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Abstract

In highly dynamic and vulnerable tidal systems such as the Wadden Sea, the importance of understand-
ing natural processes and how they are hampered by anthropogenic pressure is highly demanding. Within
these processes, the sediment transport is one of the most challenging movements to be monitored. With
this in mind, suspended particulate matter (SPM) transport in the Marsdiep inlet, the southwesternmost
tidal inlet in the Dutch Wadden Sea, is monitored. The measurements are done with high frequency acoustic
backscattering signals obtained with acoustic Doppler current pro�ler (ADCP) on Texels Eigen Stoomboot
Onderneming (TESO) ferry. The calibration of ADCP measurements is practiced with another device �
optical backscattering sensor (OBS). In order to obtain reliable suspended particulate matter concentration
(SPMC) observations, the �rst step is to calibrate the OBS measurements with high precision. Based on
the studies done in the past, the calibration needs to be done locally and regularly as the OBS is sensitive
to the variability of SPM properties.

The objective of the present study is to formulate an improved OBS calibration method with in situ
water samples taken from the Royal Netherlands Institute for Sea Research (NIOZ) jetty. This was achieved
by applying pumping suction method to collect the water samples while measuring optical backscattering
signal with Campbell Scienti�c OBS3+ device. The method of subsampling was tested and the results
showed that subsampling leads to undesirable outcome. Procedural control �lters that were applied to the
laboratory procedure showed �lter mass loss that needs to be taken into the account, and the analysis of
salt retention showed 1:06 mg of salt remaining on the �lters after �ltration procedure. Moreover, loss on
ignition (LOI) technique revealed the amount of organic content of SPMC which is linearly correlated to
full SPMC. The analysis of spring-neap tidal cycle showed that during neap tide there was 0:5 mg l�1 more
organic SPMC compared to the one during spring tide.
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1. Introduction

In large and highly dynamic tidal systems such as the Wadden Sea, enormous amounts of water are being
exchanged from the adjacent sea to the tidal basin through tidal inlets on a daily basis. Together with the
water also the suspended particular matter (SPM) is being transported to and from the tidal basin. SPM
consist of both mineral and organic based particles that are being held in suspension. During low tidal
currents a portion of these particles is settled down, while during high tidal currents they are stirred up
again into the water column and transported to another location.

Especially during recent years, the anthropogenic pressure that impacts the vulnerable ecosystems that
are present in large tidal basins has had a primary focus in the research. The awareness of vulnerability
of these systems has led to numerous observations of the SPM transport, from indirect observations such
as trough analysis of bedforms, channel-shoal patterns and sedimentation and erosion patterns, to direct
observations, such as by analyses of the secci disc measurements, or by measurements with backscattering
sensor devices.

The present study is focused on the monitoring of SPM transport in the Marsdiep inlet, the southwest-
ernmost inlet of the Dutch Wadden Sea. Since 1998, there have been high frequency observations taken
with acoustic Doppler current pro�ler (ADCP), mounter on the Texels Eigen Stoomboot Onderneming
(TESO) ferry. Besides measuring the current velocities, ADCP also measures the strength of the acoustic
backscattering signal, which can be converted into the suspended particulate matter concentrations (SPMC).
However, the translation from the signal into the SPMC is not completely straightforward, and calibration
is usually done with the use of another device, the optical backscatter sensor (OBS). In order to minimize
the uncertainties of the overall calibration procedure, the �rst step is to validate and improve the OBS
calibration procedure.

Calibration of the OBS output consists of many steps, from the measurements of turbidity of the
water either in the laboratory or in the �eld, to laboratory �ltration procedure, and �nally to appropriately
averaging the signal and using the appropriate regression technique. All these steps represent their own
uncertainties that at the end results in total uncertainty of resulted SPMC. Even if the errors cannot be
completely avoided, knowing the sources of error and bias is important for better interpretation of the
results.

Additional uncertainties are derived from the changes in the environment itself. The past observations
showed that OBS responses di�erently to di�erent characteristics of SPM, such as the particle size distri-
bution, occulation of the clay particles and scatting e�ciency of the particles. In a natural environment,
these factors change both spatially and temporally, and therefore one calibration for one speci�c location is
not enough to translate the whole set of OBS observations, taken during various situations, into the reliable
SPMC.

The objective of the research project is to formulate an improved method for OBS calibration within
situ water samples taken from the Royal Netherlands Institute for Sea Research (NIOZ) jetty. At the same
time, the properties of SPM will be measured with various techniques to understand the temporal changes
of these properties and how they relate to the sensitivity of OBS. Finally, the overall error of the suggested
method will be estimated and the suggestions for further research will be revealed.

The research hypothesis is that by measuring the properties of SPM during di�erent parts of tidal cycle
it is possible to make a better interpretation of OBS output, whereas at the same time carrying out the best
possible OBS calibration method. In the future, this method can be used for calibration of ADCP sensors
on TESO ferry for analysing the sediment transport through the Marsdiep inlet.
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2. Background

2.1 Study area

The Marsdiep inlet is located between the Dutch mainland and the island of Texel and with its position,
as depicted in Figure 2.1, it is the southwesternmost inlet of the Wadden Sea. It is 4:5 km wide and the
deepest point is around 30 m deep. Its asymmetrically shaped ebb tidal delta stretches 10 km o�shore and
20 km alongshore (Elias and van der Spek, 2017).

Figure 2.1: The location of the Marsdiep inlet, the southwesternmost inlet of the Wadden Sea (Buijsman,
2007). It is located between the Dutch mainland and the island of Texel. Hatched line on the bottom �gure
depicts the Texels Eigen Stoomboot Onderneming (TESO) ferry route.

Wind-generated waves and tides are the primary factors inuencing the inlet morphology. Semi-diurnal
tide is governed with its predominant semi-diurnal M2 constituent and the second-largest S2 constituent,
which are responsible for the distinct spring-neap tidal cycle (Zimmerman, 1976). Buijsman and Rid-
derinkhof (2007) observed that the peak ebb and ood velocities vary between 1 and 2 m s� 1. The inlet is
inuenced by other important compounds and overtides, from which the interaction between M2 and M4
constituents results in tidal asymmetry, which is ood dominant in the southern part of the inlet and ebb
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dominant in the northern part of the inlet. Consequences of interaction between tidal currents and the inlet
bathymetry was �rst observed by Zimmerman (1976) who found that it leads to a horizontal anti-clockwise
residual circulation. These �ndings were later on con�rmed by numerical model simulations (Ridderinkhof,
1988) and ferry-based ADCP observations (Buijsman and Ridderinkhof, 2007).

There are additional factors responsible for the complex hydrodynamic characteristics of the inlet,
such as storm surges that can generate complex residual currents and shore-parallel velocities (Elias and
van der Spek, 2017). Consequently, tidal current velocities increase which furthermore alters the channel
dimensions, ebb tidal delta development and the development of the adjacent coastline. Additionally, the
inlet is inuenced by density driven currents that are generated from the IJsselmeer as the freshwater supply
to the Wadden Sea through sluices. The freshwater supply varies strongly with the season and therefore the
salinity gradients that arrive to the inlet vary with season as well. This can signi�cantly a�ect the sediment
transport pattern through the inlet.

In the past, the Marsdiep inlet was in a dynamic equilibrium state with stable tidal delta, however,
after the closure of Zuiderzee in 1932 it has gone through severe changes and adaptations to recover back to
the equilibrium state (Elias and van der Spek, 2017). The adaptation included the erosion of nearly 300�106

m3 of sediment from ebb-tidal delta and the adjacent coastline. As one of the solutions, in 1990 the Dutch
government introduced the coastal policy called Dynamic Preservation (Roeland and Piet, 1995). The aim
of this policy was to maintain the coastline's position as it was in 1990, and the main strategy was sand
nourishment. Consequently, more than 30� 106 m3 of sand has been placed on the Dutch coastline since
1990.

In 1998, the Royal NIOZ in collaboration with ferry company TESO started with ADCP observations.
These high-frequency observations are done by mounting the ADCP device on a ferry that crosses the
inlet every 30 min to an hour, from the morning till the late evening. There are additional observations
taken during the emergency ambulance transportation. The observations were used for various investigations
throughout the years (e.g. Buijsman and Ridderinkhof (2007) on tidal currents, Sassi et al. (2016) on residual
water transport, Buijsman and Ridderinkhof (2008) on sand waves), whereas not many observations were
done on the sediment transport through the Marsdiep inlet yet.

Nauw et al. (2014) set up a �eld campaign to calibrate the ADCP sensor for SPMC observations in
years 2003-2005 with 1.0-MHz Nortek ADCP device that was hull mounted beneath the ferry Schulpengat.
The aim of the investigation was to estimate the volume ux and ux of SPM through the inlet, therefore
an extensive calibration was needed. The calibration was done with the data collected during 7 di�erent
13 hour anchor stations with the Navicula vessel. Correction for high backscattering signal was needed, as
established in a study done by Merckelbach (2006). The calibrated ADCP observations showed the residual
SPM transport of 7 to 11 Mt/year as an import to the Wadden Sea. Furthermore, they found a correlation
between the daily residual volume transport and the daily mean wind component from the south.

2.2 Backscattering sensors

Two commonly used backscattering sensors that measure the SPMC in the �eld are optical and acoustic
sensors that operate in the following way:

� optical sensors (OBS): they have a light source that illuminates a water sample, and a photodetectors
that convert the light scattered from the sample to photocurrent (Downing, 2006). The backscattered
signal is typically recorded in [V], but some of the sensors already convert the signal in turbidity units;

� acoustic sensors (e.g. ADCP): even though most of these sensors have a primarily function to mea-
sure current velocities, they can as well measure the SPMC by emitting the acoustic wave at a given
frequency which propagates in the medium and, while interacting with suspended particles, backscat-
tering the signal back to the receivers (Fettweis et al., 2019). The intensity of a backscattered signal
is then recorded in [dB].

In the following sections the focus is on optical sensors as they are used in the present analysis.
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2.2.1 Factors a�ecting the output of optical backscattering sensors

Several studies have been done on the e�ect of di�erent factors on OBS output. Variations of the OBS
output due to geographical diversity of OBS calibrations are connected to the di�erences of suspended
particle properties, as well as the hydrodynamic conditions of the studied areas. With this in mind, all
studies suggest that each area, where the OBS is deployed, needs to be calibrated separately.

However, suspended particle properties do not vary only spatially, but also temporally. These variations
can be tidal and intra-tidal variations, seasonal variations, inter-annual variations, long-term variations or
variations due to extreme weather events.

Below is the overview of the research done on some of the most important factors that can inuence
the OBS output and how can these factors be included in the OBS calibration procedure.

Suspended sediment concentration

The study done by Kineke and Sternberg (1992) shows that the response of OBS sensor is highly reliable
on the sediment concentration in the water. Three di�erent relations can be observed from Figure 2.2 as:

� linearly increasing OBS output with increasing SPMC from zero to 10 g l� 1 ;
� increasing and afterwards decreasing OBS output with increasing SPMC, when SPMC is between

10 g l� 1 and 35 g l� 1

� exponential decay of OBS output with increasing SPMC for 35 g l� 1 or higher values of SPMC.

Figure 2.2: Calibration curve of OBS output and suspended sediment concentration [g l� 1], observed by
Kineke and Sternberg (1992). Samples with> 2 rms deviations are neglected.

Particle size distribution

Conner and De Visser (1992) investigated particle size e�ects of OBS response in a laboratory settings by
calibrating OBS with suspended sediment of various particle sizes from 10µm to up to 400µm. They found
that changing the particle size from 50µm to 20µm changes the OBS calibration curve by more than 70%,
while changing the particle size from 300µm to 200µm changes the OBS calibration curve by less than
30%.

To improve the quality of SPMC data retrieved from OBS in the environments that involve variations
of particle size distribution of SPM, Conner and De Visser (1992) recommend the use ofin situ particle
sizing instrument. There are other studies suggesting di�erent approaches to deal with the variations of
particle size distributions.

A study done by Xu (1997) proposes a method to calculate vertically and temporally changing particle
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size distribution of suspended sediment for given hydrodynamic conditions and bed sediment characteristics.
The method includes wave-current-sediment boundary layer model to calculate sediment concentration
pro�les. The OBS calibration is done by calibrating with several di�erent particle sizes separately to
achieve sensitivity factors of each fraction. To use these results for the �eld measurements, thein situ
particle size distribution is de�ned from characterizing the bed sediment samples.

The main argument against the method, proposed by Xu (1997), is to assume that the suspended
particle size distribution can be de�ned from bed sediment particle size distribution. Recent study done
by Su et al. (2016) develops an improved approach to deal with variations of particle size, based on the
"mixture of linear component response" method.1 The suspended grain size distribution is predicted based
on the multi-fraction sediment model (2D advection-di�usion equation for sediment transport is used in
this model). They proposed an improved approach where they use two di�erent sediment samples with
di�erent characteristics and calibrate the OBS with these two samples. Then they calculate the sensitivity
factor of sand and silt, based on the sensitivity factors, derived from the calibration of the two samples
and the known particle size distributions of the two samples. The calibration does not need any laboratory
procedure, however the approach assumes that the particle size distribution does not change during the
measurements.

Another approach suggests calibration of OBS by using two sensors with di�erent operational optical
wavelengths (Hatcher et al. (2000) and Green and Boon (1993)). A study done by Green and Boon (1993)
proposes a method for estimating concentrations of constituents of non-homogeneous sediment suspensions
by making a distinction between sand and silt. The calibration is therefore done for two constituents and
two sensors that have di�erent responses to the given water sample, as depicted in Figure 2.3. After the
initial calibration, the measurements in the �eld do not require any in situ sampling. The method, however,
assumes no interactions between the suspended particles (e.g. grain shielding or multiple scattering of
particles).

Figure 2.3: OBS calibration curves, done with two di�erent fractions (silt and sand) of two di�erent sediment
samples with one OBS sensor (Green and Boon, 1993).

Flocculation

Since the Wadden Sea is highly variable environment that contains some of the mud dominated areas, the
occulation is an important factor to be taken into the account when measuring the sediment transport
through the Marsdiep inlet. As observed by Maa et al. (1992), oc size and density are very dynamic
parameters that vary with salinity, turbulence, suspended sediment concentration and mineralogy of the
sediments. They found that, after a certain sediment concentration threshold, more ocs are formed in salty
water. Their �nal conclusion, based on their results, is that the OBS must be calibrated in situ .

1"Mixture of linear component response" method assumes that the OBS sensitivity is the sum of sensitivities of di�erent
fractions times the percentage of each fraction (Su et al., 2016).
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Gibbs and Wolanski (1992) conducted an experiment with two sediment samples, collected at di�erent
locations and mixed with seawater, and for two hydrodynamic conditions to observe how the OBS responses
to di�erently formulated ocs. The results of one of the sediment samples, used in the study, are depicted
in Figure 2.4 (the results of the second sediment sample are similar). It can be observed that by decreasing
the ow velocity, the oc size increased and consequently, the slope of the OBS calibration curve decreased.

Figure 2.4: OBS calibration curves of a sediment sample, mixed with seawater and put through two di�erent
hydrodynamic conditions (Gibbs and Wolanski, 1992). The results suggest that by decreasing the ow
velocity, the oc size increased and the slope of the OBS calibration curve decreased consequently.

Nikora et al. (2004) and Chapalain et al. (2019) claimed that when measuring the cohesive sediments,
the most important parameters to be considered are fractal dimension and settling velocity of the ocs.
Chapalain et al. (2019) considers three methods for determination of fractal dimensions: underwater camera,
settling velocity measurements (Stokes law) and observations of mass concentration with OBS and volume
by LISST measurements. The aim is to characterize the variability of fractal dimensions in the study site
and see the e�ects that it has on the OBS calibrations.

Scattering e�ciency

Sutherland et al. (2000) investigated the OBS response to varying darkness levels. They found that the OBS
response on variations between the composition of sediments are di�erent for di�erent optical wavelengths.
Hatcher et al. (2000) proposed to tackle this problem in a similar manner as the problem of particle size
distribution variations � by calibrating each particle composition separately.

Organic matter and biological interference

One of the challenges and uncertainties of long-term measurements of SPMC with OBS that is discussed
by Fettweis et al. (2019) is the e�ect of organic content on the interpretation of OBS output. They found
that the uncertainty bias without correcting the OBS output for organic content can be as high as 40� 60%.
This bias is based on the SPMC and turbidity measurements in the tidal inlet between two islands in the
German Wadden Sea where the positive correlation has been observed between the total organic carbon
and the SPMC/turbidity ratio (Figure 16b in Fettweis et al. (2019)).

According to study done by Anastasiou et al. (2015), the OBS output is dependent on the seasonal
variations of phytoplankton in the study area. During their �eld campaign, which was carried out in spring,
7.3% of the total mean SPMC was identi�ed as chlorophyll-a concentration which in their OBS calibration
curve resulted in estimated 13� 14% error.

Another factor that needs to be taken into the account when taking the long term measurements with
OBS is biofouling. According to Fettweis et al. (2019), biofouling can result in either signal increase due to
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increased reection on OBS or decrease due to attenuation. This e�ect can result in more than 100% error,
however, it can be solved by regular cleaning of OBS window.

Air bubbles

Puleo et al. (2006) investigated the e�ect of air bubbles on the OBS output and found that in the surf zone
the OBS output can be increased by up to 25% due to stronger presence of air bubbles. Moreover, more
e�ect was found in the saltwater compared to the freshwater, as the air bubbles persist for a longer time in
the saltwater. The e�ect of air bubbles on OBS is the greatest in case of small and numerous bubbles. The
di�erence was also found in di�erent composition of material in the studied area � in muddy environments
the e�ect of air bubbles on the OBS output was smaller than in the sandy environments.
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3. Methodology

Based on the research that has been done on the inuence of SPM characteristics on OBS output, as
partially reviewed in Section 2.2.1, and on �eld and laboratory methods used in OBS calibration procedure,
the following variables are being tested:

� the choice of sampling method;
� laboratory procedure: salt retention on the �lters and procedural control �lters;
� temporal variability of SPM properties: changes during spring-neap tidal cycle;
� organic and inorganic components of SPMC.

Each part of the designed OBS calibration method, except from the post-processing of the acquired
data set, is described in the following sections.

3.1 In situ water samples

In situ water samples and OBS observations are taken on NIOZ jetty (53� 0'6.39"N, 4� 47'20.57"E) which
lies next to the Texel harbour. The exact location is depicted in Figure 3.1.

Figure 3.1: The location of NIOZ jetty (53 � 0'6.39"N, 4� 47'20.57"E) together with TESO ferry route (Den
Helder - Texel) (Google Earth Pro, 2014).

In situ measurements on NIOZ jetty were performed during the following two weeks to capture spring-
neap tidal cycle:

� sampling during neap tide: 23/9/2019 � 25/9/2019;
� sampling during spring tide: 30/9/2019 � 3/10/2019.

Each sampling day, the water samples were taken during di�erent parts of a tidal cycle. During the �rst
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