ﬁ water m\py

Article
Comparative Assessment of Fluvial Suspended
Sediment Concentration Analysis Methods

Flora Pomazi * and Sandor Baranya

Department of Hydraulic and Water Resources Engineering, Budapest University of Technology and Economics,
Miiegyetem rkp. 3, H-1111 Budapest, Hungary; baranya.sandor@epito.bme.hu
* Correspondence: pomazi.flora@epito.bme.hu

check for

Received: 14 January 2020; Accepted: 18 March 2020; Published: 20 March 2020 updates

Abstract: The monitoring of fluvial suspended sediment transport plays an important role
in the assessment of morphological processes, river habitats, or many social activities associated
with river management. However, establishing and operating a well-functioning sediment
monitoring system requires the involvement of advanced indirect methods. This study investigates
the advantages and limitations of optical and acoustic devices, to quantify the uncertainties and
provide a comprehensive comparative assessment of the investigated indirect methods. The novelty
of this study, compared to previous ones, is that four different indirect techniques are parallel
tested, i.e., the laser diffraction based LISST-Portable|XR, an infrared based optical instrument,
the VELP TB1 turbidimeter, the acoustic based LISST-ABS (Acoustical Backscatter Sensor) sensor,
and a 1200 kHz Teledyne RD Instruments Acoustic Doppler Current Profiler (ADCP). The calibration
of all the indirect methods was performed based on more than 1000 samples taken from the Hungarian
section of the Danube River within a wide suspended sediment concentration range. Implementing
a comparative assessment of the different sediment analysis methods, a qualitative and quantitative
characterisation of the applicability is provided. Furthermore, a proposal for an optimised sediment
monitoring methodology is also suggested.

Keywords: suspended sediment concentration; large river; indirect methods; optical methods;
acoustic methods; comparative analysis

1. Introduction

Quantitative characteristics of the fluvial sediment transport play an important role in the natural
morphological processes of the riverbed, in the quality of river habitats, and in many human activities
associated with river management [1]. For example, resuspension of sediment from the bed material
causes the deepening of the riverbed [2], which, if persistent, can lead to a decrease in low-water
levels [3] and, consequently, because of the decreasing groundwater levels [3,4], changing the conditions
for potential water extraction. The erosion of the main riverbed also changes the water supply of
the tributaries and floodplains [3], which can lead to the isolation of tributaries and branch systems.
The deposition of fine suspended sediment transport (silt and fine sand) can lead to the degradation
of habitat quality [5] in the tributaries, sedimentation in the main riverbed can affect bank filtration
systems [6,7], and changes flood conditions in floodplains [8]. Thus, fluvial sediment monitoring is
a rather important task.

The topic of sediment transport has a very wide scope of literature. For instance, Mossa [9]
investigated the sediment dynamics in the lowermost Mississippi River, Mead et al. [10] focused
on the sediment budget and its implications for sediment load in Louisiana, and Joshi and Xu [11]
assessed the recent changes in channel morphology of the Lower Mississippi River. The sediment
dynamics are rather complex in terms of temporal and spatial variability. The magnitude of sediment
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loads and concentrations changes historically, interannually (i.e., effects of seasonality and floods),
and over annual timescales (i.e., differences between dry and wet years) [9,10]. The spatial variation of
the sediment transport in a cross section varies from both top-to-bottom (i.e., vertically) and side-to-side
(i.e., horizontally, cross-sectionally) [9]. It is also important that the particle size distribution (PSD)
within a vertical coarsens towards the bottom as the coarsest particles are often resuspended from the bed
material and are generally transported close to the bottom [9]. The natural morphological changes of
alluvial river systems originate from sediment transport and deposition [10,11], thus, the monitoring
of the sediment load is very important.

The sediment transport can be generally classified as suspended load and bedload, depending
on the size of the bed material particles and the flow conditions [12]. While the suspended load contains
suspended particles in motion, in the bedload transport, the particles are rolling, sliding, or saltating
along the bed [12]. It is worth noting that sand can be transported as both bedload and suspended
load [13]. Recent studies [13-15] emphasised the importance of sand load, especially in the case of
river deltas.

As bedload accounts for approximately 10% of the sediment transported in large alluvial
rivers [16,17], we only intend to deal with the suspended sediment transport. The most important
parameters and characteristics of the suspended sediment transport are suspended sediment
concentration (SSC), suspended sediment load (SSL), and PSD, along with characteristic particle
sizes [18]. Many methods and devices are available for determining the different parameters and
characteristics of suspended sediment transport. However, a reliable spatiotemporal characterisation
of all relevant parameters requires the application of more than one method as there is not a single
method alone that is sufficient enough for the task (e.g., a continuous measurement using a fixed sensor
(to be introduced later) itself lacks when collecting information about spatial distribution). It is also
important that the suspended sediment measurements should be carried out with the same sampling
frequency at each monitoring station along the river, which ensures the same temporal resolution of
data. The monitoring should be performed using devices and methods that provide consistent data
with the same reliability [18]. This study focuses on the SSC measurement methods, as we claim that
there are more uncertainties regarding the SSC measurement techniques than in the determination of
the SSL (which is generally calculated from the measured SSC).

However, establishing and operating a well-functioning sediment monitoring system requires
advanced techniques, such as indirect methods. In fact, indirect methods like optical and acoustic
methods are widely used in sediment monitoring. Considering the above-mentioned characteristics of
fluvial suspended sediment monitoring, the aim of this study is to perform a comparative assessment
of indirect SSC analysis methods, in terms of application and reliability. Based on a large number
(>1000) of representative suspended sediment samples, first, the calibration of the four indirect SSC
measurement methods is carried out. That is followed by a direct comparison of the tested methods.
The assessment applies quantitative indicators to describe the accuracy of the methods, based on
which, recommendations on the methods’ applicability are introduced. This can help us recognise how
the different methods perform under different circumstances (e.g., varying flow conditions) and which
method should be used under specific circumstances for the reliable quantification of the suspended
sediment transport. Hence, knowing the applications and limitations of the investigated indirect
methods supports the establishment of an optimised suspended sediment monitoring system.

1.1. General Overview of Indirect Methods

1.1.1. Optical Devices

Optical properties such as the attenuation and scattering are commonly used for studying
fluvial suspended sediment particles [19-24]. The operating principle of the optical devices is based
on the laws of refraction. As a light beam is emitted in the sample, its direction is changed as it interacts
with the solid particles in the sample, i.e., the light beam is refracted, diffracted, or absorbed by
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the particle [8,19,20]. Two groups of optical devices can be distinguished: devices based on laser
diffraction and devices based on the scattering principles of infrared light [22].

Many studies have discussed the principles of laser diffraction, for example [1,19,21-23].
Laser diffraction devices (e.g., LISST (Laser In-Situ Scattering and Transmissometry) instruments by
Sequoia Inc.) emit laser light of a specified wavelength, which passes through the entire volume
of the sample and scatters on the suspended sediment particles. The scattered laser light arrives at
the centre of the detector rings. The difference between the amount of light emitted and the amount
of light detected on the detectors indicates the amount of solids present in the sample. If the sample
volume is known, the volume concentration can be calculated (and the mass concentration can also be
determined if the density of the sediment is known). The higher the sediment concentration in a given
sample, the more light is absorbed on the way. [19] the technical limitations of laser diffraction are
well-known [21,23,24]. Laser diffraction devices are particularly sensitive to the shape of the sediment
particle because the scattering pattern differs in the case of natural and spherical particles. Moreover,
the mineral composition of the suspended sediment also influences the results of the instrument [23].
The refractive index or even the colour of the various minerals affects refraction. Incorrectly estimated
density results in errors during the conversion process between volume and mass concentration.
The presence of organic matter also has a significant effect on the results. [23]

Optical principles of the optical backscatter sensors (OBS) are also widely studied [20,23].
The operation of the infrared devices is based on the relationship between the backscattered amount of
infrared light and the SSC of the analysed water sample [20]. The instrument can be calibrated based on
this correlation. Like laser diffraction devices, OBS instruments are typically field probes (e.g., Ponsel
NTU nephelometric turbidimeter), but they also have laboratory versions (e.g., Hach TU5 and VELP
TB1 portable turbidimeters). As OBS instruments do not take into account the size of the sediment
particle (unlike the laser diffraction devices), they are sensitive to particle size inhomogeneity, thus,
the particle size range should also be considered during the calibration [20].

1.1.2. Acoustic Devices

Instruments based on the acoustic theory have been widely used as surrogate techniques of
suspended sediment monitoring [1,22,25]. The acoustic theory has been reviewed by many researchers,
for example [26,27]. Acoustic devices work similarly to optical devices, except that they determine
the sediment concentration by analysing the reflection of the sound waves they emit instead of light
scattering and diffraction [23]. Applications and limitations were tested by [23,28,29], among others.
As the reflection time can be inferred from the distance of the sediment particle from the detector,
acoustic devices are also suitable for vertical or cross-sectional profiling (as opposed to optical
devices) [22,25]. Another advantage is that they are less sensitive to biofouling and algae formation [22].
Examples of such devices are the LISST-ABS (Acoustical Backscatter Sensor) and the Acoustic Doppler
Current Profiler (ADCP), which is generally used for flow measurements.

The ABS measures a few inches away from the instrument head, so sound absorption does not
need to be taken into account when calibrating the device. In contrast, the emitted (and reflected)
sound waves of the ADCP travel a more significant route in the water, hence sound attenuation and
absorption must also be considered. [22] Calibration of the ADCP backscatter is based on the so-called
sonar equation [27], which contains several parameters used to quantify the effects of water and
sediment particle absorption or dispersion. The reliability and applicability of using ADCPs for SSC
assessment are discussed by [29-33].

1.1.3. Consideration of Indirect Methods for the Comparative Assessment

Indirect methods used as surrogate techniques were assessed according to selected attributes
(regarding the application, e.g., measurement range, calibration needs among other dis/advantages)
in [22,25], for example. Numerous comparisons of acoustic and optical methods are available.
For instance, Hawley investigated acoustic and optical sensors in a lake environment [34],
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Patino and Byrne estimated the SSC using an ABS and a turbidimeter, and moreover, performed
a sensitivity analysis as well (regarding, e.g., salinity and temperature) [35], Vousdoukas et al.,
tested various OBS sensors and an Acoustic Doppler Velocimeter (ADV) instrument for nearshore
processes [36], Sirabahenda et al., used an ADCP and a turbidity probe in an agriculturally impacted
river [37]. However, studies with a thorough comparative analysis of more than two indirect methods
applied parallel, in a fluvial context, based on a large number of samples, can scarcely be found.
In this study, we test four different suspended sediment concentration analysis methods based on a large
dataset of more than 1000 water samples. The four methods are the following: (1) laser diffraction based
LISST-Portable|XR; (2) the infrared based optical instrument, VELP TB1 turbidimeter; (3) the acoustic
based LISST-ABS sensor and (4) a 1200 kHz Teledyne RD Instruments ADCP. We decided on these four
instruments because they are either commonly used (ADCP), already available (LISST-Portable|XR),
or easily obtainable (portable turbidimeter, LISST-ABS) in the Hungarian water management practice.
Moreover, such instruments are often considered to be part of the suspended sediment measurements.
The optical devices were used during the laboratory analysis of the collected water samples. It should
be noted that as a reference, we also analysed the water samples by the direct filtration method.
During the field measurements, the acoustic devices were used simultaneously with the sampling
and the recorded acoustic data were post-processed. The field data collection was performed
in the Hungarian section of the Danube River and covered a wide spectrum of the sediment concentration
values. In this study, we compare the reliability of the calibration (during the calibration procedure,
the filtration method is considered to be the reference) of the four indirect methods using different
statistical measures. We also assess the tested methods in terms of application and handling to facilitate
the selection of the most appropriate SSC analysis method.

2. Materials and Methods

This section describes the applied instruments, i.e., the optical (LISST-Portable|XR by Sequoia
Inc. and TB1 turbidimeter by VELP) and acoustic devices (LISST-ABS by Sequoia Inc. and an ADCP
by Teledyne RDI) and how they were applied in this study. The field measurement protocol is also
discussed briefly as the laboratory analysis with the optical methods requires physical sampling.
Since all the indirect methods must be calibrated, we considered the direct filtration as the reference
method. The description of the statistical analysis methods to characterise the uncertainties inherent
in the indirect methods is also detailed in this section, as an important goal of the assessment was
to provide quantitative information of the methods” applicability (e.g., the accuracy of the fitted
linear regression models). To exclude the bias resulted from the potential measurement errors of
the filtration method, the indirect methods were recalibrated based on the LISST-Portable|XR results
and a comparative analysis was carried out.

2.1. Study Site

The presented results are based on the data collected within the “Drinking water” (“Drinking
water: multidisciplinary assessment of secure supply from the source to the consumers”) project.
The aim of the project is to conduct multidisciplinary, integrated research on potential emerging risks
to bank filtration-based drinking water supplies, and the associated hydrological, hydromorphological,
and meteorological factors. The field data collection was carried out at two sites—located ~70 km
apart in the middle section of the Hungarian Danube (Figure 1)—in 3-3 cross sections of selected bank
filtration wells in the Northern and Southern drinking water source of Budapest, capital of Hungary:
Sz6dliget and Rackeve.
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Figure 1. Case study areas in the Hungarian section of the Danube River at the settlements near
Szédliget (north of Budapest) and Rackeve (south).

The Danube River is located in Central and Eastern Europe. The Hungarian section is part
of the middle section where the riverbed widens, and the bed slope decreases from ~40 cm/km to
10 cm/km [38]. The mean annual flow discharge is around 2000 m3/s, while the 100-year flood reaches
10,000 m3/s. In Hungary, the mean flow depth is around 5 m [38], the mean width of the river is
350 m [38]. Due to the sediment conditions close to equilibrium and the fact that no significant
tributaries enter the river, the SSL is quite constant along this section: the mean SSL is 40 kg/s
(i.e., approximately 1.3 Mt/year; [39]), while the mean SSC is around 30 mg/L.

2.2. Field Data Collection

Due to the similarity of the hydromorphological features (i.e., there are no significant changes
regarding the cross-sectional width and depth, the bed slope, the bed material, or the transported SSL)
within this section of the river, the assessment of the sediment data is performed jointly. The field
measurement campaigns were repeated bi-weekly (from February 2019 to November 2019), 15 times
altogether, along 3 cross sections at both sites.

The analysis with the LISST-Portable|XR and the VELP TB1 turbidimeter requires physical
sampling. At each cross section (3 per study area), 3 verticals were selected for the fixed-boat
measurements, along which 5 measurement points were distributed according to the multi-point
method [40]. This means that the sampling was performed at the following depths: 0.05H, 0.20H,
0.60H, 0.80H, and 0.95H, where H is always the current water depth in the vertical (measured by
the ADCP, averaged over 30-60 s before starting the sampling). The sampling was carried out by
a US P-61-A1 isokinetic sampler. Additionally, the LISST-ABS was fixed on the isokinetic sampler to
collect acoustic backscatter data from the same point as the physical sampling. Meanwhile, fixed-boat
ADCP measurement was also carried out in the vertical. The expeditionary field measurements
were supplemented with cross-sectional ADCP and LISST-ABS measurements to measure the flow
discharge and the near-surface cross-sectional SSC profiles. Moreover, after the calibration of the ADCP
backscatter, the cross-sectional distribution of the SSC could be also produced.
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A reasonably wide flow range could be covered during the measurement campaigns, i.e., from
low water (~1100 m?/s) to a 1-year flood (~4600 m3/s), which provided a wide range of detected SSC
values. For the herein introduced data analysis, more than 1000 samples were collected and thoroughly
analysed with the different methods, which, we assume, mean an adequately representative dataset.

2.3. Indirect Methods

2.3.1. Optical Devices

The LISST-Portable|XR analyses low-angle laser scattering. The laser light emitted by the instrument
passes through 117 mL [41] volume of the sample, then reaches the converging lens, which transmits
the scattered light to the concentric detector rings. The scattering area of the detected light determines
the particle sizes in the sample, so each detector ring receives different amounts of light and different
particle sizes are detected by them. Knowing the probability density of the 44 particle size ranges,
the volumetric PSD can be plotted. [41] This is very useful, as determining the PSD is rather difficult
and time-consuming otherwise. An example of the application of LISST-Portable[XR for determining
PSD can be found in [42].

In order to detect suspended solids as accurately as possible, the appropriate settings should
be constructed regarding the material of the sediment and the physical parameters of the mixing
(e.g., mixing speed). The scattering can be accurately accounted for by the proper choice of the optical
model used (Fraunhofer or Mie model). Given the material of suspended sediment, the measured
volume concentration (uL/L) is automatically converted to mass concentration (mg/L). The measurement
range of the LISST-Portable|XR is 10-1900 mg/L (depending on the particle size) with a +20%
accuracy [41]. The technical limitations of laser diffraction have been tested and discussed in [19,21,23].

The steps of the analysis [41]: (1) the optical model and the physical parameters of the mixing can
be saved as a standard operation procedure (SOP), so that the instrument analyses all the samples with
these settings; (2) before the analysis, the mixing chamber must be rinsed thoroughly with distilled
water; (3) before analysing the first sample, a so-called background measurement should be carried
out with distilled water to ascertain that the instrument is operating properly and that the sensor is
not excessively dirty; (4) after the distilled water has been drained, the water sample can be poured
into the mixing chamber, with care taken to avoid bubble formation when homogenising or pouring
the sample; (5) and the measurement can be started (with the specified settings). Within 2-3 min,
the instrument produces the following results: sediment concentration (both in volume and mass
concentration), PSD (in volume%), characteristic particle sizes, and other statistical values (e.g., Hazen
uniformity coefficient). [41] When needed, the PSD can be converted into mass% instead of volume%,
which is done by post-processing. The LISST-Portable (earlier generation of the LISST-Portable|XR)
had been recently used for sediment monitoring at a hydropower plant in India [43,44]. These studies
indicated that the mass concentration measured by the LISST-Portable|XR overestimates the SSC
determined by filtration with a multiplier of sediment density.

During the laboratory analyses, the followings were set in the SOP file: (1) as the material of
the suspended sediment along the Hungarian section of the Danube is assumed to be quartz [45],
the Mie theory (the more appropriate model for natural particles [21,41]) was set with a specific density
of 2.65 g/m3; (2) and a 40% of mixer speed was set in order to avoid particle settling and bubble formation
that would cause bias in the measurements otherwise. The analyses were performed according to
the above-listed steps, and the mass concentration results were used for the comparative analysis.

The VELP TB1 portable turbidimeter can be used in the laboratory as well as during field
measurements. The principle of the analysis [46] is the following. The photodiode inside the device
emits 850 nm wavelength infrared light into a 10 mL water sample. The light refracts and scatters
on the surface of the solid particles in the sample. The light scattered at 90° is detected by a detector,
and from the detected value, the calibrated instrument gives a value for turbidity in NTU (Nephelometric
Turbidity Unit). The range of the turbidimeter is 0-1000 NTU, its accuracy is +2% (0-500 NTU) to +3%
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(501-1000 NTU) [46]. The advantages and limitations of OBS instruments (e.g., the effects of SSC and
sediment characteristics) are extensively investigated in [20,22,25].

During the laboratory analysis, the borosilicate glass sample vial was filled with a syringe, and after
wiping the glass spot-free, the properly homogenised sample was quickly inserted into the apparatus
and the 30-second measurement could be started immediately. No specific setting was required.

2.3.2. Acoustic Devices

The LISST-ABS is an in situ acoustic sensor for discrete (point) measurements. The instrument
emits a high frequency (8 MHz) sound wave, thereby significantly improving the reliability of
the results [47,48]. It samples at a 5.5 cm distance from the probe head [47], eliminating the need for
calculation with the sound absorption in water. The on-board software of the instrument determines
the so-called uncalibrated concentration based on the acoustic backscatter, in real time. The actual
SSC can be converted by calibration. Depending on the particle size, its measurement range is
1-30,000 mg/L, and, according to previous studies, it is more reliable in the 30-400 um range than
OBS sensors or ADCP instruments [47,48]. It is easy to operate and suitable for vertical or horizontal
(cross-sectional) profiling as well [49]. The LISST-ABS has been tested both in field applications [48,49]
and in the laboratory [50].

During the field measurements, the LISST-ABS was used simultaneously with the isokinetic
sampler. As the sampling distance of the instrument is known, the LISST-ABS was fixed on the isokinetic
sampler in such a way that it sampled the same point as the isokinetic sampler. The detected values
were recorded onboard using its software. Later, the values for the whole sampling time (2040 s,
depending on the flow velocity) were extracted and averaged.

In this study, the flow measurements were carried out using a Teledyne RDI Rio Grande 1200 kHz
ADCP instrument. In addition to the flow velocities, the sound backscatter intensity profile can also be
measured and analysed, which can be calibrated using the sonar equation for sound scattering from
small particles [27] to obtain the distribution of the sediment concentration (vertical or cross-sectional).
The simplest form of the sonar equation is:

SSCapcp = 104 +BXRB), (1)

where SSCapcp is the calibrated sediment concentration (mg/L), a and B are the coefficients of the linear
regression between the relative backscatter (RB) (dB), and the logarithm of the measured SSC (-) [27].
The estimation of SSC from ADCP backscatter is an increasingly common procedure. Recent studies
examined the potential of using ADCPs for extracting SSC along a vertical [29], the impact of sound
attenuation [32], validated ADCPs in laboratory for suspended sediment measurements [31] and
towards a more effective sediment monitoring, used in the field (for example in the Danube River,
Hungary [51] and in Devoll River, Albania [52]).

The calculation of the RB values was based on the echo intensity profiles which were extracted
from the fixed ADCP measurements. The A and B coefficients of the sonar equation (Equation (1))
were determined by the simple linear regression between the RB values and the logarithm of
the corresponding measured values of SSC.

2.4. Filtration Method

In order to provide reference sediment concentration values for the calibration of the indirect
methods, all the collected water samples were analysed in the laboratory, applying also the so-called
filtration method. For this purpose, pressure filtration equipment was used. During the filtration
procedure, the samples are filtered through a membrane (filter paper) with a pore size of 0.45 pm.
Before filtration, the filter papers are dried at 105 °C to constant weight and weighed with an analytical
scale (+0.1 mg precision). After filtration, the drying and weighing procedure is repeated. Bearing
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in mind the weight of the filter papers before and after filtration (i.e., with and without the suspended
sediment) and the exact volume of the filtered sample, the SSC can be calculated.

2.5. Quantitative Analysis of Uncertainties

Before performing the comparative analysis of the indirect methods, the calibration based
on the reference laboratory data was carried out for each of them. For this purpose, considering
the theoretical background of the methods, we applied linear regression in each case. The correlation
between the examined methods (Figure 2) is very good (the coefficient of determination (R?) is
higher than 0.80) in the case of both the optical devices (LISST-Portable|XR and VELP TB1 portable
turbidimeter) and satisfactory (R% = 0.40-0.67) in case of the acoustic devices (LISST-ABS and ADCP).
These results suggest that using indirect methods could indeed be an efficient alternative option
of suspended sediment analysis methods. A thorough investigation of the indirect methods was
performed, which consisted of an individual statistical analysis of the linear regression models and
the comparative analysis of the indirect methods.

iy 5 Gy 2_
< 150 R?=0.87 S0 | 2 45o| RP=085 o ®
E o P d@o o 13 o %Cg
§100 o Stwof & o
< 00 oL g ©
= 5 00 go8° o © = 08 O
L 50 L 50 o
O (@]
N o N co
wn [e] w
0 0
0 100 200 300 400 0 50 100 150
SSC (LISST-P) (mgL) Turbidity (OBS) (NTU)
jan 2. o
p= o | E
S 100 i
© &)
L 50 o
[&] (e} o
2]
wn 0 L2
0 10 20 30 40 40 50 60 70 80

Uncalibrated SSC (ABS) (-) Relative backscatter (dB)

Figure 2. Calibration curves of the indirect (optical and acoustic) methods.

The uncertainties of the examined indirect methods were quantified via different statistical
indicators. The predicted values were calculated using simple linear regression models and were
compared with the observed values of SSC using the filtration method assuming that the direct analysis
method is the most reliable. The statistical measures of the simple linear regression were considered
according to [53-55]. The coefficient of determination (R?) indicates the adequacy of a regression
model. The mean absolute error (MAE) is an average of the absolute errors (i.e., the difference between
the predicted and the observed values). The mean absolute percentage error (MAPE) is a measure
of prediction accuracy. The root-mean-square error (RMSE) is also a frequently used measure of
the difference between values predicted by a model and the values observed. The %RMSE is the RMSE
expressed as a percentage. The percent bias (PBIAS) measures the average tendency of the predicted
data to be larger or smaller than observed values. It also measures over and underestimation of the bias
and expresses it as a percentage. The thresholds of statistical measures are determined in [54,55].
Thus, the regression is good if 0.80 < R2, MAPE < 20, RMSE < 20%, and PBIAS < 10%. Table 1 shows
the detailed interpretation of these statistical parameters which was used for the evaluation.
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Table 1. Interpretation of statistical measures used for evaluating uncertainties (thresholds are based
on [54,55]).

Interpretation

Statistical Measure
Very Good Good Satisfactory = Not Satisfactory

R? 0.80< 0.65-0.80  0.40-0.65 <0.40
MAPE <10 10-20 20-50 50<
%RMSE <10 10-20 20-50 50<
PBIAS <1 1-10 10-20 20<
MAE Lower the better; optimally 0
RMSE Lower the better; optimally 0

The individual statistical analysis of the examined indirect methods is based on the observed SSC
values from the direct filtration methods and the calibrated values in case of each indirect method.
The evaluation of the statistical measures is supplemented by graphical assessment of the scatter plots.

2.6. Comparative Analysis of Indirect Methods

Besides the previously presented individual statistical analysis, the comparison of the indirect
methods was also carried out. However, considering the potential measurement errors in the physical
laboratory analysis and the robustness of the tested laser diffraction instrument, we decided to improve
the calibration of the methods based on the LISST-Portable|XR data instead of the filtration results.
It was assumed that, in this way, the coarse errors resulted from human mistakes in the complex
laboratory analysis, and can be filtered from the large dataset. After the recalibration process,
the sediment concentration values from each analysis procedure were compared and a linear regression
was fitted on the data pairs, using the least-squares approach. The regressions were assessed according
to the R? values and the visual agreement between the corresponding calibrated and observed
(by the LISST-Portable|XR) values (i.e., graphical assessment).

3. Results

3.1. Individual Analysis of Methods

The results of the individual statistical analysis introduced in 2.5 are given in Table 2.

Table 2. Results of statistical analysis of indirect methods.

Statistic ADCP LISST-ABS LISST-P VELP TB1
Nr. of meas. 750 621 604 771
R2(-) 0.36 0.69 0.85 0.80
MAE (mg/L) 19.57 10.89 9.48 9.29
MAPE (%) 57.86 40.88 28.23 29.11
RMSE (mg/L) 30.24 15.79 13.65 15.40
%RMSE (%) 76.46 45.84 31.73 40.12
PBIAS (%) 19.55 0.00055 0.00323 0.00001

The calibrated ADCP backscatter proved to be the least satisfactory method—mnone of the statistical
measures are satisfactory. Though the R? of the LISST-ABS is good, the percentage errors (MAPE and
%RMSE) are only satisfactory. The statistical results of the optical devices (LISST-Portable|XR and
VELP TB1 turbidimeter) are good (R? and PBIAS) and satisfactory (MAPE and %RMSE). According to
this, calibrating the optical devices and the LISST-ABS is a reliable method, but the ADCP calibration
needs to be examined more closely.

For a better understanding, the indirectly measured values related to the reference values are
plotted in Figure 3. For instance, the “PBIAS can give a deceiving rating of model performance
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if the model overpredicts as much as it underpredicts, in which case PBIAS will be close to zero” [55]
(p- 10) even though the prediction is not very good. This is the case with the LISST-ABS and
the turbidimeter. The LISST-ABS, in general, tends to overpredict the SSC, while in the high SSC
range (above 100 mg/L) this changes to underestimation. In the case of the turbidimeter, over and
underestimation is balanced evenly. Although there are evidently more underestimated values, they
are balanced by higher deviation in the overpredicted values. In contrast, the LISST-Portable|XR
provides a relatively good prediction of actual SSC, just a slight overestimation can be observed, but
the PBIAS value is higher than the PBIAS of the previously discussed methods. The unsatisfactory
PBIAS of the ADCP is supported by the graphical visualisation—the calibrated SSC values clearly
overestimate the observed SSC values.
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Figure 3. Comparison of predicted and observed values of suspended sediment concentration (SSC).

3.2. Comparative Analysis

The results of the comparative analysis of the indirect methods presented in 2.6 are illustrated
in Figure 4.

Comparing the acoustic methods, the relationship is only satisfactory (R? = 0.42). The LISST-ABS
values are higher than the ADCP values. This difference is probably due to the complex calibration
procedure of the ADCP backscatter. Figure 4 suggests that another relationship should be established
above 50 mg/L SSC.

Regarding the optical methods, the relationship is very good (R? = 0.88). However, a larger
scatter can be observed in higher SSC ranges (above ca. 100 mg/L). The volume of the standard vial of
the portable turbidimeter is only 10 mL, which is not quite representative when the SSC of the analysed
sample is high, and the sample is not continuously mixed during the analysis procedure. Another
difference between the methods is that the OBS devices cannot take into account the inhomogeneity
of the PSD, so the presence of coarser particles can introduce errors into the analysis. In contrast,
the LISST-Portable|XR detects a wide range of particle size from 0.34 to 500 pm and the 117 mL sample
is continuously mixed during the analysis, which does not let coarse particles settle.
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Figure 4. Results of comparison of indirect methods (the values of the Acoustic Doppler Current
Profiler (ADCP) is calibrated by the sonar equation; the values of the LISST-ABS (Acoustical Backscatter
Sensor) and VELP TB1 turbidimeter are calibrated by the equation of simple linear regression between
them and the LISST-Portable|XR mass concentrations).

When comparing the acoustic and optical methods, the relations are only satisfactory
(R? = 0.39-0.46) and good (R? = 0.68-0.71). It is important to remember that the optical analyses were
done in the laboratory, where the physical samples were analysed. The in situ LISST-ABS data is also
from the measurement points, but the corresponding ADCP RB data was extracted from the fixed-boat
ADCP backscatter measurements that were post-processed along the vertical. The relationship between
the ADCP and the LISST-Portable|XR is rather scattered, the R? is only 0.46. Figure 4 suggests that
a separated calibration (e.g., according to the SSC or water discharge) should be examined in this
case, too. In case of the LISST instruments, the fitted curve of basic linear regression coincides with
the identity line, the R? is equal to 0.68. The relationship is stronger in the range of low and average
SSC, but the scatter increases above 50 mg/L. A possible explanation for this could be that, according
to the manufacturer [47], the LISST-ABS is more sensitive in the range of the average suspended
sediment particle size in the Danube (i.e., 20 pm). As expected from the strong regression between
the LISST-Portable|XR and the turbidimeter, the relationship between the ADCP and the turbidimeter
is similar to the one between the ADCP and the LISST-Portable|XR. However, the scatter is larger,
and the coefficient of determination is lower (R? = 0.39). The relationship between the LISST-ABS and
the turbidimeter is the strongest within the acoustic-optical comparison (R? = 0.71). The relationship
is strong up to 50 mg/L but above that, the dataset divides into two parts. A possible explanation
lies in the different sampling procedures: while the LISST-ABS measures in situ for an average of
3040 s, the turbidimeter analyses a 10 mL sample from the whole sample volume that was taken
during that time. The higher the SSC, the more difficult it is to prepare a representative sample for
the turbidimeter analysis.

4. Discussion

4.1. Discussion of Indirect Methods

Although acoustic and optical methods have been widely applied in SSC measurements and their
applications and limitations have been investigated and summarised, we claim that this comparative
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analysis of the four selected methods could provide a comprehensive practical guide in addition to
the theoretical examples. Moreover, the results are based on the analysis of more than 1000 samples,
which, we assume, means an adequately representative dataset.

Based on our experience, the LISST-Portable[XR is fundamentally easy to use, provided the analysts
do their job with due care. With the right choice of the optical model and physical settings, after
pouring the well-homogenised sample into the mixing chamber (it is important to avoid the formation
of bubbles), the automated analysis is performed within three to five minutes. It has the great
advantage of providing information on PSD as well. Theoretically, it would be suitable for field
use [41], but the experience gained during this research project has shown that it is extremely
sensitive to temperature conditions (precisely, the difference between the temperature of the mixing
chamber and the water sample to be analysed). Depending on the typical particle size, the range of
sediment concentration that can be analysed also varies [41]. According to the laboratory analysis of
samples in a relatively wide SSC range, we found that at low (<10 mg/L) and high (>300-500 mg/L)
concentrations in the Danube, the reliability of the results is significantly reduced (in comparison:
in the case of glass beads with the same particle size as the suspended sediment in the Danube
(i.e., 20 um), this range would be 85-1063 mg/L [41]). While in the former case nothing can be done,
in the latter case dilution can improve the analysis conditions. However, this range (10-500 mg/L)
covers the SSC range of this section of the Danube efficiently.

The LISST-Portable|XR was compared with the direct filtration method in [43]. In the study carried
out by Rai and Kumar [43], 61 samples were analysed within a wide range of SSC (68-1374 mg/L),
and the determined linear regression between the SSC values is very good (R? = 0.93). However,
the scatter increased above 500 mg/L. In comparison, we analysed 604 samples in the range of
10-365 mg/L SSC. We found a similar relationship between the investigated values, namely, that the mass
concentration determined by the LISST-Portable|XR is ~2.6 times higher than the filtrated values.
The accuracy of the fitted linear regression is still very good (R? = 0.85).

The portable turbidimeter is also suitable for field measurement due to its compactness. It is easy
to handle, and the analysis procedure is fast (about 1 min). A small sample of water is enough
for the measurement, but the representativeness of the results is questionable. However, the good
correlation between the turbidity and the filtration values over the entire studied SSC range indicates
that the turbidimeter performs well under the given circumstances (i.e., SSC range, suspended sediment,
and water properties, etc.) of this study. The uncertainty is further increased by the fact that the glass
vial must be perfectly spot-free and that the colour of the sample may affect the results (e.g., in streams
containing significant amounts of organic matter). These experiences regarding the uncertainties meet
the limitations presented in [20,23].

The OBS instruments are widely tested, and the turbidity units can be reliably converted to mg/L,
e.g., [27,35,36,44]. Thus, we only intend to discuss in more detail, how the results of the comparison
of optical devices (LISST-Portable|XR and VELP TB1 turbidimeter) complement previous studies.
Rai and Kumar [44] recently tested the LISST-Portable|XR and a nephelometric turbidimeter, also.
While they analysed 142 samples within the range of 0-600 NTU, we compared 771 results in the range
of 0-130 NTU. Both comparisons resulted in a good correlation (R?> = 0.90 [44] and R? = 0.88).
Although the relationships are similar, it should be noted that the optical properties (e.g., colour) of
the investigated rivers (the Tosh River in India [44] and the Danube River) are different.

From a practical point of view, the LISST-ABS seems to be the most suitable of the investigated
instruments to replace the conventional direct methods. This indirect method requires no physical
sampling (hence no laboratory analysis) and provides instantaneous, uncalibrated, and discrete
concentration values. Thus, this automated measurement technique can also be used for
quasi-continuous vertical and cross-sectional profiling. It is easy to handle and requires minimal
post-processing (displaying results, filtering values when necessary, etc.). We found that this method
is less reliable above ~50 mg/L SSC. The LISST-ABS measurements are expected to be sensitive to
particle sizes within the range of the Danubian suspended sediment size, according to [48]. Knowing
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that the mean SSC along the studied section of the Danube is ~30 mg/L [39], the LISST-ABS can be
considered a well-applicable method in continuous SSC monitoring.

The LISST-ABS and the LISST-Portable|XR were compared in [49]. The study site was selected
in the Budapest area of the Danube which is located between the two study sites of this study. However,
they covered a relatively narrow SSC range (~120-170 mg/L) with 40 samples, and we could extend
the relationship between the two methods in a wider range (10-150 mg/L), based on the analysis of 621
samples with similar R? (R? = 0.57 [49] and R? = 0.68).

Calibration of the ADCP backscatter is extremely useful as this instrument is often used for flow and
velocity measurements, so obtaining additional information from the ADCP measurements is an important
task. The theoretical background of calibration is well-established [26,27,29]—the calibration itself is
complex but easy to perform. As a result, it requires more time than the other methods, but the additional
information content of the resulting cross-sectional SSC distribution is undoubtedly the highest. With this
method, even complex phenomena (e.g., mixing in river confluence zone [56]) can be investigated,
or for example, resuspension of the bed material can be clearly seen during flood events. As discussed
above, the calibration may depend on local conditions [32], and sediment characteristics. For instance,
the effects of differentiation between fine and coarse suspended sediment particles are illustrated in [57].
Thus, the question arises, for example, as to how the inhomogeneous sediment can be taken into account
at, for instance, the confluence of two rivers which differ significantly in the quality of suspended
sediment (e.g., mineral composition [28] or organic sediment content).

The application of the ADCP backscatter calibration has been also tested in the context of
SSC measurements in the Danube. The R? of previous calibrations, e.g., in [51,56], indicate that
the relationship with R? = 0.36 (as a result of the analysis of 750 measurements) could be strengthened.

Furthermore, in accordance with [27], we found that the scatter between the ADCP and
the turbidimeter increases above ~50 mg/L.

Table 3 summarises the selected attributes of the investigated indirect methods based on our
experience along with the manufacturers’” information about accuracy and range.

Table 3. Summary of selected attributes of the investigated indirect methods.

Acoustic

Attribute

Optical

ADCP RB

LISST-ABS

LISST-P

VELP TB1

Time needed

Approx. 30 min 1

Real-time

3-5 min

1 min

Field application (Y/N)

Yes (in situ)

Yes (in situ)

Limited (sensitive to
the cold temperature)

Yes (off-site)

Measurement location

Continuous (suitable for vertical,
horizontal and cross-sectional

Discrete (but suitable also
for continuous vertical and

Point (discrete)

Point (discrete)

profiling) horizontal profiling)
Automated measurement (Y/N) Yes Yes No No
Probability of errors Low Low Medium Medium

Source of errors

Manual calibration (e.g.,
extracting echo intensity profiles,
determining calibration dataset)

No differentiation between
fine and coarse particles

Setting of the optical
method and the material
of SS; bubbles

Limited volume; settling
velocity of coarser particles

Sensitivity

Calibration

Particle size

Temperature, high SSC

Sample colour, dirty vial

Accuracy

+ 1.5 dB (relative measure) [58]

+ 30% (for particles 30 to
400 pum) [47]

£20% [41]

+2% (0-500 NTU) and
£3% (501-1000 NTU) [46]

Range

80 dB (dynamic range) [58]

1-30,000 mg/L (depending
on particle size) [47]

10-1900 mg/L (depending
on particle size) [41]

0-1000 NTU [46]

Calibration (Y/N)

Yes; complex

Yes; easy with
linear regression

Yes; easy with
linear regression

Yes; easy with
linear regression

Unit of measurement Echo intensity Uncalibrated SSC Mass concentration (mg/L) Turbidity (NTU)
. Easy, but a bit of
Handling Easy Easy practice needed Easy
Postprocessing needs High Low Low (only when PSD No

in m/m% is needed)

Bonus strengths

Always used

Can be easily used for
cross-sectional and vertical
profiling as well

Provides information
about PSD

Compact, small sample
volume is needed

1 when calibrating manually.
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4.2. Optimisation of Fluvial Suspended Sediment Monitoring

One of the objectives of this study was to propose a more efficient way of fluvial suspended
sediment monitoring based on the investigation of selected indirect methods. Monitoring along
large rivers such as the Danube often requires cooperation between several organisations (or even
countries), which can be facilitated by harmonising the suspended sediment monitoring techniques.
It is also important that monitoring itself includes a high spatial and temporal resolution of the selected
parameters. Within a recent transnational programme called DanubeSediment, the sediment monitoring
along the Danube River was evaluated and recommendations were made in order to improve water and
sediment management as well as the morphology of the Danube River [18]. The optimisation presented
here takes into account those practices and combines them with the findings of this comparative
assessment of selected indirect methods. Recognising the applicability and limitations of these
alternative and advanced methods, the reliability of the spatiotemporal characterisation of the relevant
parameters of the suspended sediment transport can be enhanced.

As there are different types of temporal variation of suspended sediment transport parameters
(e.g., according to flood regimes, interannual trends, and seasonality [9]), the temporal resolution of
the monitoring should be as high as possible. An efficient method is the installation of a backscatter
sensor (either ABS or OBS) near the bank in a representative cross section of the monitored river
section. When calibrated properly, these instruments proved to be reliable [22,25]. As they measure
the backscatter continuously, the temporal resolution is impeccable and the nature of changes in SSC
can be monitored even during floods. A technical consideration is that the ABS is less sensitive to
biofouling and algae blooming than the OBS [48]. However, the additional infrastructure (e.g., power
supply, property protection, or data transfer) must be carefully designed [18].

The calibration of the fixed instruments is usually carried out by establishing the relationship
between the value of the sensor and the results of a direct laboratory analysis of physical samples
taken in the measurement point which is being monitored. This is extended by expeditionary
cross-sectional measurements as well so that the cross-sectional SSL can be also determined. A thorough
calibration procedure examines the relationships regarding different water regimes as well. However,
the calibration procedure must be repeated to involve the potential hydromorphological changes at
the monitoring site.

The direct laboratory analysis is often cumbersome and time-consuming. We investigated different
indirect methods in order to prove their suitability as alternative options of the traditional direct
methods. Well-calibrated optical devices such as the LISST-Portable|XR and the VELP TB1 turbidimeter
could be a suitable alternative of direct methods [19,22]. We also found that these instruments can
be calibrated reliably. If laboratory analysis of physical samples collected during low or mean water
conditions is needed, these optical methods are highly recommended. However, the optical instruments
prove to be less reliable for the analysis of samples collected during floods (i.e., when the SSC is above
~300 mg/L). Moreover, the LISST-Portable|XR determines the PSD as well. Although the monitoring of
PSD is usually only of secondary importance, the information content of changes over time in PSD is
not negligible. For instance, it may indicate a new source of fluvial sediment and the variation in PSD
during flood events [59,60] is also required for the modelling of sediment transport processes.

The expeditionary cross-sectional measurements help to explore the spatial distribution of the SSC
which is not negligible when selecting the position of a fixed sensor. The calibrated cross-sectional
backscatter distribution of ADCP provides a detailed picture of the local suspended sediment
conditions [51,56]. However, our results indicate that the calibration of the ADCP backscatter itself
depends on the SSC (and hence, the water regime) so a thorough calibration procedure is required
before using the ADCP for determining the cross-sectional distribution of the SSC. The cross-sectional
profile of the SSC in the depth of the fixed instrument can easily be obtained by the calibrated LISST-ABS
(or with appropriate cell sizing, also by the ADCP). Integrating this profile, the cross-sectional SSL can
be determined more simply as well.
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Taking advantage of the ADCP measurements, the installed backscatter sensor should be
supplemented by a side-looking or horizontal ADCP (H-ADCP). This instrument has a wide
range regarding the sampled area (a few hundred m [61]) so depending on the width of the cross
section, the water discharge and the SSC distribution of a horizontal layer can also be determined
by it (an application example is in [57]).

Part of our rationale was to provide a clear guide on which of the investigated methods to use
and when to use them, in order to help optimise the suspended sediment transport monitoring along
large rivers such as the Danube. While exact ranges (i.e., in SSC or particle size) of applicability could
not been determined, it is evident that acoustic and optical methods can support optimised monitoring
systems through a spatiotemporally enhanced way of collecting information about the parameters and
characteristics of the suspended sediment transport. With the LISST-ABS and the ADCP, continuous
measurements can be carried out which allow us to explore the spatial distribution of the SSC. Moreover,
this information can be used for determining the distribution of the physical sampling points when
multi-point sampling campaigns must be done in order to (re)calibrate the near-bank sensor. In contrast,
the investigated optical methods can be reliably used in the laboratory. Since the time required for
the analysis is far less than it is in case of the traditional direct methods, the optical methods prove to
be very efficient.

4.3. Further Tasks

Although this study focused on quantifying the uncertainties of indirect methods, these errors are
a result of the combined effects of sampling errors and uncertainties of analysis procedures. The most
important task would be to perform a thorough sensitivity analysis regarding the effects of particle
size, as this plays a major role in each indirect method [20,22,23]. The LISST-Portable|XR measures
the particle size and determines the concentration (volume and mass) accordingly, and the sonar
equation used for calibrating the ADCP backscatter takes into account the effects of particle size with
the sediment attenuation coefficient, but the size effects should be directly analysed in the case of
the LISST-ABS (which is highly sensitive within the average particle size range of the Danube [48]) and
the turbidimeter as there is no differentiation between fine and coarse sediment particles.

In case of the LISST-Portable|XR, the setting of the optical model is also planned to be thoroughly
tested. If some information is already provided about the sediment material, it is often better to
choose the Mie scattering model [21,41]. However, the suspended sediment in the Danube along
the Hungarian section is composed of four to five minerals in equal proportions. The inhomogeneity
in the mineral composition leads to various densities, the refractive index, and the shape of the different
minerals affect light scattering [23]. It has been experienced during the laboratory analysis that
the LISST-Portable|XR is highly sensitive to the temperature differences, i.e., analysing cold samples,
the PSD shows the presence of coarser particles—this is presumably caused by the forming of flocs due
to the low temperature even when the ultrasonic probe was used for particle dispersion. Moreover,
this also complicates the field application. Thus, the temperature-sensitivity of the LISST-Portable|XR
should also be investigated.

The effects of the sample colour [20,23] regarding the optical devices could not yet be examined
either. This is related to the composition of the suspended sediment as the colour often indicates
the presence of organic matter. Algae blooming can also affect the transmission and turbidity of water.

Another question arises when calibrating the ADCP backscatter. The low values of R? suggest
that the calibration dataset should be carefully considered: hopefully, better values can be achieved
if the calibration is carried out according to several SSC (or water discharge) ranges. The way in which
the calibration should be spatially extended can also be examined: is it enough to use one calibration
per river, or is it necessary to calibrate each section, cross section, or even measurement campaign?
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5. Conclusions

This paper presented the comparative analysis of four indirect methods (optical methods:
LISST-Portable|XR and VELP TB1 turbidimeter and acoustical methods: LISST-ABS and ADCP
backscatter calibration) of fluvial SSC measurement based on the analysis more than 1000 samples.
An attempt was made to statistically analyse the uncertainties of indirect methods to support
the statement that the indirect methods could be adequate alternatives of the conventional direct
methods (such as filtration). The results showed that applying laser diffraction, even in the field,
is a straightforward way to determine SSC from water samples, however, it was also shown that
the calibration of the optical sensor is crucial. Moreover, laser diffraction provides information
on the PSD which supports the understanding of the sources of fine sediment. The herein tested
laser diffraction method is, however, not applicable for continuous monitoring, but for expeditionary
surveys. On the other hand, the results clearly demonstrate that acoustic backscatter sensors are a good
alternative for pointwise, continuous suspended sediment measurements, thus, they can be applied
as a basic element of a sediment monitoring system. Compared to optical backscatter sensors, which,
based on our results, are still very efficient for detecting SSC, the acoustic sensors are more robust and
require less maintenance during the operation, as the instrument is much less exposed to biofouling.
This study underlined the applicability of the acoustic Doppler profilers for the spatial assessment of
the suspended sediment transport, however, the weaker correlation compared to the other methods
suggested that repeated calibration of the backscatter signal at expeditionary surveys of different
measurement circumstances cannot be avoided.

The quantitative assessment of the tested indirect SSC measurement methods strongly
supports the appropriate selection of the most suitable instruments for the different elements of
a sediment monitoring system. Moreover, the practical characterisation summarised in Table 3
can greatly contribute to the improvement of existing suspended sediment monitoring stations and
the establishment of new sediment monitoring stations. Even though the experiments were based on
a high number of samples, further tests are still required, especially in the high concentration range,
where the acoustic methods indicated weaker fit with the optical methods.
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