Improving acoustic
backscatter calibration
Bottom backscatter strength as a
measure of attenuation due to sediment

Anouk Boon
dr.ir. B. Vermeulen
ir. J.Y. Zomer

MSc thesis, August 2021
Hydrology and Quantitative Water Management Group
Wageningen University

Abstract
Sediment dynamics affect often co-existing nature and industry. Quantification of suspended sediment concentrations
(SSC) is an important step in gaining insight in these dynamics. The Acoustic Doppler Current Profiler (ADCP)
can be used to analyse both water velocity and SSC. The device sends out an acoustic signal and records its echo
strength. Corrected for noise and interference, this echo strength can be calibrated to estimate SSC. Important
unknown variables in the calibration are the mass concentration and attenuation due to sediment. To determine the
mass concentration of sediment, attenuation due to sediment needs to be estimated. We propose a novel method for
estimation of attenuation due to sediment with bottom backscatter strength. Estimates of mass concentration and
specific attenuation at a reference time are necessary for the calculation of a reference attenuation due to sediment.
The calibration method of Sassi et al. (2012) will be followed, where specific attenuation and mass concentration
are estimated using water samples. Reference attenuation due to sediment is then transformed to a time series of
attenuation due to sediment, based on 13 hours of vessel-mounted ADCP bottom backscatter strength measurements
in the Emder Fahrwasser. Backscatter strength, and subsequently attenuation due to sediment, show a temporal
relation with SSC. Estimates of attenuation differ when a different water samples is used. The mean of all attenuation
time series however shows good resemblance with the attenuation due to sediment based on a tidal fit through
specific attenuation calculated following Sassi et al. (2012). Attenuation due to sediment calculated with bottom
backscatter strength is not a replacement for water samples, but offers an estimate on high temporal resolution and
the possibility to estimate attenuation due to sediment when the method of Sassi et al. (2012) experiences inaccuracies. After implementation into a calibration method, validation of this novel method could be done in future research.
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1 | Introduction
Nature and industry often co-exist in estuaries. Light
and oxygen are needed for flora and fauna to live in
the estuary waters (De Jonge et al., 2014; Talke et al.,
2009), while shipping-bound industry relies on dredging
to maintain the navigability of waterways (Guerrero
et al., 2013). Some estuaries worldwide, have transitioned into a hyper-turbid state characterized by high
suspended sediment concentrations (SSC) (Dijkstra
et al., 2018; van Maren et al., 2015a; De Jonge et al.,
2014), putting nature and industry under pressure.
In order to preserve both, knowledge about sediment
dynamics is therefore of high relevance (Sahin et al.,
2020). Over the years, multiple devices have been
developed that may give insight into these sediment
dynamics.
The Acoustic Doppler Current Profiler
(ADCP) is one of them.
The ADCP works with so called pings: high-frequency
acoustic signals sent out by the device. These signals
are scattered while traveling through the water column,
being partially sent back (backscatter) to the ADCP.
Using the Doppler effect (frequency shift in the returned
acoustic signal), the flow velocity of particles in the
water can be determined. Next to measuring the
frequency shift, ADCPs also record the strength of the
backscatter (RDInstruments, 2011). This can serve as
an indirect measurement of SSC. ADCPs allow us to
estimate water velocity and SSC simultaneously, on a
high spatial and temporal resolution.
Backscatter strength needs to be calibrated to SSC.
Sassi et al. (2012) developed a two-step calibration
method. The first step in the procedure is to transform
raw data, consisting of the strength of the returned
signal, to backscatter strength assuming attenuation
due to sediment is zero. Herefore, the difference
between the transmitted and returned signal strength
is corrected for noise and interference. After this,
the second step is to relate the backscatter strength
to mass concentration, using water samples taken
simultaneously with the ADCP measurements. With
the relation between backscatter strength and mass
concentration, SSC can be estimated.
To estimate SSC, every part of the correction in step
1 needs to be known. This is the case for most pro-

cesses: spatial spreading, background noise, directional
sensitivity of the transducer, acoustic interference near
the transducer and the attenuation of the signal by
water(Deines, 1999; Gostiaux and van Haren, 2010).
Attenuation due to sediment is not known beforehand
(Gostiaux and van Haren, 2010). This attenuation
occurs due to the sediment particles scattering and
absorbing part of the acoustic signal (Hoitink and
Hoekstra, 2005; Sassi et al., 2012). It depends on
the amount (mass concentration) and attenuation per
unit concentration (specific attenuation) of sediment
present in the water column. Both need to be estimated.
Within the method of Sassi et al. (2012), the specific
attenuation is estimated using two water samples. The
specific attenuation depends on sediment characteristics
such as grain size and grain size distribution (Sassi et al.,
2012). Finer particles such as silt and clay, may cause
larger attenuation than coarser particles such as sand.
These characteristics can however change significantly
during a tidal cycle (Heus, 2020). With a change in
sediment composition, the specific attenuation therefore
needs to be determined again. An alternative approach
is needed to predict sediment concentration when this
specific attenuation varies.
Bottom backscatter strength could be used to estimate
attenuation due to sediment. This backscatter strength
is measured by the ADCP in the bottom tracking mode,
at a separate time from the water pings. The mode is
intended to determine the velocity of the ADCP relative
to the bottom. But as with the water ping, the ADCP
also measures the backscatter strength. We assume the
backscattering properties of the bottom do, in contrast
to the sediment characteristics, not change throughout
the tidal cycle. Every change in bottom backscatter
strength can then be related to attenuation due to
sediment. Bottom backscatter strength might therefore
be a stable estimate for attenuation due to sediment.
To evaluate the potential of using the variation of ADCP
bottom backscatter strength as a measure of the variation in attenuation due to sediment, we aim to answer
the following research questions:
1. How does the bottom ping backscatter strength
vary during a tidal cycle compared to SSC from
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water samples?
2. Can we predict attenuation due to sediment using
bottom backscatter strength?
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2 | Methodology
In this chapter, the methodology used to answer the
research questions is described. The field site of the
measurement campaign, the Ems estuary, is shortly
described in section 2.1. Then, field campaign and data
processing are discussed (section 2.2). In section 2.3,
backscatter calibration is introduced. The novel method
of determining attenuation due to sediment with bottom backscatter strength is elaborated in section 2.4.
To make necessary estimates, the calibration method
of Sassi et al. (2012) is used (section 2.5. Lastly,
the tidal fit through specific attenuation suggested
by Heus (2020) is mentioned in section 2.6. Results
of attenuation due to sediment of this study will be
compared with results based on this tidal fit. Analysis
and calibration have been done with the ADCPtools,
developed by Vermeulen (2014).

might improve quantification and understanding of
sediment transport.

Figure 2.1: The Ems estuary, located on the

Dutch-German border. Study area indicated with an
orange rectangle (altered from Van Beusekom and
De Jonge (1998)).

2.1

Field site

Data used in this study are collected in the Ems estuary
(figure 2.1), located on the Dutch-German border.
The tidally influenced Ems river flows into the estuary
from the west. Average discharge is around 70 m3 s−1 :
ranging from around 30 m3 s−1 in summer, to 150 m3 s−1
in winter (Chernetsky et al., 2010). The Ems river
transports relatively little sediment, suspended sediment
is mostly of marine origin (Van De Kreeke et al., 1997;
van Maren et al., 2015a). Tidal influence from the
Wadden Sea causes transport of sediment into the
estuary (Van De Kreeke et al., 1997). Sediment from
sea is transported up to 10 km upstream into the
estuary and river (van Maren et al., 2015a).
Human activity in the past decades (dredging, land
reclamation and channel deepening) has enhanced flood
dominance, which is thought to be the reason for the
present day hyper-turbidity (van Maren et al., 2015a,b;
Van Maren et al., 2016). Since 1954, concentrations
of suspended particles have increased by a factor of
2-3, even reaching a tenfold increase in the Estuarine
Turbidity Maximum (ETM) (De Jonge et al., 2014).
The exact reasons and physics of the origin of hyperturbidity are still unsure. Variation in sediment size
might compromise results of calibration of acoustic
measurements. The method proposed in this study

2.2

Field campaign and data processing

Field campaign
Data are collected during a field campaign in de EmsDollard by Maushake and Dankers (2018). An overview
of measurement locations can be found in figure 2.2.
This research focuses on the Emder Fahrwasser (EFW)
data (figure 2.2), collected at the transition of river to
estuary. Measurements were undertaken on the 24th of
January 2019, during high flow conditions (100 m3 s−1 ).
Both stationary and moving measurement have been
conducted with vessel mounted ADCPs. Specifications
of the ADCP are summarized in table 2.2. Duration of
the measurements is 13 hours, capturing a semi diurnal
tidal cycle.

Table 2.1: Specifications of ADCP (RDInstruments,

2020)
Type
Frequency
Ping rate
Amount beams
Transducer type
Bottom tracking

RDI workhorse Riogrande
1228.8 kHz
2Hz
4
Monostatic
Mode 7

4
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Figure 2.2: Measurement locations during Ems Dollard measurements campaign. This research focuses on the

Emder Fahrwasser stationary boat (SB_EFW) and Emder Fahrwasser cross-section (CS_EFW) measurement
(Maushake and Dankers, 2018)

Figure 2.4: Depth of water samples throughout the 13

Figure 2.3: Water level and velocity, figure from thesis

Heus (2020). The measurements start and end during
low water slack, positive flow velocities represent flood.
Table 2.2: Specifications of measurement frame
(Maushake and Dankers, 2018)

Pump
LISST 200X
Valeport Midas
WTW VisoTurb
Admodus USP

Water samples
Grainsize
Conductivity Temperature Depth
Turbidity
Density

In addition to the ADCP, the stationary boat was
equipped with a measurement frame. This frame was
equipped with a pump, a Laser In Situ Scattering and
Transmissometry (LISST) instrument, a Conductivity
Temperature Depth (CTD) sensor and three optical
sensors. (table 2.2). With the pump, the water was
sampled to estimate suspended sediment concentrations
every 15 minutes during dynamic slack tides and
every 30 minutes during other tides. These samples
were taken at two fixed depths: 3 meters below the
surface and 1.5 meters above the bed. If the water
depth exceeded 8 meters, a third water sample was

hours measurement period. In blue, red and green are
respectively validation, reference and attenuation
samples depicted.

taken in between these two depths. The LISST and
CTD recorded respectively particle size distributions
and salinity plus temperature forty times per minute.
The three optical sensors were used to capture water
turbidity every half second. Further technical details of
the ADCP and measurement frame can be found in the
Ems Dollart measurements action plan (Maushake and
Dankers, 2018).
Data processing
The double bottom in the range and the fourth beam
are removed. The double bottom in the range is caused
by a second echo of the transmitted acoustic signal and
is not related to the real bottom. The fourth beam is
not analysed, because an elevated backscatter strength
can be seen at times of the water sample measurements. This elevated backscatter strength is most likely
caused by the measurement frame. It is decided not
to establish a relationship between mass concentration
and backscatter for these disturbed measurements.
Because the double bottom and the fourth beam are

2.3. BACKSCATTER CALIBRATION THEORY
removed before further analysis, the data from other
variables corresponding to these measurements are also
not considered.

Missing data in the backscatter strength are filled
with linear interpolation, in order to obtain specific
attenuation values for all samples. Furthermore, bottom
backscatter strength, mass concentration and range
are averaged over three minutes. Time of one ADCP
measurement and a water sample doesn’t exactly
correspond. SSC in water samples is therefore related
to three minute averaged values of bottom backscatter
strength and range. In addition, the three minute
moving average reduces noise in the highly variable
bottom backscatter strength (Baranya and Józsa, 2013)
and mass concentration.

5

1999; Gostiaux and van Haren, 2010):
Sv = 10 log10 (10

Kc E
10

− 10

Kc Er
10

+2αs R + 10 log10
We have chosen to use the evaluation amplitude,
instead of the received signal strength indicator (RSSI)
to calculate bottom backscatter intensity (RDInstruments, 2020). RSSI showed a bimodal pattern, caused
by changes in gain, that resulted in an incorrect
pattern in the backscatter strength. During 1200 Hz
measurements, the ADCP may switch from low to high
gain when the depth exceeds 5 meters. The evaluation amplitude is equal to RSSI without change in gain.

|

) + 2αw R

TT R2 ψ 2
+C
LPT

(2.1)

Almost every part of this correction is known beforehand.
But as the SSC is not yet determined, the attenuation of
the signal due to sediment (αs ) is unknown. Neglecting
viscous absorption (Sassi et al., 2012), this attenuation
consists of two parts: amount (mass concentration Ms )
and attenuation per unit concentration (specific attenuation ξs ) of sediment. Considering both at distance r
along the path of the ping from the ADCP (see table 1),
specific attenuation (αs ) is:
Z
1 R
αs =
ξs (r)Ms (r) dr
(2.2)
R 0
Where specific attenuation (ξs ) is determined by sediment characteristics. These are normalized scattering
cross section (χ) (Thorne et al., 2011), particle size (as )
and particle density (ρs ):
ξs =

3 ha2s χi
4ρs ha3s i

(2.3)

Angle brackets represent integration over the grains size
R inf
distribution as ha3s i = 0 a3s (as )n(as )d(as ), having
n(as ) denote the number distribution of particles (Heus,
2020).

Table 2.3: Variables used in formula 1 (with unit).

Sv
αs

2.3

Backscatter calibration theory
αw

ADCPs send out an acoustic signal and record the
strength of its echo. This echo strength is the signal
strength emitted by the ADCP, minus attenuation and
scattering of the signal during its way through the water
column before it returns to the ADCP. Echo strength
measurements of an ADCP, can be used as a starting
point for SSC estimation. We first have to translate echo
strength into backscatter strength, the strength in which
the suspended sediment reflects the acoustic signal. The
echo strength therefore needs to be corrected for noise
and interference consisting of: spatial spreading, background noise, directional sensitivity of the transducer,
acoustic interference near the transducer and the attenuation of the signal by water. Backscatter strength (Sv )
is calculated from echo strength as (see table 1) (Deines,

ξs
Ms
R
ψ
E
TT
L
PT
KC
C

Backscatter strength
Attenuation due to absorption
and scattering by sediment
Attenuation due to absorption
by water
Specific attenuation
Mass concentration
Range along beam
Function accounting for spherical spreading
Echo strength
Transducer temperature
Transmit pulse length
Transmit power
Instrument-dependent
constant
Instrument-dependent
constant

(dB)
(dBm−1 )
(dBm−1 )
(dB m2 kg−1 )
(kg m3 )
(m)

(counts)
(◦ C)
(m)
(W)
(dB count−1 )
(dB)

To determine attenuation due to sediment (αs ), the
mass concentration (Ms ) needs to be known. The mass
concentration (Ms ) is however both needed to do the

|

6

CHAPTER 2. METHODOLOGY

correction of echo strength to backscatter strength and
unknown itself. One may therefore first calculate the
backscatter intensity not corrected for attenuation due
to sediment (Sv,αs =0 ) (Sassi et al., 2012). Uncorrected
backscatter strength and attenuation due to sediment
together allow us to determine the corrected backscatter
strength (Sv ), needed to estimate SSC. An estimation of attenuation due to sediment thus has to be made.

2.4

Backscatter dependent attenuation
due to sediment

The attenuation due to sediment can, as discussed in
the introduction, be estimated using bottom backscatter
strength. We will start with equation 2.1, which we write
as:
Sv = Sv,αs =0 + 2αs R

(2.4)

Where Sv,αs =0 is the uncorrected bottom backscatter
strength, neglecting attenuation due to sediment.
The change in bottom backscatter strength between two
measurement at the exact same location at reference
time (tref ) and a moment in the measurement period
(t) could then be described as:
Sv (t) − Sv (tref ) = Sv,αs =0 (t) + 2αs (t)R(t)−

(2.5)

Sv,αs =0 (tref ) + 2αs (tref )R(tref )
Herein, it is assumed that on one location the backscatter strength of the bed (Sv ) and the instrument specific
properties (C) do not change. Therefore, the following
expression for attenuation due to sediment on a time t
(αs (t)) is found:
αs (t) = αs (tref )

R(tref ) Sv,αs =0 (t) − Sv,αs =0 (tref )
−
R(t)
2R(t)
(2.6)

All variables on the right hand side of equation 2.6
are known. Range (R) is measured by the ADCP
and can therefore be gathered from the data. Uncorrected bottom backscatter strength (Sv,αs =0 ) follows
from equation 2.1 neglecting the attenuation due
to sediment term (2αs R). To calculate specifically
the bottom backscatter strength, the bottom echo
strength, total range and a pulse length of 0.3 times the
depth (RDInstruments, 2002) are used. The reference

attenuation due to sediment has to be determined
using an estimation of the specific attenuation and
the depth-integrated mass concentration (equation 2.2).
To calculate the estimates of the specific attenuation
and the mass concentration, the method of Sassi et al.
(2012) is followed. This method, elaborated in the
next section, uses water samples to estimate a depth
constant specific attenuation and a mass concentration
for each depth cell. The 3 and 8 meter deep samples are
used as respectively reference and attenuation samples
in the method of Sassi et al. (2012). The specific
attenuation of only the attenuation cells is used as
input for equation 2.2. The total mass concentration
(Ms ) of sediment is calculated by taking the integral
of estimated mass concentration (Ms ) per cell, times
the range of the measurement cell. For the distance
between the ADCP and the first measurement cell and
between the last measurement cell and the bottom, the
mass concentration of respectively first and last cell are
used. A full time series of αs can now be calculated for
every αs (tref ).

2.5

Calibration method Sassi et al.
(2012)

The method of Sassi et al. (2012) is followed to estimate
specific attenuation and mass concentration needed for
the calculation of a reference attenuation due to sediment. The method consists of an explicit approach to
estimate mass concentration (Ms ) with a calibration and
an empirical derivation of specific attenuation. Equation
2.1 is written as:
Z R
Sv,αs =0 + 2
ξs (r)Ms (r) dr = 10 log10 (ks2 Ms )
0

(2.7)
Where the right hand side is backscatter strength (Sv )
and the backscatter function (ks2 ) reads:
ks2 =

3 ha2s f 2 i
16πρs ha3s i

(2.8)

With backscatter from function (f ), particle size (as )
and particle density (ρs ).
An explicit solution to equation 2.7 is given by (Thorne
and Hanes, 2002):
Ms =

β(R)/ks2 (R)
RR
(2.9)
K(Rref )/ks2 (Rref ) − Rref γ(r) kβ(r)
2 (r) dr
s

2.6. TIDAL FIT OF SPECIFIC ATTENUATION
Where:
β = 10

Sv,α =0
s
10

β(Rref )
Mref
ln (10)
ξs
γ=
5

K(Rref ) =

(2.10)
(2.11)

β(R)
RR
K(Rref ) − γ Rref β(r)dr

(2.13)

Now, ADCP backscatter strength (Sv ) needs to be
translated to mass concentration (Ms ). Sassi et al.
(2012) use a calibration with water samples to estimate
mass concentration (Ms ). The first step in the calibration is estimating the relation between uncorrected
backscatter strength and mass concentration. Sediment
mass concentration measured in water samples taken at
a reference position (Rref ) relatively close to the ADCP
is used. In this study, the reference samples at 3 meters depth are chosen. These samples are outside the
blanking distance (in our case Rref ≈ 1.5 m), but close
enough to assume zero attenuation. Therefore:
K(Rref ) = aβ(R̃ref )b

7

All terms in equation 2.13 are now know. Specific
attenuation and mass concentration needed for the
calculation of a reference attenuation due to sediment
discussed in the previous section, follow from respectively equation 2.13 and equation 2.9.

(2.12)

The backscatter function (ks ) is assumed to not have an
effect along the sound path and is therefore a constant.
Given that particle size distribution does not change significantly over the course of the sound path, specific attenuation (ξs ) can also be assumed constant over depth.
Equation 2.9 then reduces to (Thorne and Hanes, 2002):
Ms (R) =

|

(2.14)

2.6

Tidal fit of specific attenuation

Results of attenuation due to sediment calculated using
bottom backscatter strength, will be compared with
attenuation due to sediment based on the method
of Sassi et al. (2012). Sassi et al. (2012) implement
attenuation due to sediment as a constant. Heus
(2020) however found a temporal variation depending
on the tide. Heus (2020) proposed to vary ξs over the
tidal cycle with a fit based on the harmonics of the
dominant tidal constituent. The tidal fit through ξs
will be transformed into attenuation due to sediment by
multiplication with the estimated mass concentration
from the method of Sassi et al. (2012). The attenuation
due to sediment calculated with the tidal fit through
ξs , will be used as a comparison with the bottom
backscatter strength based attenuation.
The tidal fit is based on the dominant tidal constituent.
For the EFW data, the semi-diurnal harmonic (M2 ) is
chosen (Heus, 2020). The function which will be fitted
with least squares looks like:
ξs = ξ0 1 + ξA sin(

2πt
2πt
) + ξB cos(
)
TM 2
TM 2

(2.16)

Where a is equal to unity, b is a calibration coefficient
and R̃ref is the mean range between ADCP and water
samples.

With:

Second step of the calibration is the empirical estimation
of specific attenuation (ξs ). Herefore, two water samples
are used: one reference sample already used during the
previous step (Rref ) and one attenuation sample close
to the bottom (Rat ). The attenuation samples will be
the samples taken at 8 meters depth. From the measured Ms at both depths, the empirically derived depth
averaged specific attenuation (γe ) is then estimated as:

) and cos( T2πt
).
Where M is a matrix of 1, sin( T2πt
M2
M2
A constant value of ξs , as used within the method of
Sassi et al. (2012), can now be replaced with a fitted
function of specific attenuation (Heus, 2020). The
fit through specific attenuation will be transformed
to attenuation due to sediment by multiplication with
mass concentration, calculated with the method of
Sassi et al. (2012).

γe =

ln(10)
K(Rref ) − β(Rat )/Ms (Rat )
ξs,e =
R Rat
5
β(r)dr
Rref

(2.15)



ξA
ξB



−
=→
p = M ξs

(2.17)

|
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3 | Results
SSC found in the water samples, bottom backscatter
strength and attenuation due to sediment estimates will
be shown and shortly described in this chapter. Results follow from the used methodology, explained in
chapter 2. Attenuation due to sediment is subdivided
in a time series based on reference attenuation calculated with sample 2 (section 3.1), boxplots of the median attenuation based on all references (section 3.2)
and a comparison with the attenuation calculated with
the tidal fit through specific attenuation (section 3.3).

3.1

Suspended sediment concentrations

SSC found in the water samples taken during the 13 hour
measurement period range between 0.07 an 2.14 gl−1
(upper panel figure 3.1). At the start of the measurement period (low water slack), the concentrations are
around 0.6 gl−1 at both the top and bottom of the water column. Starting around 9:45 (flood), concentrations near the water surface decrease to values around
0.2 gl−1 , while SSC near the river bottom increases up
to 2.14 gl−1 . From 12:30 on, SSC decreases until it
reaches the minimum of 0.07 gl−1 at 15:00 (high water slack). Around 16:15 (ebb), concentrations start to
increase again. High SSC is especially found close to
the bottom, with a maximum of 1.83 gl−1 . Around
21:15 (low water slack), SSC decreases again until values around 0.5 gl−1 in the entire water column. Average
SSC throughout the water column is highest during low
water slack and lowest during high water slack (lower
panel figure 3.1).

3.2

Backscatter strength

The three minute moving average of bottom backscatter
strength lays for the three beams between -50 and -80
dB (figure 3.2). Seconds scale variation in the raw
data is suppressed with the moving average filtering,
larger scale fluctuations and a trend throughout the
measurement period are still visible. High values are
found during high water slack (around 15:00), when
range is large and SSC in water samples is low. Low
values occur during low water slack (around 08:45
and 21:00), when SSC and range are small. Most
fluctuations are found during flood (08:45 to 15:00).
Values of bottom backscatter strength and patterns

Figure 3.1: Upper panel shows suspended sediment

concentrations (SSC) of water samples taken during
the 13 hour measurement period. Depth-averaged
values of SSC are shown in the lower panel.

are similar between beams, but small scale patterns
differ slightly in exact form and height (see Appendix
A.1). The first beam is furthermore almost the entire
measurement period a few decibel higher than the other
two beams, resulting in a slightly higher mean of -67
dB, compared to -69 dB for the second and third beam.

3.3

Attenuation due to sediment

Temporal behavior
Three minute moving average values of attenuation
due to sediment, based on the reference attenuation
of sample 2, range between -0.8 and 1 dBm−1 . The
seconds scale variation is again reduced by moving
average filtering. A trend, similar to the inverse of
bottom backscatter strength, is found. Low values of
attenuation due to sediment occur during high water
slack (around 15:00) when SSC is high, while high
values are found during low water slack (around 08:45
and 21:00) when SSC is low. The three beams show
similar values and patterns. Small variations in patterns
between the beams are similar to bottom backscatter
strength, larger fluctuation is again found during flood
(08:45 to 15:00). Mean values are for first, second
and third beam respectively 0.14, 0.34 and -0.03 dBm−1 .
Sensitivity to reference attenuation due to sediment

10
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Figure 3.2: Bottom backscatter strength (Sv,αs =0 ) calculated from 13 hours ADCP measurements in the Emder

Fahrwasser. Results for the first beam are depicted, other beams show similar values and patterns. Both 3 minute
moving average (MA) backscatter and non-averaged values are shown.

Figure 3.3: Attenuation due to sediment (αs ) based on backscatter strength from 13 hours ADCP measurements in

the Emder Fahrwasser. Results for the first beam, based on the second water sample, are depicted. Other beams
show similar values and patterns. Both 3 minute moving average (MA) backscatter and non-averaged values are
shown.
Attenuation based on other water samples follows a
similar, but shifted pattern (Appendix B.1). This results
in a different mean and a larger or smaller variation.
Mean values of all time series of attenuation due to
sediment range between -0.9 and 1.4 dBm−1 . One time

series had a mean value of -24.7 dBm−1 , but this is an
outlier due to an incorrect mass concentration estimate
of -340.6 gl−1 . Higher mean values can in all three
beams be found for sample 8 to 11. There is no overall
tendency through time found.

3.3. ATTENUATION DUE TO SEDIMENT

Comparison to tidal fit specific attenuation
Values of specific attenuation calculated following the
method of Sassi et al. (2012), roughly range between
-0.5 to 2.5 dBm−1 . High specific attenuation is found
during low water slack (08:45 and 21:00), lowest around
high water slack (15:00). High SSC coincides with high
specific attenuation during the second low water slack
(around 21:00). Highest SSC found during the first low
water slack (around 10:00), however leads to relatively
low specific attenuation. This might be due to sediment
characteristics. As suggested by Heus (2020), a tidal
fit based on the dominant tidal constituent is drawn
through the specific attenuation.
The tidal fit of specific attenuation is transformed to
attenuation due to sediment, using mass concentration
calculated following the method of Sassi et al. (2012).
Three minute moving averaged values are of a similar
order of magnitude as the mean of all 38 time series
calculated with bottom backscatter. Also the higher
values at low water slack (08:45 and 21:00) and lower
values during high water slack (15:00) are found in
both results. These coincide, as mentioned previously,
with respectively high and low SSC. At three moments
during the measurement period (around 10:00, 14:00
and 18:00), attenuation due to sediment calculated
from the tidal fit, reaches unrealistic high and low
values. These stem from the pattern in the mass
concentration. Hourly scale fluctuations between the
attenuation due to sediment based on the different
methods are clearly different.

Figure 3.4: Specific attenuation of water samples taken

during the 13 hour measurement period, calculated
following the method of Sassi et al. (2012). A fit based
on the dominant tidal constituent (M2 ) is drawn
through the measured SSC.
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Figure 3.5: Attenuation due to sediment (αs ) based on backscatter strength from 13 hours ADCP measurements in

the Emder Fahrwasser and on a tidal fit through specific attenuation (ξs ) of water samples. Results for the first
beam are depicted, other beams show similar values and patterns. Attenuation due to sediment is calculated from 3
minute moving average (MA) backscatter, mass concentration and range values.
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4 | Discussion
4.1

Backscatter strength

In the course of the measured tidal cycle, bottom
backscatter strength is found to be lower in periods
with relatively high SSC and to be higher in periods
with low SSC. To apply the proposed method for
estimation of attenuation due to sediment with bottom
backscatter strength, we assume that the attenuation
is the only factor changing the backscatter strength.
According to Medwin and Clay (1998), the scattering
at a rough surface is only determined by the roughness
of the surface and the angle in which it is ensonified.
Given that the surface roughness and angle will likely
not change during the measurement period, the bottom
backscatter strength is thus constant. Attenuation due
to SSC may then indeed be the only cause for changes
in bottom backscatter strength.
Small variations in bottom backscatter strength within
and between the beams are still mostly unexplained and
could have multiple causes. A change in attenuation
due to sediment can change the backscatter strength.
Increases and decreases of sediment concentration over
a short time period might cause short term variation
in attenuation due to sediment. As attenuation due to
sediment also depends on grain size, change in characteristics of the sediment may as well cause change
in attenuation (Lin et al., 2020). It is also possible
that the ADCP oscillates with the boat, meaning that
the measured bottom surface changes. Furthermore,
each beam has its own sensitivity, resulting in a beam
specific relation between input and estimated signal
strength (Deines, 1999). It is well possible that all the
mentioned possible causes underlie the small variations
to some extend.
For the EFW data, variation in bottom backscatter
strength within and between the beams is often a few
decibel or less, but can for short periods of time reach
values up to 10 dB. It could be chosen to discard
measurement periods where change in backscatter
strength within the beams is relatively large. Hoitink
and Hoekstra (2005) for example discarded (nonbottom) backscatter strength values when synchronous
backscatter intensities exceeded 2 dB. A value suitable
for the EFW data should be chosen, a similar relative

change could be chosen. Difference between the beams
could be compensated by calibrating the beam specific
relation Deines (1999). Douglas and Asce (2010) found
differences between beams up to 2-22%. Assuming that
the parts of bottom ensonified by the different beams is
similar, Douglas and Asce (2010) corrected the beams.
Since variation is relatively small in this study, the
bottom backscatter is not corrected.

4.2

Attenuation due to sediment

Estimation of attenuation due to sediment with bottom
backscatter strength relies on a first estimation of
mass concentration and specific attenuation, needed
to calculate a reference attenuation due to sediment.
In this study, the calibration method of Sassi et al.
(2012) is used to determine these first estimations.
The situation in the Ems estuary may not always reach
the criteria of the assumptions made in the calibration
method. Uncertainties due to assumptions in the
method of Sassi et al. (2012) will therefore reflect in
the results of this study.
Overall, values of the attenuation due to sediment
lay within a reasonable range. The negative values
are however unrealistic. In theory, negative values
of attenuation would mean that sediment in fact
amplifies the acoustic signal. This is however physically
impossible (Sassi et al., 2012). The negative values in
attenuation due to sediment, may be caused by negative
mass concentration or specific attenuation estimates.
Negative specific attenuation and unrealistic mass
concentration estimates can be due to assumptions in
the method of Sassi et al. (2012).
One of the main assumptions in the method of Sassi
et al. (2012), is that the grain size is homogeneously
distributed through the water column. Results of the
calibration method might be unreliable when grain size
varies with depth. The relation between backscatter
and mass concentration (K(Rref ), formula 2.14) is set
up at a reference depth from the ADCP. When a fine
sediment fraction is present in this layer, backscatter
strength will be relatively small. If the sediment fraction
near the bottom is coarser, the amount of backscatter
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from this layer will be large. The method will then
compensate for this large backscatter by assuming a
very large mass concentration, leading to overestimation
of the concentration. Heterogeneous distribution of
grain size may thus lead to an incorrect estimation of
mass concentration (Sassi et al., 2012; Heus, 2020).

fit through specific attenuation may be implemented
in the calibration method of Sassi et al. (2012), in
the hope that the mass concentration estimates used
for the calculation of reference attenuation due to
sediment become more reliable. Specific attenuation
and backscatter sensitivity could be varied over depth,
following the results of Sassi et al. (2012). Even
slight variation of backscatter sensitivity might lead to
negative specific attenuation, which compromise the
results of attenuation due to sediment calculated with
bottom backscatter intensity (Sassi et al., 2012). If
specific attenuation and backscatter sensitivity are not
varied in time and depth, unrealistic values resulting
from these assumptions may be excluded, as discussed
above.

Figure 4.1: Results of grain size analysis using LISST

The reference attenuation due to sediment may be
incorrectly estimated due to erroneous values of specific
attenuation or mass concentration. Negative values of
specific attenuation or mass concentration don’t have to
lead to negative values of reference attenuation due to
sediment, when one of the two compensates the other.
They are however both physically incorrect (Sassi et al.,
2012). Attenuation due to sediment based on negative
specific attenuation or negative mass concentration
should therefore be considered as erroneous. The
method of Sassi et al. (2012) can, as discussed, also
lead to overestimation of mass concentration. It is
more difficult to set an upper limit above which mass
concentration is too high. As reference attenuation
due to sediment can be overestimated due to too
high mass concentration, values based on these mass
concentration estimates should still be removed or
corrected.

data from thesis Heus (2020).
In terms of attenuation, the method of Sassi et al.
(2012) might thus be unreliable when attenuation of
the acoustic signal is substantial in the upper part of
the water column. Although strong attenuation could
be caused by a large amount of sediment, high SSC in
the upper layer is not found around high water slack
(15:00) (figure 3.1). In figure 4.1 (Heus, 2020), it is
however apparent that the grain size distribution is not
constant with depth. A relatively fine sediment fraction
is present in the upper water layer, resulting in high
attenuation. Even little attenuation due to sediment in
the lower water layer is then significant compared to the
remaining strength before the lower layer. Relatively
fine sediment in the upper layer is found around 10:00,
13:00 to 15:00 and 17:00 to 19:00. The overestimation
of mass concentration can be seen in figure 4.2. It
is also found that if K(Rat ) is larger than K(Rref )
(equation 2.15), specific attenuation becomes negative.
The assumption that K(Rref ) is constant may therefore
lead to both incorrect mass concentration and incorrect
specific attenuation estimates.
Another assumption in the method of Sassi et al.
(2012), is that the specific attenuation is constant
over time. Furthermore, the specific attenuation and
backscatter sensitivity are also assumed constant in
depth. Sassi et al. (2012) however found a site specific
minor trend in specific attenuation and backscatter sensitivity with depth, Heus (2020) found a tidal variation
of specific attenuation depending on tide. The tidal

When incorrect values of reference attenuation due to
sediment are removed, bottom backscatter strength can
still lead to negative attenuation due to sediment. Negative values mostly occur during high water slack, when
SSC is low. The values of backscatter strength are ten
smaller than the reference backscatter strength. The
backscatter strength also determines the slope of the
time series (equation 2.6), as time series of attenuation
due to sediment with a relatively high reference value
of backscatter strength have a smaller slope. Similar to
determining the upper limit of mass concentration, is it
less straightforward how to filter the bottom backscatter strength, apart from the three minute moving
average. Bottom backscatter strength may thus cause

4.3. COMPARISON TWO METHODS
some variation in attenuation due to sediment estimates.
The consistency of attenuation estimates based on
different samples is not robust. Results are not similar
enough to use just one time series of attenuation due
to sediment based on one sample. A procedure should
be chosen to accomplish a more stable and reliable
outcome. In this study, the mean of all time series of
attenuation due to sediment based on a reference attenuation is calculated. This averages out measurement
errors in the variables used to estimate attenuation due
to sediment. This mean shows quite good resemblance
with attenuation due to sediment based on the tidal
fit through specific attenuation. As within an order of
magnitude of is considered a good result in acoustics
(Santos et al., 2020), the attenuation is considered to
be comparable.

4.3

Comparison two methods

For the estimation of attenuation due to sediment
calculated with the two different methods, very different
approaches have been used. The tidal fit through
specific attenuation first has to be multiplied with
mass concentration estimated using the method of
Sassi et al. (2012). One of the main advantages of
the estimation of attenuation due to sediment based
on bottom backscatter intensity, is that the method
directly calculates attenuation due to sediment. This
means that the method is less sensitive to changes in
sediment characteristics, as can be seen in the two
differently calculated attenuation due to sediment time
series in figure 3.3. Using bottom backscatter intensity
as a measure of attenuation due to sediment is therefore
especially suitable for conditions as found in the Ems,
where spatial and temporal variation in grain size and
flocculation is occurring Heus (2020); Van Leussen
(2011)
The method may not be applicable in all situations.
Where Jackson et al. (1986) did not found significant variation in bottom backscatter strength over
the range of a few kilometers, Douglas and Asce
(2010); Tang et al. (2005) have shown that bottom
backscatter strength has different scattering properties for different sediment types. Douglas and Asce
(2010) even reported that the signal strength varies
for sandy bottoms, based on bed forms and sediment
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bulk density. If conditions would be such that bed
characteristics change in these sandy river beds within
a measurement period, the bottom backscatter based
attenuation would be sensitive to bed characteristics,
as attenuation based on specific attenuation is sensitive
to sediment characteristic. As the method is most
wanted for clay rivers, it is promising that those river
beds show less variation in bottom backscatter strength.

4.4

Applicability

Attenuation due to sediment can have large impact on
the estimation of SSC (Sassi et al., 2012; Vergne et al.,
2021). Especially when concentrations of sediment
are high, attenuation due to sediment can become
a significant part of SSC calibration (Sahin et al.,
2020).
Recently, backscatter calibration methods
that are accurate, but don’t rely as heavily on in-situ
calibration are studied (Vergne et al., 2021). Estimating
attenuation due to sediment with bottom backscatter
could simplify or improve SSC estimation.
To be an improvement, backscatter strength based
attenuation needs to be robust. Given the variation
in attenuation due to sediment estimates however,
the bottom backscatter strength doesn’t seem to be a
replacement for the extra water samples. It might be
possible to reduce the amount of samples, but tests
are needed to evaluate how many samples suffice in
certain conditions. If the average of attenuation based
on different water samples gives an recurring result,
averaging a couple of time series of attenuation might
be a solution for the variation between the on different
samples based attenuation due to sediment. It could be
that more extreme values of attenuation influence the
average strongly depending on the chosen or measured
time series of attenuation. In that case, it could
be considered to put certain criteria on mass concentration and backscatter values, so outliers are prevented.
Using bottom backscatter strength as a measure for
attenuation due to sediment gives the chance to calculate a temporally detailed time series of attenuation
due to sediment. Due to the strong variability of bottom backscatter strength, it is also sensitive. Using a
three minute moving average on the bottom backscatter strength doesn’t remove the pattern of peaks and
troughs. These patterns get transferred to the attenua-
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Figure 4.2: Mass concentration (Ms ) calculated from 13 hours ADCP measurements in the Emder Fahrwasser.

Mass concentration is calibrated from backscatter strength following the method of Sassi et al. (2012). Both 3
minute moving average (MA) mass concentration and non-averaged values are shown. Values range from -40000 to
20000 gl−1 , but only the range of 0 to 10 is plotted.
tion due to sediment. To find out whether the attenuation due to sediment is more accurate than attenuation
based on existing methods, it should be studied by implementing the attenuation in a backscatter calibration.
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5 | Conclusion
A novel method for the estimation of attenuation due
to sediment with bottom backscatter strength is introduced. During 13 hours of ADCP measurements in the
Emder Fahrwasser, bottom backscatter strength shows
a temporal variation related to SSC. Highest values
occur during low water slack when SSC is relatively high,
lowest values are found around high water slack which
coincides with low SSC. A reference attenuation due to
sediment is calculated for several water samples, with
estimates calculated occording to Sassi et al. (2012).
The attenuation due to sediment calculated based on
these references and bottom backscatter strength shows
a highly similar, but inversed trend to bottom backscatter intensity. Values of attenuation are mostly in the
expected range and are similar between beams. During
flood however, the estimates of attenuation due to
sediment become negative. This is physically impossible.
The proposed method still relies on an estimation of
mass concentration and specific attenuation. It is
therefore influenced by the assumptions and uncertainties in the method used for the estimations. Using
physically incorrect values of mass concentration or
specific attenuation results in erroneous estimations of
attenuation due to sediment. These values therefore
have to be replaced or removed. In the method of
(Sassi et al., 2012), backscatter at reference depth and
specific attenuation could be varied over time, to make
a more reliable estimation of mass concentration and
specific attenuation. One of the assumptions in the
method itself is that the characteristics of the bed are
constant. If this is not the case, the method is less
reliable.
Values of attenuation due to sediment estimates differ
between samples, suggesting that making a robust
estimation of attenuation due to sediment based one
reference attenuation is unfeasible. The average of all 38
available time series, however, shows good resemblance
with attenuation based on a tidal fit through specific
attenuation of water samples (Heus, 2020; Sassi et al.,
2012). Estimates of attenuation due to sediment with
bottom backscatter strength provide a highly detailed
attenuation time series with the potential to improve
the calibration of ADCP backscatter strength to SSC.
Implementation into a calibration method has to be

done in future research, in order to do a validation and
better comparison with other methods.
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APPENDIX A. APPENDIX

Figure A.1: Bottom backscatter strength (Sv,αs =0 ) calculated from 13 hours ADCP measurements in the Emder
Fahrwasser. Upper, middle and lower panel show respectively first, second and third beam. Both 3 minute moving
average (MA) backscatter and non-averaged values are shown.
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APPENDIX B. APPENDIX

Figure B.1: Attenuation due to sediment (αs ) based on backscatter strength from 13 hours ADCP measurements in

the Emder Fahrwasser. Upper, middle and lower panel show respectively first, second and third beam. Both 3
minute moving average (MA) backscatter and non-averaged values are shown.

