two types of sedimentswere tested to study acoustic responses to grain
size. A natural sediment sample from Clay Bank, a mixture of clay and very fine sand, showed a good linear
relationship between range-corrected volume scattering (Sv ) and backscattered strength (E) until SSC increased
up to about 10 g l−1. In contrast, a commercially available kaolinite exhibited earlier signal saturation and non-
unified linear regressions between Sv and E, most likely because the particle size is much smaller than the
transmitted acoustic wavelength. Using a pulse-coherent ADCP, the field measurement results fromMobile Bay,
Alabama showed that the acoustically-derived SSC profiles were well matched with the optically-derived
outcomes although slight discrepancieswere noted. The overestimation of acoustically-derived SSC near the bed
maybe related to the side lobe interferencenear thebedand theenhancedacoustic sensitivity by coarser particles
and denser aggregates eroded from the bed.Mean absolute error of acoustic estimateswaswithin 4.1–7.3% of the
optically-derived SSC range, which is attributable to the different acoustic and optical scattering responses to
given sediment size spectra. Despite someerror sources inacoustic inversion, the results from laboratory andfield
experiments suggest that the pulse-coherent acoustic profiler is able to reveal the evolution of in-situ near-bed
SSC profiles with high vertical and temporal resolutions.
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1. Introduction

Accurate measurement of suspended sediment concentration (SSC)
profiles is an important task to understand sediment dynamics in
estuarine and coastal environments. During the last few decades,
considerable efforts have been dedicated to develop SSC-measuring
techniques and to increase the data accuracy (see Wren et al., 2000 for
review). Although the optical instruments, e.g., optical backscatter
sensor (OBS), have been developed andwidely used to estimate the SSC
(Downing, 2006; Downing and Beach, 1989; Ha andMaa, 2009; Kineke
and Sternberg, 1992; Sternberg et al., 1986, Sutherland et al., 2000),
their measurements are restricted to a fixed coordinate that can only be
claimed as a single point. In order to increase the spatial resolution of
SSC measurements, multiple optical sensors need to be deployed at the
target depths. Multiple probes, however, may disturb the structure of
turbulent flow aswell as the distribution of suspended solids, especially
when deployed in the vicinity of the sediment bed. These drawbacks
consistently shed new light on the acoustic measuring system as an
alternative for estimating SSC profiles in bottom boundary layer (BBL)
where both velocity and SSC exhibit the largest vertical gradients
(Friedrichs et al., 2000; Thorne and Hanes, 2002).

As a non-intrusivemethod, the acoustic instruments have been used
for obtaining SSC profiles in both laboratories (Admiraal and Garcia,
2000; Betteridgeet al., 2008; Thorneet al., 1991) andfield sites (Gartner,
2004; Hamilton et al., 1998; Hanes et al., 1988; Mouraenko, 2004; Shi
et al., 1999). An acoustic backscatter sensor (ABS; Aquatec, 2006) with
multi-frequency transducers has become commercially available for
measuring the profiles of SSC and particle size.Most sediment dynamics
studies, however, require the knowledge of applied flow conditions to
reveal the sediment transport and fate, so that a current meter needs to
be deployed simultaneously with an ABS. In order to meet such
demands on the concurrent measurement of velocity and SSC profiles,
an acoustic Doppler current profiler (ADCP) with incoherent single
pulse has been attempted (Gartner, 2004; Hill et al., 2003; Holdaway
et al., 1999; Kim and Voulgaris, 2003; Land and Jones, 2001; Land et al.,
1997).While theprimary functionof anADCP is toprovide time series of
velocity profiles, the strength of acoustic backscattered signals can be
used as a proxy to estimate SSC profiles. Even though the single-pulse
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Fig. 1. (a) Total sound attenuation (ξ) by scattering loss (ξs) and viscous absorption
(ξv); (b) ξs and ξv at 1.5 MHz; and (c) the ratio of sound attenuation by sediment (αs) to
that by water (αw) at 1.5 MHz. The numbers in (c) indicate the SSC in g l−1.
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systems have successfully measured the changes in velocity and SSC
within a relatively long (10–100 m) profiling range, the spatial
resolution is too coarse to resolve BBL dynamics due to the inherent
limitation on attainable cell (or bin) size.

Pulse-coherent acoustic profilers have recently emerged for
collecting high-resolution, high-frequency velocity profiles in BBL
(RDI, 2003; Smyth et al., 2002; SonTek, 2001a; Zedel et al., 1996). They
are designed to transmit a pair of pulses with a certain time lag, and
utilize the phase change between the two pulses to measure the flow
velocity (RDI, 2003; SonTek, 2001a,b). The salient advantage of the
pulse-coherent mode over the incoherent mode is to provide a
profiling capability with fine vertical resolution (down to 0.01–
0.02 m) and low noise level, so that the pulse-coherent ADCP would
not suffer from the constraint on cell size and short-term accuracy
inherent to the pulse-incoherent ADCP (Lohrmann et al., 1990). In this
respect, the pulse-coherent acoustic profiler has a merit to non-
intrusively monitor sediment dynamics in BBL with fine resolutions.
Despite these prospective features, most previous works have focused
on the pulse-coherent operational theories (Lhermitte and Serafin,
1984; Zedel et al., 1996) and the application to hydrodynamic
measurements (Lacy and Sherwood, 2004; Lohrmann et al., 1990;
Lorke and Wuest, 2005). Little is known about the capability and
accuracy of pulse-coherent ADCPs for estimating the SSC profiles in
BBL.

This study evaluated the capability of two pulse-coherent acoustic
profilers in estimating near-bed SSC profiles in comparison to the
outcomes derived from optical sensors as well as water samples. A
theoretical overview for acoustic backscattering is given in Section 2,
followed by the description of the experimental settings in Section 3.
Calibration and two profiling tests in a laboratory water tank and an
in-sitemoored site are described in Section 4. In Section 5, the effect of
different size spectra of each sediment group on the acoustic
responses is discussed, and the uncertainties and error sources in
acoustic measurement and signal processing are discussed.

2. Acoustic backscattering theory

Since the acoustic technique is an indirect method, the measured
backscattered signals should be calibrated to convert to SSC. The
important task in calibration is to consider the range- and SSC-
dependent sound attenuation. Below is a brief overview of the
determination of sound attenuation coefficient and the basics of
acoustic inversion algorithm for estimating SSC profiles.

2.1. Sound attenuation coefficient

Sound is exponentially attenuated with distance from a source
transducer (Urick, 1983). The attenuation coefficient is a function of
various parameters including temperature, pressure, salinity, fre-
quency and the suspended sediment properties, e.g., size, shape,
mineralogy and SSC (Richards et al., 1996). The total sound
attenuation coefficient (α) is bipartite: the attenuation by water
(αw) and by suspended sediments (αs). The coefficient αw was
empirically formulated by several authors (e.g., Fisher and Simmons,
1977), and the subroutine for calculating αw is easily found in acoustic
communities (e.g., Kinsler et al., 2000). As the acoustic frequency
increases, αw would generally increase and the difference in the
attenuation coefficient between salty water and freshwater decreases
(Medwin and Clay, 1998). The attenuation by sediments, αs, becomes
important in the near-bed, high-concentration layer, and is deter-
mined by the SSC in the sensing range (R), the sub-distance from an
emitter (r) and two sound absorption components of the scattering
loss (ξs) and the viscous absorption (ξv) (Richards et al., 1996):

αs =
1
R
∫
R

0
ξs + ξvð ÞSSC rð Þdr: ð1Þ
More details on these two absorption components, which are
functions of frequency and grain size, can be found in Thorne et al.
(1991) and Thorne and Hanes (2002). The variations in total
attenuation, ξ=(ξs+ξv), are shown in Fig. 1. At the frequency of
1.5 MHz, for example, ξs is dominant for large particles withmean grain
size (d50)N100 μm, whereas ξv becomes important for fine-grained
particles with d50b100 μm (Fig. 1b). The total sediment attenuation



Table 1
Configuration and selected setups of the two pulse-coherent acoustic current profilers
used in this study.

SonTek's PC-ADP RDI's ADCP

Configuration
Frequency (kHz) 1500 600
Transducer type Monostatic Monostatic
Transducer diameter (m) 0.02 0.1
Transducer number 3 4
Beamwidth at −3 dB (°) 1.85 1.5
Slant angle (°) 15 20
Minimum cell size (m) 0.016 0.02
Wavelengtha (mm) 1 2.5

Selected setups
Cell size (m) 0.047 0.1
Blanking distance (m) 0.15 0.5
Profiling rate (Hz) 2 2
Selected ping mode Pulse-coherent mode Mode 11b

Tested area Laboratory tank Mobile Bay, AL

a Assuming that sound speed in water is 1500 m s−1.
b Mode 11 is equivalent to pulse-coherent mode.
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exhibits peaks at d50≈2 and 800 μm. Since the secondpeak is caused by
scattering wave for large particles around 800 μm, it is out of the
interested range for fine, cohesive sediments, and thus, not addressed in
this study. For low SSC (bca. 0.01 g l−1),αs is negligibly small compared
withαw (Fig. 1c). For d50≈2 μm,αs becomes larger thanαwwhen SSC is
higher than about 0.2 g l−1. When the SSC is 0.5 g l−1, αs is about 2.8
times greater than αw. This indicates that, unlike the application to the
water column with low SSC, αs must be taken into account when
estimating the SSC in BBL where SSC is relatively high due to the
frequent erosion and resuspension of bed sediments.

2.2. Acoustic inversion algorithm

The backscattered signal strength ismainly dependent on (1) setup
options of selected acoustic system and (2) properties of suspended
sediment (Urick, 1983). Thefirst includes the acousticwave frequency,
transmit power, sensor sensitivity and other system settings. They are
usually known, set by manufacturers or fixed by users. The second, on
the other hand, is associated with the concentration, size and type of
suspended sediment particles. Physical parameters of water such as
temperature and salinity also have secondary effects. Because the
acoustic responses exhibit a site (or sediment)-specific feature, the
backscattered signal strength must be calibrated against sample
concentration from a deployed site to obtain the SSC or its profile
(Kawanisi and Yokosi, 1997; Thorne and Hanes, 2002).

For extending the application of ADCPs to estimate SSC profiles, the
sonar equation was simplified by Deines (1999), and subsequently
modified to includeαs for high SSC profiles (Ha, 2008; Kimet al., 2004).

Sv = Kc E−Erð Þ + 2 αw + αsð ÞR + 10⋅logðR2Þ−10⋅log PLð Þ−10⋅log Pð Þ + C ð2Þ

where Sv=10·log(SSC /SSCr) is the volume scattering strength (dB)
expressing the density of scattering within a volume, SSCr is the
reference concentration, Kc is a signal calibration coefficient, E is the
echo level (count), Er is the noise level, PL is the transmit pulse length,
P is the transmit power and C is another calibration coefficient (see
Eqs. 2 and 6 in Deines (1999)). Because SSCr, Er, PL, P and C can be fixed
during a calibration experiment, Eq. (2) can be further simplified by
introducing a new calibration coefficient C′ that incorporates all the
fixed parameters:

Sv = KcE + C′ ð3Þ

where Sv =10·log(SSC)−2(αw+αs)R−10·log(R2), the net volume
scattering corrected by subtracting the sound spreading and attenu-
ation in the sensing range.

If true SSCs at several levels in the sensing range are simulta-
neouslymeasured by othermeans, the two calibration coefficients can
be determined by linear regression: Kc from the slope and C′ from the
y-intercept (Deines, 1999; Kim et al., 2004; Traykovski et al., 2007).
When in-situ samples are not available, a laboratory mixing chamber
that can generate a homogeneous suspension is another common
approach (Mouraenko, 2004; Thorne and Hanes, 2002; Thorne et al.,
1991). It should be noted that it is impossible to directly estimate the
entire SSC profile using Eq. (2) because αs is also a function of SSC.
Through the iterative calculation with known calibration coefficients,
however, SSC and αs at each cell can be sequentially computed (Lee
and Hanes, 1995; Thorne and Hanes, 2002). More details on signal
inversion can be found in Thorne and Hanes (2002) and Ha (2008).

3. Materials and methods

3.1. Pulse-coherent acoustic Doppler current profiler (PC-ADCP)

The pulse-coherent technology was originally developed for
acoustic Doppler velocimeters (ADVs), a single-point velocity mea-
surement device, and was later transplanted in ADCPs to produce
high-precision velocity profiles with small cells and rapid sampling
rates (SonTek, 2001b). Pulse-coherent acoustic profilers transmit two
consecutive pulses to measure the flow velocity profiles. The phase
change between the two pulses is utilized in the signal processing for
calculating velocity profiles, whereas a single-pulse ADCP utilizes the
frequency shift, i.e., Doppler shift, between transmitted acoustic wave
and backscattered return wave (RDI, 2003; SonTek, 2001a,b). The
time lag between two consecutive pulses determines the maximum
resolvable velocity and profiling range (RDI, 2002; SonTek, 2001b). A
tradeoff exists between such parameters: as the time lag increases,
the profiling range increases, but the maximum detectable velocity
decreases. Pulse-coherent systems would operate with a much
shorter pulse length (ca. 0.01–0.02 m), which could reduce the
signal-to-noise ratio by about 15 dB (SonTek, 2001b). The operational
mechanisms mentioned above make it possible to obtain high-
resolution, high-frequency profiles of current velocity and SSC derived
from the backscattered strength over a short range (1–2 m). Pulse-
coherent systems, therefore, are suitable for investigating sediment
dynamics in BBL (Lacy and Sherwood, 2004).

There are several acoustic current profilers with pulse-coherent
technology in the commercial market. Although the operational
theory is the same, an individual company has its own brand name
due to the trademark and patent. We tested two instruments in this
study, SonTek's 1.5-MHz PC-ADP and RDI's 600-kHzWorkHorse ADCP
with mode 11 (i.e., pulse-coherent mode; RDI, 2003). These two
profilers will be hereafter referred to as “PC-ADCP,” as a unified name,
unless otherwise specified. SonTek's PC-ADP, having three transducers
equally spaced at 120° relative azimuth angles, was tested in a
laboratory calibration chamber and a settling tank. RDI's ADCP, having
four transducers placed in the Janus beam geometry, was tested in
Mobile Bay, Alabama. Table 1 summarizes the configuration and
selected setups of the two PC-ADCPs.

3.2. Sediments

In the laboratorymeasurements, two types of sediments were used:
a natural sediment sample from Clay Bank area, the York River, Virginia
and a commercially available kaolinite. The Clay Bank sediment showed
a bimodal distribution (Fig. 2a). The first mode (ca. 0.7 μm) and the
second mode (ca. 88 μm) were found in clay and very fine sand range,
respectively (Table 2). In contrast, the kaolinite showed a unimodal
distribution with d50≈0.7 μm (Fig. 2b). The suspended sediments in
Mobile Bay mainly consisted of clay and silt (Table 2 and Fig. 2c). The
distribution was unimodal with d50≈9.8 μm.
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Fig. 2. Grain size distribution of the sediments used in this study (after Ha and Maa,
2010).

Fig. 3. Mixing chamber used for calibration of a PC-ADP. The first sampling port is
located at 0.09 m from the transducer and the interval between ports is 0.1 m. Note that
the PC-ADP was purposely tilted 15° to align the beam axis along the chamber.
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3.3. Laboratory measurement: SonTek's 1.5-MHz PC-ADP

Laboratory measurement consisted of two parts: the signal
calibration using a mixing chamber and the SSC profiling test using
a settling tank.

A Plexiglas mixing chamber (Fig. 3) housed in the Virginia Institute
of Marine Science (VIMS) was used to calibrate the transducers. The
lower part of the chamber is funnel-shaped to prevent sediments from
accreting on the bottom. A circulation pump at the bottom end brought
the water–sediment mixture through four return pipes back to the
upper level of the chamber in order to accomplish a fully mixed
suspension with nearly constant SSC and grain size distribution. The
mixing chamber was filled with tap water and left for one day to be
stabilized in the room temperature and to allow air bubbles to escape
from the chamber. While the circulation pump was continuously
running to make homogeneous suspension, a certain amount of
sediment slurry was added to the chamber to reach a pre-determined
SSC. A PC-ADP was mounted at the top of the chamber to record the
profiles of backscattered signals at 2 Hz, from which 2-min ensemble
averages were obtained; see Table 1 for the configuration and selected
setups. To correct the slant angle of the transducers, the mount frame
was purposely tilted 15° (Fig. 3), which made the beam axis normal to
the chamber base and facilitated the calibration of a single transducer
beam at every measurement. The tilting, however, caused the beams
transmitted by the other two transducers to hit the sidewall of chamber,
whichmight contaminate the return signals of the calibrated transduc-
er. The values of the signal array after blocking unused transducers with
wood caps showed that their effects were insignificant. Water samples
were withdrawn from six sampling ports with an interval of 0.1 m, and
the uppermost portwas located at 0.09 m below the transducer (Fig. 3).
Theywere vacuumfiltered through pre-weighed glassfiber filters, if the
Table 2
Comparison of used sediments.

Clay Bank Kaolinite Mobile Bay

Composition Clay Very fine sand Pure clay Clay and silt
d50 (μm) 0.7a 88a 0.7 9.8
ka 0.002 0.276 0.002 0.012
Acoustic sensitivity
relative to kaoliniteb

1 2*106 1 70

a Two modes are chosen due to the bimodal size distribution.
b Estimated using Eq. (5).
SSC of a sample is expected to be lower than 1 g l−1. If the SSC is
expected to be higher than 1 g l−1, pre-weighed aluminum pans were
used to avoid a clogging problem in filtration. The residues on filters, or
the samples in aluminum pans, were oven dried at 103–105 °C for 24 h,
and then reweighed todetermine theSSC. The experimentwas repeated
for different SSC levels in the range of 0.16–18.89 g l−1 for the Clay Bank
sediment and 0.07–34.63 g l−1 for kaolinite. It is critical to maintain a
homogeneousmixture in themixing chamber. Fig. 4 shows relative SSC,
a ratio of themeasured SSC to the range-averaged SSC. It was concluded
that the suspension in the chamber was nearly homogeneous based on
the fact that most samples were within ±5–15% of mean SSC.

Once the signal calibration was completed, the SSC profiling test
was conducted in a settling tank (diameter: 0.75 m, height: 1.5 m).
After stirring up the water–sediment mixture by three submersible
pumps, they stopped to allow suspended sediments to settle in a
quiescent condition. The downward-looking PC-ADP, placed at 1.25 m
above the bottom (mab), recorded the profiles of backscattered
strengths at 2 Hz, with the cell size of 0.047 m and the blanking
distance of 0.15 m (Table 1). For another reference, an OBS was
installed at 0.9 mab, which corresponded to the fifth cell of the
deployed PC-ADP. During the experiment, water samples were
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withdrawn at 0.1, 0.2, 0.3, 0.6 and 0.9 mab. The backscattered
strengths from PC-ADP and OBS were converted to the SSCs by
calibrating against the water samples. PC-ADP-derived SSC (SSCPCA)
was compared with OBS-derived SSC (SSCOBS) and sample-derived
SSC (SSCSAM).

3.4. In-situ measurement: RDI's 600-kHz ADCP

A downward-looking ADCP (RDI WorkHorse Sentinel, 600 kHz)
was installed on a pile in shallow Mobile Bay, Alabama (mean water
depth of 3.5 m). To avoid being hit by the footprints of the four main
beams, a 2-m horizontal extension arm was mounted on a pile. The
ADCP was attached at the tip of the arm, and the transducers were
placed at 2 mab. For high spatial resolution and accuracy, the feature of
mode 11 was selected in configuration setup (Table 1). The cell
size was set to 0.1 m, and the blanking distance to 0.5 m. The
ADCP recorded the profiles of backscattered signals at 2 Hz, generating
5-min ensemble averages at a time increment of 1 h. Three YSI Sondes
(YSI Inc., 6600EDS) were also installed at 0.15, 0.5 and 1.0 mab to
record temperature, salinity,water depth and turbidity. Unfortunately,
the YSI at 0.5 mab malfunctioned because of the flooded sensors.
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Fig. 5. Calibration of OBS: (a) Clay Bank sediment; and (b, c) Mobile Bay sedim
During the maintenance service for ADCP and YSIs, CTD castings were
done to acquire the vertical profiles of salinity, temperature and
transmission, and water samples were collected at the depths of YSI's
optical sensors. The filtering procedure described in the previous
section was followed to determine the SSC. The backscattered
strengths from ADCP and YSI's optical turbidity sensors were
converted to the SSCs through the calibration against the water
samples. Like the laboratorymeasurement, SSCPCAwas compared with
SSCOBS and SSCSAM.

3.5. Verification of acoustic signals

The OBS output from the laboratory and field measurements
showed a good linear regression with water samples (Fig. 5). In
assessing the errors, therefore, SSCPCA was compared with SSCOBS. The
mean error (ME), mean absolute error (MAE) and mean relative error
(MRE) were calculated by

ME =
1
N
∑ SSCPCA−SSCOBSð Þ ð4aÞ

MAE =
1
N
∑jSSCPCA−SSCOBSj ð4bÞ

MRE %ð Þ = ∑jSSCPCA−SSCOBSj
∑SSCOBS

× 100 ð4cÞ

where N is the number of data. ME represents a bias of SSCPCA with
respect to SSCOBS. A positiveMEmeans the PC-ADCP's overestimation,
whereas a negative ME means its underestimation. The magnitude of
MAE indicates the average deviation between SSCPCA and SSCOBS, and
MRE is the percent of MAE to the mean SSCOBS. The percent of MAE
relative to the range of SSCOBS was also calculated to quantify the
comparisons.

4. Results

4.1. Laboratory measurement in the mixing chamber: SonTek's 1.5-MHz
PC-ADP

The results of the signal calibration using the mixing chamber are
shown in Fig. 6 for the Clay Bank sediment and kaolinite under various
SSCs. The first sampling port was inside the blanking zone of PC-ADP,
and thus thedata fromthe second(R=0.19 m) to the sixth (R=0.59 m)
sampling ports are displayed. Note that y-axis values of Sv (see Eq. (3))
are the net volume scattering strength corrected by subtracting
spreading loss and attenuation including the near-field transducer
correction (Downing et al., 1995), and that at each SSC level the highest
backscattered strength corresponds to the measurement at R=0.19 m
S (count) OBS (count)

(c) Mobile Bay (0.15 mab)
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and the lowest one the measurement at R=0.59 m. The acoustic
responses to the Clay Bank sediment can be divided into two groups
based on the response of backscattered strength to SSC. For the first
group with SSC levels of 0.16–9.43 g l−1, the backscattered strength
increased with increasing SSC. An individual SSC showed a good linear
regression between Svand backscattered strength, with the slope (Kc)
and y-intercept (C′) varying little for different SSC levels. The entire data
in this group can be represented by a unified linear regressionwith Kc of
0.7 and C′ of−70.8 (solid line with r2=0.92 in Fig. 6a). At the SSC level
of 9.43 g l−1, the echo level reached the overallmaximumof 142 counts.
The second group has SSC levels of 12.68–18.89 g l−1. Each SSC level has
its own linear response, butwith amuch smaller range of Sv (Fig. 6a). In
this high SSC group, the backscattered strength at a fixed range
decreased with increasing SSC due to more sound attenuation by
suspended particles. For instance, the backscattered strength at
R=0.19 m was 112 counts for SSC=12.68 g l−1, and it decreased to
106 counts when SSC increased to 18.89 g l−1. As SSC increased from
12.68 to 18.89 g l−1, moreover, the Sv and C′ increased but Kc (slopes of
dashed lines in Fig. 6a) slightly decreased. Such responses indicate that
the volume scattering (10·log(SSC)), spreading loss (10·log(R2)) and
sound attenuation (2(αw+αs)R) changed in unequal proportions with
increasing SSC. That is, the volume scatteringwas larger than the sumof
spreading loss and sound attenuation term, but the rate of increase in
volume scatteringwas smaller than that of total sound loss (see Eq. (3)).
Therefore, each regression for SSCN9.43 g l−1 significantly diverged
from the unified regression for the low SSC.

The kaolinite showed a similar but somewhat different acoustic
response (Fig. 6b). The backscattered strengths from kaolinite were
much smaller than those from the Clay Bank sediment at similar SSC
levels. Although the kaolinite has the same grain size as the large
portion of the Clay Bank sediment, the backscatters of sandy particles
can overwhelm those of clay particles, which resulted in different
acoustic responses (Fig. 6). The linear relationship between Sv and
backscattered strength was observed, but different SSC levels had
different regression lines. Such responses suggest that the suspended
kaolinite particles may not be fully ensonified to produce the
backscatters, most likely because the particle size is much smaller
than the transmitted acoustic wavelength (≈1 mm). The 1.5-MHz
acoustic wave is significantly attenuated in the vicinity of 2 μm in
grain size (Fig. 1b), which is close to the major component of kaolinite
(Fig. 2b). Due to the combined effects of weak backscattering and
strong sound attenuation, less backscatter was recorded. The
maximum signal saturation level was observed around 105 counts,
much lower than that for the Clay Bank sediment (142 counts). This
indicates that the same PC-ADP can produce different signal
saturation levels depending on the sediment properties. Due to
earlier signal saturation for kaolinite, the effect of increases in SSC
could not fully contribute to the increases in the backscattered
strength. A unified regression equation, therefore, could not be
defined for kaolinite, indicating that a 1.5-MHz PC-ADPmay not be an
effective instrument for estimating the SSC profile of kaolinite nor
such fine-grained materials. This result granted us to conduct the
second test for SSC profiling only with the Clay Bank sediment.

4.2. Laboratorymeasurement in the settling tank: SonTek's 1.5-MHz PC-ADP

Fig. 7a shows the time series of the SSCPCA profiles for the Clay Bank
sediment calculated by the inversion algorithm described above. As
time elapsed, the suspended sediments settled downward, and thus the
SSC gradually decreased at a given elevation. Due to the blanking zone,
the first cell started at a range of 0.15 m from the transducer (i.e.,
1.1 mab). Inversionof theacoustic signalswasverifiedbycomparing the
SSCPCA profiles with the SSCSAM (Fig. 7b). As a whole, good agreement
existed between SSCPCA and SSCSAM, but the agreement at a mid level
(0.6 mab) appeared slightly poorer than other levels. A better
agreement existed at the beginning of the experiment when coarse
and fine particles were relatively well mixed, but as time elapsed, the
calibration deteriorated a little, indicating that the larger particles fell
out of suspension faster than the smaller ones. This is because the
transmitted acoustic wave ismore sensitive to coarse particles thanfine
particles when the multi-class sediments are well mixed. A good
correlation existed between SSCPCA and SSCOBSwith r=0.96 (Fig. 8). But
a non-linear (exponential) relationship might be equally postulated.
This is because the acoustic and optical instruments have different
sensitivity to different grain size and the backscattered signals from two
instruments independently depend on the settling rate of each size
fraction. The overestimation of SSCPCA might be attributed to a wide
grain size spectrumwith lots offinesilt and clay aswell as about 50%fine
sand. Because the OBS signal is proportional to the cross-sectional area
of the suspended sediments, it is effectively measuring the concentra-
tion of silt and clay while the PC-ADP is seeing almost exclusively the
sandy portion due to its higher acoustic sensitivity. In the early stage of
the experiment when the SSC was relatively high, the particle size at
0.9 mab was larger, which resulted in an excessive increase in the
acoustic backscattered strength, compared to those at later times. MAE
and MRE of acoustic estimates were 0.0055 g l−1 and 10.5%,
respectively.



Fig. 7. (a) Time series of SSCPCA profile; and (b) comparison between SSCPCA and SSCSAM at four instances. The numbers at the top of (b) indicates the elapsed time (hh:mm:ss)
corresponding to the dashed lines in (a).
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4.3. Mobile Bay measurement: RDI's 600-kHz ADCP

Fig. 9 shows the time series of the SSCPCA profiles in Mobile Bay and
the comparison with the time series of SSCOBS at 0.15 and 1 mab. The
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Fig. 8. Comparison between SSCPCA and SSCOBS at 0.9 mab (fifth cell) for the laboratory
experiment. The dashed line is the unity line.
acoustic signal identified the presence of a high-concentration fluffy
layer immediately over the consolidated sediment bed (the strong,
near-bed echoes in Fig. 9a). Both acoustic and optical data showed the
active sediment suspension caused bywind forcing. During thewinter
storm with strong wind stress in 338–340 days, for instance,
resuspension increased the SSC at 0.15 mab to about 0.25 g l−1, and
the resuspended sediments extended into the water column above
1.5 mab. After the storm passed, the SSC quickly dropped to the
background level (0.01–0.03 g l−1), and the high SSC was observed
only near the sediment bed, resulting in a typical, upward-decreasing
SSC profile. This indicates that the source of suspended sediment was
mainly from the erosion and resuspension of bed materials, not the
lateral advective transport.

Table 3 summarizes the error statistics at 0.15 and 1 mab to
evaluate the error of SSCPCA with respect to SSCOBS. It is noted thatMAE
and MRE at 0.15 mab were always larger than those at 1 mab. This is
because the lower sensor elevation (e.g., 0.15 mab) would be more
frequently exposed to the near-bed sediment behaviors such as
erosion and deposition, resulting in higher temporal variations in
particle size and SSC. The wider size spectra of suspended sediments
ejected from the bottom by the strong mixing differently influenced
the sensitivities of acoustic and optical backscattering, resulting in
increasing the gap between the two estimates. In addition, the bias
from side lobe interference near the bottom seems to be a potential
reason for these larger errors at 0.15 mab (for details, see Section 5.2).

To further investigate different responses in two measuring
elevations, the scatter plots for acoustic and optical estimates are
shown in Fig. 10. At 1 mab, the SSCPCA was underestimated (ME=
−0.0111 g l−1) compared with SSCOBS, whereas the SSCPCA was

image of Fig.�8


Fig. 9. Time-series data from the lower Mobile Bay: (a) SSCPCA profile; (b) comparison between SSCPCA and SSCOBS at 1 mab; (c) comparison between SSCPCA and SSCOBS at 0.15 mab;
and (d) wind shear stress calculated by Wu (1980).
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relatively overestimated (ME=0.0073 g l−1) at 0.15 mab. The under/
overestimation may be attributable to different sediment size spectra
and their effects on the sensitivities of acoustic and optical backscatter-
ing. It is noted that thewavelength (ca. 800 nm) of OBS is much shorter
than that of PC-ADCP. Although the PC-ADCP with a single frequency is
not capable of addressing the changes in grain size, we can infer the
relative enrichment or depletion of coarse and fine particles in
suspension. The overestimation of PC-ADCP represents the fact that
coarser particles (or flocs) were relatively enriched at 0.15 mab. In
contrast, its underestimation represents their depletion at 1 mab. The
effect of near-bed sediment population on the acoustic response is
discussed below.

5. Discussion

5.1. Acoustic sensitivity to particle (or floc) size

Acoustic sensitivity (AS) to a sediment particle at a given SSC can
be written as

AS∝∑
n

F2n
an

ð5Þ

where F is a form factor describing the scattering properties of an
ensonified particle, a is the particle radius, and subscript n denotes the
Table 3
Error statistics of SSCPCA with respect to SSCOBS.

Clay Bank Mobile Bay

0.9 mab 0.15 mab 1 mab

ME (g l−1) −0.0002 0.0073 −0.0111
MAE (g l−1) 0.0055 0.0174 0.0133
MRE (%) 10.5 45.8 41.6
MAE to SSCOBS range (%) 4.1 7.3 6.2
Mean SSCOBS (g l−1) 0.0524 0.0380 0.0321
SSCOBS range (g l−1) 0.1346 0.2400 0.2157
n-th class size (Lynch et al., 1994; Thorne and Hanes, 2002; Thorne et
al., 1993; Vincent, 2007). The form factor is proportional to the square
of kawhere k (=2πf /c, where f is the acoustic wave frequency and c is
the sound speed in water) is the wave number. The peak of acoustic
sensitivity occurs when the circumference of particle, assuming a
spherical shape, is close to the acoustic wavelength, i.e., ka≈1
(Thorne and Hanes, 2002). Because c is about 1500 m s−1 in water,
the values of ka for the Clay Bank sediment are approximately 0.002
and 0.276 for clay and very fine sand portions, respectively, whereas
those for kaolinite and Mobile Bay sediment are about 0.002 and
0.012, respectively (Table 2). For the Clay Bank sediment, two very
different ka values indicate that the majority of backscatters were
produced by the very fine sand portion, and that the contribution of
the clay portion was negligible. Therefore, the acoustic sensitivity of
very fine sand of the Clay Bank sediment is about six orders of
magnitude larger than that of kaolinite (Table 2). That is, kaolinite clay
is too small to be effectively detected by the wavelength of
transmitted 1.5-MHz acoustic signals (≈1 mm), and thus the
performance of PC-ADP with kaolinite is not warranted (Fig. 6b).
The Clay Bank sediment showed lower MAE (0.0055 g l−1), MRE
(10.5%) and MAE to COBS range (4.1%), when compared with those of
Mobile Bay sediment. This is because the acoustic sensitivity of the
Clay Bank sediment, particularly that of the very fine sand, is several
orders of magnitude larger than that of Mobile Bay sediment
(Table 2).

If the operating frequency is doubled, the detectable particle radius
can be theoretically reduced by half. The tradeoff between frequency
and SSC-dependent sound attenuation, however, should be consid-
ered to acquire an optimal output. SonTek (1997) provided a rough
guideline that the marginal value of ka may be about 0.05 to detect
suspended sediment particles. The Mobile Bay measurement, how-
ever, demonstrated that the PC-ADCP may work well even for
ka=0.012.

All the sediments used in this study include a fine particle portion,
which is characterized by cohesiveness. In most cases, the sediments
with this fine-grained portion tend to aggregate into flocs (Manning
and Dyer, 1999; Sanford et al., 2005; Shao et al., in press; van Leussen,
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Fig. 10. Comparison between SSCPCA and SSCOBS at (a) 1 mab and (b) 0.15 mab in the lower Mobile Bay.
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1988). When flocs are present in the water column, it is not clearly
understood whether acoustic backscatter responds to flocs as a whole
bound or individual primary particles therein. Based on the
theoretical relationship between the acoustic wavelength and the
particle size, it has been suggested that the acoustic signal may
penetrate the pores of flocs, and thus the response is more dependent
on the properties (e.g., size and concentration) of primary particles
rather than those of flocs (Fugate and Friedrichs, 2002). Although the
present study does not provide direct evidence, the findings from the
Mobile Bay field experiment depict a somewhat different pattern from
what was previously proposed. Compared with OBS, for instance, the
PC-ADCP overestimated SSC in the near-bed level (0.15 mab), while it
underestimated SSC in the higher level (1 mab) (Fig. 10). Given that
these outcomes are from the same instrument, the higher response of
acoustic backscatter indicates higher acoustic sensitivity, and thus
larger form factor. When considered that the sensitivity reaches the
peak at ka≈1, the strongest acoustic response can be observed with
the sediment size of about 400 μm. This suggests that the suspended
sediments at 0.15 mab might have more fractions of particles close to
this maximum responsive size compared to those at 1 mab.

Furthermore, the higher responsiveness in the near-bed layer may
result from the introduction of larger flocs eroded and resuspended
from the bed, which likely implies that the PC-ADCP responds to these
flocs as a whole bound. Using in-situ video data collected from
Chesapeake Bay, Kim and Sanford (2009) showed that larger flocs
(several hundred μm) can be produced in BBL during the erosion phase.
Flocs eroded from the bed, i.e., bed aggregates, aremore compacted and
robust than normal flocs aggregated in the water column, which may
allow bed aggregates to survive during the resuspension processes. This
is also consistent with the findings of Smith and Friedrichs (2010) that
bed aggregates (ρf=1200–1800 kg m−3 where ρf is floc density) have
higher density than normal flocs (ρf=1025–1200 kg m−3). A presently
open question is “what is a critical density of a floc so that it can be
acoustically detected as a single grain?” Based on the near-bed acoustic
responses shown in Fig. 10b, it can be inferred that such an acoustic
detection threshold may be somewhere in the density range of bed
aggregates, and thatflocs aremore likely to be acoustically detected as a
whole bound as ρf increases. The concurrent measurement of floc size
and density using a LISST-100 laser particle sizer and a floc camera (e.g.,
Mikkelsen et al., 2005; Smith and Friedrichs, 2010) can provide direct
evidence to resolve this issue, which is worthy for future studies.
5.2. Uncertainties and error sources

The inverting processes from the acoustic signal to SSC using a
simplified sonar equation have inherent uncertainties and errors in
measurement and data analysis. First, in the signal inversion
algorithm, it is assumed that the spatial and temporal distributions
of sediment grain size might remain constant. For practical applica-
tions, a single value, d50, of particle size has been usually used to
iteratively calculate the sound attenuation coefficients and SSCs for all
profiling cells. In the case of multi-modal sediment that cannot be
regarded as one single population, however, d50 is not a good
representative. Thus, a biased result is expected when d50 is used for
the acoustic inversion processes of field data where sediment grain
size distribution would continuously change in time and space. In
addition, ADCP or PC-ADCP with a single frequency is not capable of
resolving whether changes in backscattered strength are associated
with changes in SSC or those in particle size distribution, i.e., changes
in grain size can be misinterpreted as changes in SSC (Ha et al., 2009;
Reichel and Nachtnebel, 1994). However, these uncertainties related
to the particle size can be partly solved by employing instrumentswith
multiple frequencies (Crawford and Hay, 1993; Hay and Sheng, 1992;
Smerdon, 1996). It is promising that manufacturers are developing
multi-frequency ADCP that can concurrently transmit different
frequencies with harmonic interference (SonTek, pers. comm.).

Second, the ADCP or PC-ADCP has a slanted (15–30°) beam
pattern, which is inevitable to resolve three components of flow
velocities and to ensure that main lobes (typically, 3 or 4) do not
overlap so that the sampling volumes from each transducer are
separated. In the downward-looking setup, however, this feature
results in an angled intersectionwith the sediment bed, producing the
unwanted boundary echoes from side lobes while main lobes are still
propagating in the water column. The same problem occurs at water
surface in an upward-looking setup. Although the side lobes have
much lower acoustic energy than the main lobes, the reflected signal
from an interface between media with different densities is much
stronger than the backscattered signal from suspended particles.
Thus, the last 3–14% of the entire profile, depending on a slant angle,
has a potential to be interfered by side lobe effects (Land and Jones,
2001; RDI, 1996; SonTek, 2001a; Wall et al., 2006). This side lobe
interference is another likely explanation for the overestimation of
SSC near the bed shown in Fig. 10. Since the percent of the main lobe
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that is not interfered with side lobes is proportional to the cosine of
slant angle, an ABS with narrow, vertical (i.e., no slant angle) beam
can solve such a side lobe interference (Aquatec, pers. comm.).

Finally, there are several factors not included in the simplified
sonar equation. Measurement errors may arise from the scattering of
unwanted target such as air bubbles or organisms (Kinsler et al.,
2000). Since they have higher acoustic impedance than mineral
sediments, a strong scatter wave generated can be easily detected by
the transducer (Greinert and Nutzel, 2004). Unfortunately, it is
impossible to quantitatively differentiate between suspended sedi-
ments and air bubbles or organisms in natural environments.
Precaution should be, therefore, taken to avoid their effects on
backscatter when such issues have been reported in a deployed site.

6. Conclusions

The capability of two commercially available PC-ADCPs was
evaluated for estimating SSC profiles in BBL. The following conclusions
were drawn from this study.

(1) A natural sediment sample from Clay Bank, a mixture of clay
and very fine sand, showed a good linear relationship
(r2=0.92) between range-corrected volume scattering and
backscattered strength until SSC increased up to about 10 g l−1.
PC-ADCP was able to measure SSC profiles up to that level
without any problem related to the severe sound attenuation
and signal saturation. In contrast, a commercially available
kaolinite showed earlier signal saturation and non-unified
linear regressions between range-corrected volume scattering
and backscattered strength, most likely because the particle
size is much smaller than the transmitted acoustic wavelength.

(2) For the mixture of clay and sand like the Clay Bank sediment,
the PC-ADCP's backscattered strength is more affected by sandy
particles rather than muddy particles because the sound is
backscattered most efficiently by particles of which size is the
closest to the emitted acoustic wavelength. In evaluating the
acoustic sensitivity to multi-modal sediment, d50 is not a good
representative. Instead, the particle size that exhibits the
largest acoustic sensitivity should be used in the acoustic
inversion algorithm to correctly account for the sound
scattering and absorption by suspended sediments.

(3) The BBLmeasurement inMobile Bay showed that the PC-ADCP-
derived concentration was relatively overestimated at near-
bed level (0.15 mab) because the acoustic sensitivity is
enhanced by the coarser particles and denser bed aggregates
that can be acoustically detected as a single grain rather than
many small primary particles. The side lobe interference near
the bottom is also a plausible reason for this overestimation.

(4) MAE between the acoustic and optical estimates in Mobile Bay
was within 4.1–7.3% of the OBS-derived concentration range,
andMREwas within 10.5–45.8%. Such errors are attributable to
the different acoustic and optical scattering responses to given
sediment size spectra. This study suggests that the PC-ADCP
has potential use for revealing the evolution of in-situ near-bed
suspension with high vertical and temporal resolutions.
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