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The sedimentary processes play amajor role in every aquatic ecosystem, however, there are few automated options for
in-situ monitoring of sediment displacement in the streambed of waterways. We present an automated optical instru-
ment for in-situ continuous monitoring of sediment deposition and erosion of the streambed that requires no calibra-
tion.With a production cost of 32€, power consumption of 300 μA in sleepmode, and capacity tomonitor the bedform
of a waterway, the sensor was developed to evaluate the sediment dynamics of coastal areas with a wide spatial and
temporal resolution. The novel device is intended to be buried in the sand and uses 32 infrared channels to monitor
the streambed sediment height. For testing purposes, a maximum measuring length of 160 mm and 5 mm resolution
was chosen, but these values are scalable. Sensors can be built with different ranges and precision according to the
needs of the fieldwork. A laboratory experiment was conducted to demonstrate the working principle of the instru-
ment and its behaviour regarding the turbidity originated by suspended sediment and the settling and deposition of
the suspended particles. The device was deployed for 119 days in an estuarine area and was able to detect patterns
in the sediment deposition and resuspension during the tidal cycles. Also, abnormal events occurred during the exper-
iment as floods and algae blooms. During these events, the sensor was able to record exceptional erosion and sediment
deposition rates. The reported automated instrument can be broadly used in sedimentary studies or management and
planning of fluvial and maritime infrastructures to provide real-time information about the changes in the bedform of
the watersheds.
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1. Introduction

Sediment deposition occurs when the water flow is slow enough so the
particles (suspended load or bedload) can no longer be supported by the
water turbulence, making it settle down at the bottom of the water body.
The suspended particles that fall to the bottom of a water body are called
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settleable solids (Alber, 2000). As they are found in riverbeds and stream-
beds, these settled solids are also known as bedded and accumulated sedi-
ment. Sediment deposition can be found anywhere in a water system,
from highmountain streams to rivers, lakes, deltas,floodplains and sea bot-
tom. The size of settleable solids varies by the zone of the watershed. In
high flow areas, larger and heavier gravel-sized sediment are expected to
settle out first. Finer particles, including silt and clay, are carried all the
way out to the estuarine areas where will settle or remain in circulation
due to the action of the river and sea currents (Dyer, 1995).

In marine environments, nearly all suspended sediment will settle due
to the presence of salt ions in thewater. Salt ions bond to the suspended par-
ticles, attaching them to each other. As the weight of the flocculated parti-
cles increaseswith the increase of the salt, the sediment begins to sink to the
seafloor This is one of the reasons why oceans and other marine ecosystems
tend to have lower turbidity levels (high water clarity) than freshwater en-
vironments. However, while estuaries and other tidal areas may be consid-
ered marine, the water in these locations is not necessarily clearer than
freshwater. Estuaries are the collection point for suspended sediment com-
ing down the rivers. Furthermore, in a tidal zone, the constant water move-
ment causes the bottom sediment to continually resuspend, preventing high
water clarity during tidal periods. Besides the density of suspended sedi-
ments, the clarity of an estuarine is also highly influenced by its salinity
level, which leads to an increase in sediments deposition (Håkanson, 2006).

Many ecosystems benefit from sediment deposition. Sediment builds
aquatic habitats for spawning and benthic organisms and is also responsible
for providing nutrients to aquatic plants, aswell vegetation in nearshore eco-
systems (Galloway et al., 2005). While sediment is needed to build aquatic
habitats and reintroduce nutrients for submerged vegetation, too much or
too little sediment can easily cause an imbalance in the ecosystemand safety
issues. Some aquatic habitats are even grain-size specific and require a
specific sediment size, such as gravel, since too fine sediment can end up
smothering the eggs and other benthic creatures (Chazottes et al., 2008;
Auld and Schubel, 1978; Wenger et al., 2014; Rabeni and Smale, 1995).

Regular sediment deposition can be a support for aquatic habitats, but
high sedimentary accumulation can also unbalance or destroy ecosystems.
Siltation, the name for fine sediment deposition, occurs when water flow
rates decrease dramatically. These deposited particles can also alter the wa-
terway banks and channels directionwhen an unusually high sediment load
settles out. Sediment deposition is responsible for creating alluvial fans and
deltas, but excessive accumulation of sediment can build up channel plugs
and levees. These deposits can block the river from reaching other stream
threads or floodplains, which is not only an environmental issue but also
a frequent problem for vessels, due to the formation of shallows in the nav-
igation channels, as sediment siltation in harbours and marines that inevi-
tably leads to dredging operations (Van der Wal et al., 2011).

Though too much sediment is the most common concern, the lack of
sediments in the waterway may also lead to environmental issues. Sedi-
ment starvation is often caused by man-made structures, such as dams, or
by natural barriers that limit sediment transport (Ćosić-Flajsig et al.,
2020). Without sediment transport, and deposition, new habitats cannot
be formed since it will lead to nutrient depletion in floodplains and
marshes, and submerged vegetation cannot grow (Barko et al., 1991).
Also, while water clarity is often pointed to as water quality, low amounts
of turbidity cannot protect aquatic species from predation. Too little sedi-
ment can alter an ecosystem to the point that native species cannot survive
(Wilson, 1990).

In addition to the effects on aquatic life, the loss of sediment transport
and deposition can cause physical changes in the terrain. Downstream of
dammed rivers, it is common to see receding riparian zones and wetlands
due to the loss of transported sediment (Tuckerman and Zawiski, 2007;
Yang et al., 2006). Erosion downstream of a barrier is common, as is coast-
line erosion when there is not enough sediment carried by the rivers. When
this happens, the flowing water will pick up new sediment from the bottom
and banks of the waterway (eroding instead of refreshing habitats), as it at-
tempts to adjust to a uniform flow rate. Too little sediment deposition can
lead to the erosion of riverbanks and coastal areas, causing land loss and
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destroying the nearshore habitats. Without sediment deposition, sandy
lowland coastal zones become eroded or migrate inland (Rachold et al.,
2000; Hsu et al., 2007; Van Rijn, 2011).

The monitoring of sedimentary processes is essential, not only to sup-
port the project and management of maritime and fluvial infrastructures
but also to protect the aquatic life and safeguard its water quality
(Aminoroayaie Yamini et al., 2018). Continuous monitoring can be useful
for the quantification of sediment in the seaside zone and for understanding
the evolution of the littoral coast, therefore, it becomes essential for an ef-
fective study in each area of action.

Even though the deposited sediment monitoring is an important vari-
able in sedimentary studies, the current state of the art still relies on col-
lecting field samples with mechanical systems as bottles, traps, pump
samplers or sample dredgers for posterior laboratory analysis (Håkanson
et al., 1989; Storlazzi et al., 2011). One of the problems of thesemechanical
traps and collectors of sediments is that their structural housing causes hy-
drodynamic disturbance in the normal flow of the waterway which results
in a lower chance of the normal sediment resuspension. Therefore, it pro-
vides a gross estimate of sedimentary rates. The other, and the major con-
cern about these techniques, is that discrete sediment sampling does not
allow sedimentary processes to be observed with continuity, thus limiting
their understanding. This problem opened space for new and automated in-
struments that aim to perform continuous monitoring of bedform evolution
in-situ.

In the last decades, the scientific community has been trying to over-
come the lack of automated instruments to measure the accumulation of
streambed sediments. The measurement of deposited sediment by electric
conductivity was firstly reported (Ridd, 1992). Later, a device was devel-
oped using a settling plate with two electrodes that change the electric con-
duction depending on the thickness of the accumulated sediment (De Rooij
et al., 1999). In 2009, a vertical array of electrodes was proposed using the
electrical response of the sediment-water interface to find the sediment-
water boundary (Arnaud et al., 2009). Although these techniques are accu-
rate, all of them require precise calibration and the sensor outputs are
highly dependent on variables as water depth, conductivity of the medium
and sediment characteristics. Slight fluctuations of any of these parameters
can significantly affect the accuracy of the readings.

An optical sensor to measure the thickness of sediment accumulation
was presented using the backscattering technique to measure the amount
of sediment that settles in a deposition plate (Thomas and Ridd, 2005;
Ridd et al., 2001). The backscattered light power is used to estimate the
amount of sediment accumulated over that given area. One of the limita-
tions of the apparatus is the smoothness of the deposition plate that results
in rapid resuspension and makes it impossible to take accurate measure-
ments with high flows. An improvement of the instrument was presented
in 2017, with a surface more closely approximated to the complex and typ-
ically rugose microtopography of a coral surface (Whinney et al., 2017).
The principal problem with these instruments is that can only measure
the settled sediment at a given time and do not provide any information
about resuspension rates or erosion.

The Photo-Electronic Erosion Pin (PEEP) systemwas presented (Lawler,
1991). Later, the Surface Elevation Dynamics (SED) sensor was also pro-
posed (Hu et al., 2015). Both these two instruments use a vertical array of
optical receivers to detect the boundary where the receivers can no longer
detect natural light (these detectors would be buried with sediment). How-
ever, these instruments are dependent on the natural light and cannot take
measurements during the night, at high depths, or in water with high tur-
bidity where the natural light cannot reach.

Finally, acoustic technologies have also been used tomonitor bed eleva-
tion using the underwater acoustic altimetry principles (Gallagher et al.,
1996; Jestin et al., 1998). For these methods, high frequencies must be
used to achieve high sediment accumulation resolutions, which increases
the vulnerability to undesired echoes by the suspended sediment in the
water and limits its applications.

We have been presenting innovative monitoring instruments to mea-
sure sedimentary processes in the marine environment (Matos et al.,
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2019a, 2020). These technologies have been developed with three major
manufacturing concerns. First, to be low cost and allowmassive replication
and deployments with a high spatial resolution. Second, to be low power
and enable a long time continuous monitoring without replacement of bat-
teries. And third, to make the instruments small and light for ease of instal-
lation and reduced maintenance. A multipoint optical instrument to
measure turbidity and sediment transport was presented before. Although
the device was inspired by the technology of another optical sensor tomea-
sure turbidity, suspended particulate matter and distinguish between or-
ganic and inorganic suspended sediment, the results of both laboratory
and field experiments showed potential tomeasure the process of sediment
accumulation in-situ.

Inspired by the results of the previous multipoint optical instrument, we
now present a new and innovative automated apparatus, totally focused on
the continuous in-situmonitoring of sediment deposition and erosion in the
streambed of a waterway. This new instrument aims to fill the need for au-
tomated instruments tomonitor these two sedimentary processes in the bed
of the waterways and must be able to perform continuous monitoring for
some months. We believe that this new device can be broadly used, not
only in field studies, like the one we presented, but can also provide a sig-
nificant impact on the monitoring and managing of fluvial and marine in-
frastructures affected by silting, like dams, harbours or navigation
channels, or by scour and other erosion problems like bridges or offshore
structures.

The manuscript is divided into the Materials and Methods, Results,
Discussion and Conclusion sections. Materials and Methods explain the
principle of work of the sensor, the electronic and mechanical design to
allow its replication to the Scientific Community, and the methodology
Fig. 1. Schematic of the 32 light channels of the sensor. It uses two aligned printed circ
receivers, respectively. Each one of the nodes is displaced 5 mm from the adjacent, res
printed circuit board is used with the power, instrumentation and processing circuits.
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for the in-situ experiment. The Results section analyse the measurements
recorded by the sensor during the in-situ deployment and take into consid-
eration the sedimentary processes detected. The Discussion section high-
lights the major achievements of the development instruments and makes
recommendations for future deployments and changes in its design. A sum-
mary of the developed work and final considerations are made in the
Conclusion section.

2. Materials and methods

2.1. Sensor development

With themain objective to provide reliable and accurate data about sed-
iment accumulation in marine and fluvial environments, we propose an in-
novative low-cost and low-power apparatus. The instrument is intended to
be buried in the streambed of the waterway and offers a maximummeasur-
ing length of 160 mm and 5 mm resolution to continuously monitor sedi-
ment deposition and erosion. The developed sensor uses 32 infrared (IR)
transmitted light emitter-receiver pairs with 5 mm displacement, which re-
sults in a sensing length of 16 cm. As Fig. 1 shows, the optical transducers
are separated into two printed circuit boards arrays (one for the IR emitters
and the other for the IR receivers) that are placed in front of each other,
displaced by 15 mm, and with the emitter-receiver pairs aligned (principle
of transmitted light detection).

The instrument is intended to be buried in the streambed and this is the
configuration that allows measuring the height of deposited sediment or
height decrease by sediment resuspension or erosion. One at a time, each
one of the 32 nodes emits light from the emitter to the receiver. If the
uit boards (PCB), displaced by 15 mm, with arrays of 32 light emitters and 32 light
ulting in a maximum sediment accumulation measuring length of 160 mm. A third



T. Matos et al. Science of the Total Environment 808 (2022) 152164
receiver senses the light emitted by its pair, it means that the channel is
clear. When the emitting light cannot reach the light detector, it means
that the channel is obstructed by sediments. Analysing the electrical output
of each receiver, the sediment height is computed based on the number of
detectors that can no longer detect light. It is important to notice that the
sensibility of the emitter-receiver pairs is designed so that in water with
4000NTU the light sensed by the receivers is higher than zero. This
means that the sensor can properly work in water with high turbidity.

For the hardware, and to achieve the 5 mm resolution, small packages
are used for the light emitters and receivers. The light-emitting diode
(LED) APT2012F3C (940 nm, 120° emitting angle and 1.2 mW/sr radiant
intensity at 20mA) is used for the light-emitting sources and the phototran-
sistor APT2012P3BT (940 nm, 160° view angle and 100 nA dark current)
for the light receivers. The good performance of infrared LEDs and
phototransistors in this type of sensing instrument tomonitor sediment pro-
cesses was already documented in previous work (T. Matos et al., 2019b,
2020). To select the 32 light channels, the low-power microprocessor
stm32L496ZG and two 1:32 bidirectional multiplexer ADG732BSUZ (one
for each PCB array) are used to control the LEDs switch and read the ana-
logue output of the phototransistors. Finally, a low power rs485 driver
LTC1480 is used for the digital output of the sensor and is intended to be
connected to a data logger. The electronics schematics can be consulted
in Fig. S1, Supplementary Materials.

The sensor is intended to be supplied by a common 3.6 V Li-Ion battery,
so for the power supply circuit, the low-dropout regulator LDK320AM30R
(3 V fixed output, 200 mA max current, 100 mV dropout voltage and
60 μA quiescent current) is used. The developed hardware has a power con-
sumption of approximately 25 mA during the readings (the sensor takes
35 ms to read the 32 channels and process the accumulation value) and
300 μA in sleep mode. This means that using a common mobile phone
3000 mA × 3.6 V lithium battery, the sensor has an autonomy of more
than 1 year to take continuous measurements at a 5/min sample rate.

To comprise the electronic printed circuit boards and tomeet the water-
tight needs for full submersion, the structural housing of the sensor is filled
(1) (2) 

(6) (7) 

Fig. 2. Laboratory test of the sediment accumulation sensor. The instrument was buried
added to the recipient to increase the sediment deposition (2–9) until the instrument be
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with epoxy (HB Quimica - EPOSURF 2). Two vertical steel supports of
50 cm are fixed on the side of each array for higher robustness of the sensor
to the water flow strength during the in-situ measurements. One of the
main objectives during the manufacturing of the device was to be low-
cost to allow massive replication. The presented instrument has a
manufacturing cost of 32€ in raw materials used for the electronic compo-
nents and structural housing. The mechanical drawing of the sensor can be
consulted in Fig. S2, Supplementary Materials.
2.2. Laboratory experience

A laboratory experiment was conducted to evaluate the operation of the
developed instrument. To simulate the sediment deposition process that oc-
curs in situ, the instrument was buried with all the optical channels uncov-
ered in a cylindrical recipient with seashore sand and water. As Fig. 2
shows, seashore sand was slowly added to the recipient to simulate the sed-
iment deposition and consequently cover all the optical channels of the in-
strument. Fig. 3 presents the output voltage obtained in the top and bottom
sediment sensor of the device, during this test.

As explained in Sensor Development Section, the optical channels are
built in a transmitted light detection configuration (LED aligned with the
receptor). The typical response of this type of measurement is a high electri-
cal output for low turbidity measurements and a low electrical output for
high turbidity values. The turbidity is influenced by the suspended sedi-
ments in the sample that blocks the passage of the light emitted by the
LED and result in less light detected by the receiver. A full study about
the response of this light-sensing technique, as for nephelometric and back-
scattering techniques, was presented before (Matos et al., 2019b).

During the experiment, the instrument was taking records of each opti-
cal channel at a sampling frequency of 2 Hz. One at a time, each one of the
32 LEDs was turned ON, and the electrical output of the corresponding op-
tical receiver was recorded. Fig. 3 shows the measurements taken for the
top (further away from the sand) and bottom (closer to the sand) channels
(3) (4) (5)

(8) (9) (10)

vertically in a recipient with seashore sand and water (1). Seashore sand was slowly
came covered (10).
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of the device. The time marks in the top horizontal axis correspond to the
image labels of Fig. 2.

The typical behaviour of the transmitted light technique was reflected
during the experiment. In the graph of Fig. 3, higher output voltages corre-
spond to lower turbidity values. The test started with the sensor vertically
placed in the recipient with seashore sand and water, and with all the opti-
cal channels uncovered (time (1)). This time corresponded to the less tur-
bidity point during the experiment, and so the high electrical output was
recorded by both channels. In the first drop of sand (time (2)), both chan-
nels detected an abrupt decrease in the electrical output caused by the set-
tling of the heavier particles. Then, while the remaining sediment settles in
the bottom, the turbidity decreases (time (3)). This behaviour was repeated
during all the experiments (sand drops at (4) and (6) and settling periods at
(5) and (7–9)). The bottom channel became buried at (6) and the top chan-
nel sensor at (10).

It is important to notice that the output decrease rate is higher for the
bottom channel than for the top channel because while the sediment is
settling, the turbidity decreases from the top of the container to its bot-
tom (as is perceptible in Fig. 2). Also, the turbidity of the water in the
container gets higher at each drop of sand (see the difference between
(1), (3), (5), (8) and (9)). This happens because while the heaviest par-
ticles settle in the bottom, the finer and light sediment particles do not
have time to settle and contributes to the increase of turbidity (in
Fig. 2 it is possible to visually interpret the differences in the water clar-
ity at the different times).

Even with high turbidity levels, the channels were still able to detect
changes in turbidity, at least until the channel output was zero. When this
happened, the emitting light could no longer reach the optical receiver,
which means that the channel was buried in the sand. The bottom channel
was the first to become buried (Fig. 3 at 45 s) and the top channel the last
one (Fig. 3 at 119 s). The other 30 optical channels became buried in be-
tween this range of time, and this is the principle that makes the developed
instrument suited to measure sediment accumulation in the streambed of a
waterway and do not need any kind of calibration to be operated (the refer-
ence that corresponds to deposited sediment in the channels is always
zero). While in most of the electronic sensors there is a need to correspond
the electrical output to a physical variable, for this sensor the electrical out-
put of each channel indicates if it is blocked or not (covered with sediment
or not). This means that each one of the optical channels has a binary out-
put. The sediment height is then computed based on the number of follow-
ing channels that cannot detect the correspondent emitted light (starting
from the bottom to the top).

Fig. 4 shows the records of all 32 channels, as well the level of sediment
accumulation that represents the final output of the device. Note that in an
ideal instrument, with standardized product quality, the output of all the 32
channels should be the same for the samewater sample (in this case, in time
0, before the seashore sand is dropped). Turbidity discrepancies are found
5

between the readings between the 32 channels. These are due to electronic
component tolerances, and differences in the alignment of the optical trans-
ducers. Nevertheless, the sensor output (sediment accumulation, in the bot-
tom graph of Fig. 4) is not affected since the sensor was designed to be
immune to these variations. Electronic components with high tolerances
can be used, and precise alignment of optical components is not necessary,
thus achieving lower costs for the same performance.

As demonstrated in Fig. 4, while all the channels are uncovered, the out-
put of the instrument is 0mm.However, when the bottom channels become
buried, the accumulation output increases to a maximum of 160 mm (32
channels with 5mm resolution). The output of each channel is used to com-
pute the sediment height, allowing to detect sediment deposition and ero-
sion.

This experiment was conducted to test the developed instrument in a
simulation of a fast sediment deposition that would increase the sediment
accumulation in the streambed. All the behaviour demonstrated in this ex-
periment, both for turbidity and sediment deposition, are phenomena that
are expected to occur during in situ deployments, at a lower deposition rate.

2.3. In-situ deployment

The device was installed, from 5 January to 3 May 2021, in the estuary
of Cávado river, Esposende - Portugal (41°31′56.6″ N 8°47′04.8″ W). This
locationwas chosen due to its high sedimentary dynamic, where the forma-
tion of shallows is constant, and the geomorphology of the area is continu-
ally changing. The same spot was used in the past to evaluate the
performance of the previously developed instruments to measure sediment
processes (Matos et al., 2019b, 2020).

The instrument was connected to a data logger that received and stored
the monitoring information with a sampling rate of 30 min, using the
RS485 communications protocol. The developed device was vertically bur-
ied in the estuary streambed, with channels 1 to 19 uncovered, and the re-
maining 13 nodes buried in the sand (see Fig. S3, Supplementary
Materials). Channel 20 was defined to correspond to 0 mm of sediment ac-
cumulation. With this configuration, the instrument would be able to mea-
sure not only the periods when the suspended sediments are settling
(accumulation will increase and the optical channels will be covered with
sand) but also when the deposited sediments resuspend due to the action
of sea currents or the river flow (the streambed will erode and the optical
channels will be uncovered).

During the experiment, the sensor had exceeded its measuring range
two times. For the first time, a flood caused an abnormal erosion in the
streambed of the estuary and all the 32 optical nodes became uncovered.
In the second one, the opposite occurred and all the 32 nodes became bur-
ied in sediment. For both cases, the sensor had to be repositioned with half
of the optical array covered and the other half uncovered, so it could mea-
sure sediment deposition and erosion again. Repositioning means that the
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sensor was moved only vertically. During the field experiment, the sensor
was always in the same spot in the estuary. For the first case when
the nodes were all uncovered, the sensor was pushed to the sand so it
became half buried again. For the second case when the nodes were all bur-
ied, the sensor was lifted from the sand. Every time the sensor was
repositioned, the optical nodes in the sand-water frontier were defined as
the previous sediment height measured so that the measurements had a
continuation.

Complementarily, a water level sensor was used to obtain the height of
thewater columnbymeasuring the pressure from bottom to top and detect-
ing water level fluctuations due to tide cycles. These data were used to cor-
relate the accumulation measurements with the hydraulic dynamics of the
zone. The water depth sensor was attached to the top of the sediment accu-
mulation sensor, in a fixed position, with the zero-depth arbitrary defined
as the position of the sensor at the moment of the installation. This setup
was used only for field test purposes, without aiming to obtain datum-
based values of water or sedimentation depths. In further monitoring stud-
ies with the developed instrument, the top position of the sediment sensor
should be collectedwith the Global Navigation Satellite System (GNSS) and
calibrated considering the measurement of data from the national geodetic
network. As we present in the next section, the weather also had significant
relevance in the sedimentary processes detected, so the daily precipitation
rate is presented. The precipitation datawas taken from Instituto Português
do Mar e da Atmosfera (IPMA).

3. Results

Fig. 5 shows the measurements of the developed sensor and the water
depth during the first week of deployment. The sediment accumulation,
6

starting at 0 mm that corresponds to the optical channel 20 as defined be-
fore, is represented in the left-side y-axis with brown circles and a brown
solid line. In the right-side axis and with blue circles is presented the data
from the depth sensor and consequently the tidal cycles in the estuary of
Cávado river. Analysing the first days of the in-situ test, even that does
not happen during all the tidal cycles, seems to have a pattern that is
reflected in a high sediment deposition during the high tide (accumulation
increases) and sediment resuspension during the low tide (accumulation
decreases).

This behaviour match with one of the phenomena expected in this estu-
arine area. During the low tide, the sea currents haveminimal or no effect at
all in the normal flow of the river. However, when the tide increases the
normal river flow strength is diminished by the sea entering throughout
the estuary and it can be not only cancelled but also overcome. During
the peak of the high tide, lower water flow strength is expected and the
water in the estuary is saltier. Both these two conditions contributed to
the settling of fine particles that were suspended in the water, which led
to an increment of the accumulated sediment in the streambed. Once the
tide started to decrease, the river flow increased and its maximum strength
happened during the low tide. At this time, the flow strength is higher than
during the high tide, so the fine sediment that has settled before enters now
in resuspension in the direction of the sea. This behaviour was recorded in
the monitoring data of the sensors during all 119 days of deployment.

During the first fortnight of the field tests, the sensor was recording an
increase of the accumulated sediment in the streambed of the estuary,
reaching a maximum of 70 mm on 20th January. However, this date also
marked the start of 4 weeks of intense precipitation, when the sediment ac-
cumulation sensor detected an abrupt decrease in its measurements (see
Fig. 6).
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Fig. 5.Monitoring results of sediment accumulation and water depth in the first week of deployment (5th of January to 12th of January 2020). The brown circles with the
brown solid line are the data output of the sediment accumulation sensor (left side y-axis). The blue circles represent the data from the depth sensor and show the tidal cycles
in the estuary (right side y-axis).
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On rainy days, the volume of water in the river increase. As Fig. 6
shows, the depth sensor recorded the river flow increasing from 20th
to 30th of January, 3rd to 5th of February and from 9th to 12th February
(notice that in these days, the depth during the peak of the low tide was
higher than the expected, which means that the estuary had an abnor-
mal higher water volume). Particularly in rivers that pass by urban
areas, as is the case of the Cávado river, not only additional water is
added to the waterway, but also mud and waste that runoff from the riv-
erbanks and that is drained from its surroundings. In these conditions,
the river gains high kinetic energy that results in a higher water velocity
and turbulent flow.

These abnormal conditions in the estuary do not follow the normal bal-
ance of sediment deposition and resuspension shown in Fig. 5. The high
strength of the river course resulted in the erosion of the streambed at an
unusual rate. From the 20th of February, when the sensor registered a max-
imum of 70 mm of accumulated sediment, to the 10th of February, when
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Fig. 6. Monitoring results of sediment accumulation and water depth from 5th of J
accumulation in brown circles and brown solid line (left-side y-axis) and the data from
bar chart with the daily accumulated precipitation.
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the sensor was measuring −65 mm, the streambed of the estuary eroded
an unexpected 135mm and all the 32 channels of the sediments instrument
became uncovered.

From 10th to 18th February some sediment depositionwas recorded, as
also the resuspension of that sediment. However, the device was on its
measurement length limit (the starting position in the deployment of 13
channels uncovered, with a resolution of 5 mm, results in an erosion mea-
surement limit of −65 mm) and no other changes were recorded till the
26th of February.

Fig. 7 shows underwater photographs of the sensor at the beginning of
the installation and on the 26th of February when the sensor could not take
more reliable measurements since all channels were uncovered. Analysing
the images, it is possible to notice differences in the type of sediment depos-
ited in the estuary bed. In the left image (beginning of the installation) the
streambed sand had linguoid ripple marks and its surface was uneven.
However, this layer of thin sand disappeared on the middle and right
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Fig. 7.Underwater photographs of the sediment accumulation sensor at different times of the field test. In the image at left, themoment when the sensor was deployed, with
its measure correspondent to 0 mm. In the middle image, the sensor could not provide reliable data anymore since all the 32 optical channels were completely uncovered
(26th of February, measure correspondent to −65 mm). In the image at right, also on the 26th of February, the sensor was buried again in the same location (only the
vertical position changed), and its measure continued with the value before of−65 mm.
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images, and the streambed looks more swept due to the erosion caused by
the days of strong precipitation.

On the 26th of February, the sensor was buried again in the sand, in the
same location as before (it just changed the vertical position), with nodes 1
to 14 uncovered, as shown in the image at the right photograph of Fig. 7. To
continue the previous measurement the sensor output was “zeroed”, with
the optical channel 15 corresponding−65 mm. Fig. 8 shows the continua-
tion of the measurements after the sensor was buried.

After the rainy days, the accumulation of sediment in the streambed
slowly returned to the initial values. The accumulation rates during the
low and high tides, as shown in Fig. 5, were recorded again, and a new pat-
tern was possible observed related to the tidal cycles. Analysing the moni-
toring records of Fig. 8, it is possible to see that during the spring tide
there was a tendency for higher deposition rates in the estuary. On the con-
trary, during the neap tide higher sediment resuspension and erosion was
recorded.

The bulge of the ocean and its effects on the estuary during high tidal
periods were observed in the data of the water level sensor, mostly in the
average depth of the high tides. In the periods of the neap tides, the water
level registered depth values between 200 and 250 cm during the peak of
the high tide, while for the spring tides, some of the high tide peaks almost
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Fig. 8.Monitoring results of sediment accumulation andwater depth from 26th of Febru
in brown circles and brown solid line (principal y-axis) and the data from the water dept
daily accumulated precipitation.
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reached 400 cm. This means that during the spring tides, the salinity level
in the estuary is expected to be higher than during the neap tides, which
is the possible cause for the high sediment deposition rates recorded during
that period.

After the 28th of March, the sensor was on its top measuring limit (all
the nodes became buried). The reason for this registered high-rate deposi-
tion is unknown, however, this period was marked by an increase of
algae and high turbidity in the estuary that was not observed before, and
that possibly is related to the occurred phenomena. The sensor registered
sediment accumulation values in its top measuring limit until the 19th of
April. At this date, the sensorwas found in the estuary streamed, totally bur-
ied with sand and algae (see Fig. S4, Supplementary Materials). As before,
the position of the sensor was adjusted so that sediment deposition and ero-
sion was possible tomonitor again. The sensor was buried with nodes 17 to
32 covered and 1 to 16 uncovered and its position was zeroed again.

Comparing the underwater photographs of Figs. 7 and S4, Supplemen-
tary Materials it is possible to notice the increase of turbidity, as also the
green pigment in the water resulting from the presence of algae in the estu-
ary (all photographs were taken with the same camera configurations, dur-
ing the low tide and at similar weather conditions). In the photograph of
Fig. S4, Supplementary Materials it is also possible to see that the structural
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housing that comprises the electronics were attached with macro fouling,
but not themonitoring nodes (the sensor was not removed from the stream-
bed and no cleaning was made).

After the reposition of the sensor, the field experiment was conducted
for 10 days, ending on the 3rd of May, when the sensor was again close to
its measuring limit. Once again, this period was marked with high turbidity
in the estuary and the existence of algae bloom, and the sensor registered an
increase of sediment accumulation in the streambed. This high sediment de-
position rate was only disrupted by the precipitation from the 21st to the
26th of April when bed erosion was registered. However, immediately
after the precipitation days, the high deposition rates were recorded again.

Fig. 9 shows all the monitoring records of the sediment accumulation
and water level sensors during the full field experiment in the estuary of
Cávado.

4. Discussion

During the in-situ experiment, the developed sensor showed its poten-
tial to monitor sediment deposition and erosion in the streambed of the
river mouth. The new instrument was able to detect the sediment deposi-
tion and resuspension patterns originated by the ocean tides, both in high
frequency (high tide – low tide) and in low frequency (spring tides – neap
tides). Also, abnormal events as floods and algae blooms played a major
role in the sedimentary processes during the experiment with high rates
of streambed erosion and high sediment deposition rates, respectively.

The main objective of this work was achieved, developing a fully auto-
mated instrument capable of continuously monitoring the sediment height
in the streambed of a waterway. While it does not provide qualitative infor-
mation about the characteristics of the sediment as the mechanical sam-
plers do, it can provide real-time information about the bedform changes
(that as we could see during the experiment, it can change fast and cannot
be detected by these methodologies of point collectors).

When compared to other automated technologies from the state of the
art, the developed instrument was able not only tomeasure sediment depo-
sition but also streambed erosion. This is an important advance since previ-
ous sensors based on deposition plates are not able to measure events of
sediment resuspension (Thomas and Ridd, 2005; Ridd et al., 2001). The
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presented sensor also offers minimal disturbance in the streamflow, is inde-
pendent of external ambient light and can properly work in high turbidity
waters, which is not the case of the PEEP and SED sensors (Lawler, 1991;
Hu et al., 2015). Not requiring calibration is also a great advantage
compared to the typical oceanographic sensors, which normally require
complex and time consuming laboratory calibrations. The developed in-
strument is ready to be installed without any prior laboratory analysis.

During the presented field test, no maintenance was necessary for the
good operation of the sensor, except on the 26th of February and 19th of
April, when the sensor had to be repositioned again. The instrument was
designed for a maximum measuring length of 160 mm, however, during
these exceptional events, this range was not sufficient and the sensor had
to be repositioned. However, its electronic design is highly scalable so
setups with different combinations of lengths or resolutions can be built.
Considering this, further optimizations should rethink the use of more opti-
cal channels to increase the range of the sensor.

We recommendmaintaining the 5mmof resolution since it provided re-
liable results. Another recommendation is to assemble the sensor in a fixed
structure whenever possible (easiest to do when monitoring in infrastruc-
tures as harbours, dams or other platforms), to be sure that the sensor is
not lifted due to high stream flows.

In the presented field experiment, the sensor was taking measurements
at each 30 min. Even though results are satisfactory, in some periods, con-
secutive measurements presented a difference of 10 mm to 20 mm (higher
than the 5 mm resolution), so we recommend increasing the sampling fre-
quency in future in-situ deployments so that these transitions can be better
detected.

Finally, during the deployment biofouling interference was not de-
tected. It is known that optical devices are susceptible to biofouling and
present errors during long time deployments without maintenance. Its ef-
fects have been analysed in the previous developed optical sensors for tur-
bidity and suspended particlematter (Matos et al., 2019b, 2020). However,
the new sensor that we present sets the threshold that defines if the optical
channel is covered or uncovered in zero. This means that, even if both the
optical emitter and the receiver presented biofilm on its surface, the instru-
ment will still be able to calculate the sediment accumulation with reliabil-
ity if the receiver can detect a minimal luminous power. During the
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119 days of the field experiment, no biofouling interference was registered.
Biofouling will only affect the light transmission channels when it blocks
completely the light path between the emitter and detector, which is un-
provable to occur. Moreover, if biofouling blocks any of the optical pairs
above the sediment surface, malfunction can be detected since all channels
above sediment surface must detect light and all channels below sediment
surface must be blocked.
5. Conclusion

A low-cost, low-power and automated optical instrument is reported
for in-situ continuous monitoring of sediment height of the waterway
streambed. The device uses 32 infrared optical channels that are placed
in a vertical array and allow the sensor to measure sediment deposition
and erosion with a maximummeasurement length of 160 mm and 5 mm
resolution and does not require any calibration for in-situ deployments.
The electronics, mechanics and methodologies for the proper work of
the instrument are provided so it can be replicated by the Scientific
Community.

The instrument was validated in deployment during 119 days in the
estuary of Cávado river, an area with high sediment dynamics. The in-
situ results showed that the sensor was able to detect patterns of sedi-
ment deposition and resuspension in the bed of the estuary during the
low and high tides. The conducted deployment also experienced
3 weeks of intense precipitation that resulted in an abnormal increase
of the river flow strength and floods. Due to these extreme conditions,
the accumulation sensor was able to detect abrupt erosion in the estuary
streambed that caused a decrease of 135 mm in the accumulated sedi-
ment in 20 days. Oppositely, in the last month of the experiment, the ex-
istence of algae bloom was observed in the estuary that led to high
sedimentary rates. Due to inherent discrete measuring, it's expected
that this instrument can be active for even longer periods, without
being affected by biofouling.

The reported automated instrument can be used to deliver real-time
data of the bedform changes and can provide significant impact in broad
applications as sedimentary studies or managing and planning of fluvial
and marine infrastructures affected by silting, like dams, harbours or navi-
gation channels, or by scour and other erosion problems like bridges or off-
shore structures.
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