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Measuring the amount of suspended sediment in rivers is important for a better understanding of phenomena like 
soil erosion or floods. Since such phenomena are not spatially homogeneous, a distributed measurement approach 
is required to obtain fine-grained and realistic models. We designed and implemented a low-cost, flexible, and 
smart suspended sediment concentration monitor. The system only uses components that are easy to find and 
assemble. This, together with the reduced costs, enables the use of multiple instances for distributed monitoring. 
The system can operate according to different configurations, fixed or mobile, and using a variety of connection 
technologies, to possibly cover the various necessities that arise from the diverse installation sites. Each measuring 
unit automatically retrieves its operational parameters, easing the configuration of a possibly large distributed 
measurement system.
1. Introduction

Suspended sediment in rivers plays a significant role in both eco-
logical health and human activities, making its measurement crucial. 
Sediment originates from natural processes like soil erosion and hu-
man operations such as construction and agriculture. High levels of 
suspended sediment reduce water quality, harm aquatic life, and in-
crease water treatment costs. Accurate and reliable measurement of sus-
pended sediment concentration (SSC) in rivers is essential for effective 
environmental monitoring, water resource management, and regulatory 
compliance. Measuring the amount of suspended sediments is also im-
portant to model natural erosion phenomena, or to better estimate the 
amount of material brought by rivers into the sea. Traditional methods 
for measuring SSC, such as gravimetric analysis, involve collecting water 
samples and then processing them in a laboratory. While these methods 
are accurate, they are labor-intensive, time-consuming, and impracti-
cal for real-time monitoring. More practical approaches are based on 
measurements of the water turbidity, as the presence of suspended sed-
iment influences the latter. The basic idea is to illuminate the water 
sample using a controlled light and measure both the attenuation and 
the amount of light reflected by the suspended particles. In particular, 
the light scattered by particles is measured using photodiodes placed at 
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different angles with respect to the incident light. The use of multiple 
photodiodes generally increases the accuracy of measurements and pro-
vides robustness against the different particle sizes. An instrument that 
measures the amount of suspended particles using a side-placed pho-
todetector is also known as a nephelometer.

Recent literature highlighted the importance of monitoring the 
amount of suspended sediment frequently and in a distributed fash-
ion, in order to capture the details of the phenomenon from multiple 
points of view and in the end obtain models that are more realistic and 
fine-grained [1]. For instance, accurate hydrogeological models con-
cerning sediment transportation need data about SSC dynamics during 
intense precipitation events, requiring multiple measurements in a short 
timeframe. The data also has to be spatially distributed, to avoid the pos-
sible bias introduced by a single specific measurement site. These needs 
gave rise to an increasing research body about low-cost distributed SSC 
measurement systems, motivated by the high cost of commercial off-
the-shelf turbidimeters that can be in the order of a few thousand euros.

When turbidity is measured through diffused radiation, the level 
is expressed in Nephelometric Turbidity Units (NTUs) or in Formazine 
Nephelometric Units (FNUs) [2]. Formazine is a polymer that is poorly 
soluble in water and it is used for calibration of turbidimeters. Turbid-
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ity can then be converted into SSC using a site-specific scale, since their 
relationship depends on sediment properties (see, for instance, the dif-
ferent coefficients used in [3] and [4] because of the characteristics of 
the considered streams). The relationship between SSC and turbidity 
was studied in North-Western European streams, looking for correla-
tion patterns based on stream characteristics, such as catchment area, 
land use, or soil type [5]. Results show that preparing a calibration curve 
between turbidity and SSC for each river is fundamental and that harmo-
nizing the methods across countries is necessary. This necessity is also 
backed by [6], where a comparison between twelve commercially avail-
able turbidity sensors highlights that the variability of the instruments 
can hinder the transferability and comparability of datasets acquired by 
different regulatory agencies. If the final goal of the system is to estimate 
SSC, then calibration can be directly carried out from the raw readings 
provided by the photodiodes to SSC values.

We present a smart, multi-configuration, low-cost turbidimeter use-
ful for in-site SSC measurements. The turbidimeter

• has a reduced cost allowing the use of multiple units for distributed 
measurements;

• is built using only off-the-shelf components and does not require 
any custom Printed Circuit Board (PCB);

• supports multiple configurations, as it can operate in mobile or fixed 
mode, and can communicate via wireless and wired setups;

• is smart, as it is able to retrieve its operational parameters from a 
server, and reliably transfer collected data to a remote site;

• can be easily replicated, as all the software is open-source and pub-
licly available.

The remaining of this work is organized as follows: Section 2 pro-
vides an analysis of related work on low-cost sensors for turbidity mea-
surement, Section 3 shows the overall system, Section 4 describes the 
elements of the turbidimeter, including the list of materials, Section 5
discusses the performance of the sensor achieved during laboratory tests, 
Section 6 presents the architecture of the server that manages the tur-
bidimeters and collects their data, Section 7 discusses how a flexible 
approach can be helpful in turbidity monitoring, and finally Section 8
concludes this work.

2. Related work

A review of the principles of turbidity measurement can be found in 
[7]. Laboratory tests aimed at comparing acoustic and optical sensors 
for SSC measurements showed that, for non-homogeneous solutions, the 
optical approach is generally more accurate [8]. The impact of different 
optical configurations on the accuracy of turbidity sensors is evaluated 
in [9].

In [10], a turbidimeter based on infrared (IR) and RGB light (the lat-
ter is useful to obtain information about the color of the sample) was 
used to observe the presence of phytoplankton in marine water. The 
turbidimeter exported collected data using a satellite connection and 
a mail server. Another low-cost sensor for seawater quality, based on 
blue and red light and designed to measure chlorophyll and turbidity 
continuously, is described in [11]. In [12], a low-cost turbidimeter for 
water quality monitoring in fish farms uses four LEDs with different 
wavelengths to distinguish sediment from phytoplankton. Another tur-
bidimeter designed to be used in situ combines two photodetectors and 
two infrared light sources to measure both scattered and attenuated light 
according to a ratiometric method [13]. In [14] a cost-effective turbidity 
sensor is designed, tested, and later embedded in a maritime station for 
real-time and online monitoring of the coastal area [15]. A device for in 
situ estimation of suspended sediment transport using measurements of 
water velocity, sediment concentration, and depth is described in [16]; 
data collected by the sensor was logged onto a device placed outside the 
water using a cable and the RS485 protocol. In [17], a low-cost sensor 
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with eleven LEDs and three photodiodes is proposed for real-time water 
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monitoring, using the GSM communication method for data extraction 
and alert management. A turbidity and particle size sensor based on 
a single-photon detection technique is proposed and analyzed in [18]
achieving an adjusted 𝑅2 value of 0.99. Although the sensor is small, 
the authors do not mention its usage for river monitoring.

According to [19], the most common range for water turbidity anal-
ysis is 0.1-1000 NTU. For example, drinking water must not exceed 1 
NTU, river water can reach 150 NTU, and wastewater is about 1000 
NTU. In [20], the authors propose the design of a low-cost turbidity sen-
sor for fresh-water courses, achieving an accuracy of 0.1 NTU resolution 
in the 0-200 NTU range and 1 NTU resolution in the 0-1000 NTU range. 
Details on the wireless connection capabilities of the sensor are not re-
ported. The analysis of an off-the-shelf turbidity sensor is presented in 
[21], along with a custom design to overcome its limitations. The cus-
tom design exhibits reliable measures in the range of 100-4000 NTU. 
A different approach for low-cost water turbidity sensing is proposed 
in [22], where four optical fibers are used to convey the rays of light 
traversing a fluid to the rear camera of a smartphone. Another smart-
phone application for water turbidity measurement is proposed in [23]; 
this application requires a smartphone equipped with standard sensors 
(gyroscope and compass) to take photos of the water surface from differ-
ent angles. Another approach for water turbidity measurement involves 
the processing of images collected by Unmanned Aerial Vehicles (UAVs) 
while flying above rivers [24]; this approach still requires in situ tur-
bidity sensors to validate the results obtained with images. Similarly, 
approaches based on satellite images still require in situ turbidity sen-
sors for ground measurements as in the case of [25]. Another technique 
for water quality assessment, based on microwave analysis, is proposed 
in [26]. Finally, a high-speed recording camera (80 frames per second) 
was used to evaluate the interaction of two colliding currents with dif-
ferent turbidity levels [27]. An open-source turbidity sensor is presented 
in [1]. The turbidimeter is based on an LED and two sensors controlled 
by a Micro Controller Unit (MCU). The system was later improved in 
[28], using an Arduino MKR WAN 1310 and with a total cost of roughly 
200 EUR. The CAD files for 3D printing the head of the turbidimeter, 
as well as the schematics needed for the production of the PCBs hosting 
the photodiodes, were made available according to an open-source li-
cense. In [29], a Wixel board controls the sensor, and the data is logged 
on a Raspberry Pi, with an overall cost of 550 EUR.

The increased availability of historical data is now fostering the 
adoption of machine learning techniques, such as Artificial Neural Net-
works or Exponential Gaussian Process Regression, to generate models 
for sediment transport prediction [30,31].

The sensor proposed in this work is mostly inspired by [1,28]. Our 
turbidimeter enhances existing systems by easing the production and 
customization of the device, which is completely built using off-the-
shelf components and it does not rely on any custom PCB. In addition, 
the system we propose includes enhancements in terms of connectivity 
and usage options, as it can be effortlessly configured to operate in fixed 
or mobile settings using wireless and wired setups for communication. 
The system can also be configured from a remote site, e.g. to tune its 
operational parameters depending on weather conditions or other envi-
ronmental factors.

3. Overview

The principle of operation of the turbidimeter is illustrated in Fig. 1. 
An LED is used to illuminate the water. Two photodetectors are placed 
at 90°and 135°, to measure the amount of light scattered by the sus-
pended sediment in the water. The LED emits light in the infrared (IR) 
band, in particular using an 850 nm wavelength. The use of a wave-
length greater than 800 nm reduces the interference due to the natural 
color of water caused, for instance, by humic substances [7]. The two 
photodetectors are actually made by a couple of photodiodes each. The 
two photodiodes at each collection point operate according to different 

response curves in the visible and IR frequency ranges. So, in the end, 
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Fig. 1. Principle of operation: an IR LED emits light scattered by the particle 
suspended in water. Light is measured by two photodetectors. Each photodetec-
tor is made of two photodiodes operating at different frequency bands.

four light measurements are available, increasing the accuracy of the 
device.

The optoelectronic subsystem is controlled by a Single Board Com-
puter (SBC) that runs the sampling logic and locally stores the results. 
The SBC uses a communication subsystem to interact with an external 
server. The external server provides the turbidimeter’s current opera-
tional configuration and stores the results of measurement operations in 
a database. Two different communication configurations are available: 
the mobile one and the fixed one. The configuration also determines how 
power is provided to the system: in the mobile configuration power is 
provided through a battery, whereas in the fixed configuration power is 
provided through a cable. The two configurations allow the turbidimeter 
to be used in different scenarios. The mobile configuration is supposed 
to be used when the measurement site is far from ICT infrastructure or 
when mobility provides an additional measurement dimension. It al-
lows, for instance, to measure the turbidity of a river longitudinally 
using a boat or transported by the water flow. The fixed configuration 
is supposed to operate close to ICT infrastructure and it allows sending 
of collected data in real-time. In addition, it is not energy-constrained, 
so it is possible to increase the sampling frequency above the rates that 
are possible when battery-operated.

The idea of directly connecting to existing infrastructure originated 
from the possible presence of other instrumentation along the stream 
to be monitored. In urbanized areas, rivers are frequently monitored 
through fixed infrastructure, for example to measure the water level. 
Such measurement infrastructure is generally powered using cables, and 
Internet access can be available as well. We hence identified Power-over-
Ethernet (PoE) as a technology able to provide both connectivity and 
power to the device. A PoE-enabled switch has a very limited cost and 
the installation just requires putting the PoE-enabled switch between the 
turbidimeter and the existing Internet connection. ICT infrastructure, 
on the other hand, is less likely to be present in minor rivers or less 
urbanized areas. In those situations, the wireless configuration, possibly 
based on a cellular connection, can be the most reasonable choice. If no 
cellular coverage is available, the turbidimeter still stores internally all 
the readings and uploads them to the server as soon as Internet access 
is available.

The overall system is represented in Fig. 2. The head of the tur-
bidimeter hosts the LED, the photodiodes, and the optics.

4. Design and materials

This section describes the design and materials of the different parts 
3

of the turbidimeter.
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Fig. 2. The Head of the turbidimeter hosts the IR LED, the photodetectors, and 
the optics. The Single Board Computer controls the head of the turbidimeter and 
communicates the results to a remote server. The turbidimeter can operate in a 
mobile configuration, where access to the public Internet is achieved via Wi-Fi or 
cellular connection, or in a fixed configuration, where connectivity is achieved 
through a switch. Arrows show the way turbidity information is transferred, 
configuration information goes in the opposite direction.

4.1. Head

The head of the turbidimeter hosts the TSHG6200 850 nm LED 
emitter and two TSL25911FN ambient light sensors. Each sensor trans-
forms light intensity into a digital value provided via I2C. Each sensor 
is equipped with one broadband photodiode (visible plus IR) and one 
IR-responding photodiode. So there is a total of four light sampling val-
ues for each turbidity reading: two from the broadband photodiodes at 
90°and 135°, and two from the IR-responding photodiodes, at 90°and 
135°. The head has been 3D-printed, starting from the CAD files pro-
posed in the supplementary material of [28]. The two light detectors are 
placed at 90◦ and 135◦ with respect to the emitter as this configuration 
proved to be better than others (as reported in [1] where multiple con-
figurations were compared). We modified the original CAD files to host 
the boards, made by CQRobot/Waveshare, containing the TSL25911FN 
ambient light sensors, which are larger and with a different form factor, 
and to align the photodiodes of the board with the holes used for receiv-
ing the light. We also designed a 3D-printable plate that can be used to 
close the back of the head (we preferred this solution to the alternative 
solution of filling the head with epoxy resin, as the latter option is non-
reversible). Two lenses (characteristics detailed in Table 1) are used to 
focus the light onto the TSL25911FN photodiodes and to isolate them 
from the water. A third lens was used for the LED (characteristics in Ta-
ble 1). Since 3D-printed components are not waterproof, the head of the 
turbidimeter was covered with epoxy resin. Lenses were glued to their 
housing again using epoxy resin. The head, both open and attached to 
the body of the turbidimeter, is shown in Fig. 3.

4.2. Main logic and body

The logic of the device is executed by a Raspberry Pi Zero WH Sin-
gle Board Computer. The Raspberry Pi controls the LED and the light 
sensors. The Zero WH variant has been chosen for its compact size, 
reduced power consumption, wireless connectivity, and the presence 
of an already soldered General Purpose Input Output (GPIO) connec-
tor (in this way, no soldering is needed to connect the LED and the 
sensing boards). The Zero WH shares with other Raspberry devices the 
Debian-based Raspberry Pi OS which allows the definition of the op-
eration logic using high-level programming languages, mostly Python 
and shell scripts. In addition, being a Linux-based system we were able 
to set up a synchronization mechanism using a utility that is commonly 
available on Unix-like systems (rsync). In particular, sensor readings are 
immediately locally saved onto a micro-SD card. The device performs 

a periodic synchronization of the local data with a remote site. Only 
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Fig. 3. Head of the turbidimeter and a complete mobile prototype.
Fig. 4. Wiring between the optical components and the board.

changes with respect to previous synchronizations are transferred, in 
order to reduce the amount of data to be sent and, in turn, also the en-
ergy spent. In case of a connection failure, data is not lost and turbidity 
readings will be transferred when the next successful synchronization 
occurs. Furthermore, the operating system hosts an ssh daemon. This 
makes it possible to log into the turbidimeter from a remote computer, 
for example to troubleshoot sensor malfunctions or to update the con-
trolling software. Overall, the high-level mechanisms provided by the 
Linux-based operating system, including its libraries and tools, led us to 
choose this type of board instead of other solutions based on MCUs.

The optoelectronic components are connected to the GPIO pins of 
the Raspberry board according to the schema shown in Fig. 4. A resistor 
(100 Ω) is inserted between the Raspberry Pi and the LED to limit the 
maximum amount of current across GPIO pins. The boards hosting the 
4

TSL25911FN sensors cannot be configured to use a designer-defined I2C 
address. To avoid a collision on the I2C bus, we had to set up a secondary 
I2C bus so that the two boards could use the same address on their own 
dedicated bus.

Whenever a measurement has to be carried out, the four photodiodes 
are read with the LED turned off and then again with the LED turned on. 
Readings with the LED turned off allow us to obtain information about 
the amount of environmental light, which can be useful to increase the 
accuracy of the device. This procedure is repeated 𝑛 times, back to back, 
to obtain statistically meaningful results. The default value of 𝑛 is five, 
so there are five raw samples with the LED on and five with the LED 
off at each measurement time. The value of 𝑛 can be changed using the 
turbidimeter’s configuration file.

We decided not to 3D print the housing of the electronic part of the 
turbidimeter and to use instead a polypropylene tube. Polypropylene 
tubes used in construction are commonly available, they are waterproof, 
and already equipped with O-rings. A polypropylene tube is also cheaper 
than a 3D-printed case, which in addition needs to be covered in epoxy 
resin to be made waterproof. The only problem with polypropylene is its 
limited bonding with epoxy resin. For this reason, the head of the tur-
bidimeter has been glued to the tube using a silicone adhesive. Closing 
the tube with its cap also needs some care: since the system is airtight, 
the internal pressure increases as the cap is inserted into the tube. The 
internal pressure can be so high to pop the lenses of the turbidimeter 
from their housing. To avoid this problem, we made a small hole in the 
bottom cap, to allow the air to flow out when the cap is closed. Then 
the hole is sealed with a small amount of silicone. This procedure has 
to be carried out only during the assembly phase since the turbidimeter 
can be charged without the need to open it, as discussed later.

The following subsections show the two possible configurations: the 
mobile one and the fixed one. The advantages and drawbacks of the two 

configurations are also highlighted. Each configuration has its own set of 
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Fig. 5. 1: LTE module, 2: LTE antenna, 3: GPS receiver.

additional components with respect to what has been already included 
in the head and body of the turbidimeter. Immediately after the boot 
phase, the turbidimeter looks for a configuration file that details the cur-
rent mode of operation, mobile or fixed, and other relevant parameters, 
such as the communication technology (Wi-Fi, cellular, or Ethernet) and 
the sampling period. Table 1 shows the list of materials and the related 
prices for all the considered components.

4.3. Mobile configuration

The Raspberry Pi Zero WH natively supports Wi-Fi communication. 
The turbidimeter can be configured to look for an access point with a 
given name and to automatically connect to it. This first option can be 
useful in two scenarios: i) the turbidimeter is placed in an area covered 
by Wi-Fi (as it may happen in urban settings); ii) an operator moves close 
to the turbidimeter and uses a smartphone as a hotspot (to this purpose 
it is sufficient to give the hotspot a well-known name and password). 
If Wi-Fi is not the most suitable wireless technology, cellular commu-
nication can be used. For this purpose, we used a SIM7600X 4G HAT 
LTE module. The SIM7600X 4G HAT, its antenna, and the GPS receiver 
are shown in Fig. 5. The cellular subsystem, including its antenna, is 
enclosed in the same polypropylene tube where the Raspberry Pi is con-
tained. Note that when the turbidimeter is submerged, neither Wi-Fi nor 
cellular communication is possible, as communication is blocked by wa-
ter. The idea is that the turbidimeter locally stores sampled values and 
transmits them at the next synchronization window, when it is man-
ually extracted from the installation site or if it emerges because the 
level of water gets lower, e.g. after the intense precipitation event to be 
monitored. Another possibility is to connect the 4G HAT via a USB ca-
ble, so that the head and main body of the turbidimeter are submerged, 
whereas the cellular board and the antenna are placed above the surface. 
This solution requires the use of a sealing element like the one adopted 
in the fixed configuration. The GPS receiver is automatically turned on, 
if enabled in the configuration file, to enrich the turbidity readings with 
the current device position. This can be useful when moving during a 
measurement campaign.

We experimentally evaluated the energy consumption of the main 
operational phases of the device. For this purpose, we used a smart 
power monitor, which is able to power the device under test and, at the 
same time, measure accurately the current provided. In particular, we 
used an Otii Ace Pro configured to collect 10 K samples per second and 
with an accuracy of ±(0.05% + 25nA). To accurately collect the dura-
tion of the main operational phases we used one of the GPIO pins of the 
Raspberry Pi. The status of the pin was toggled via software at the end 
of the boot, measurement, synchronization, and idle phases. The status 
of the pin was sampled using an input port provided by the Otii Ace Pro, 
obtaining an auxiliary trace that was used to segment the power trace. 
5

Fig. 6 shows the current absorbed by the Raspberry Pi. The device ex-
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Fig. 6. Current absorbed during a complete operational cycle. Communication 
takes place via Wi-Fi, using a smartphone as a hotspot. The different opera-
tional phases (boot, measurement, synchronization, idle, and shutdown) are 
highlighted using different colors.

ecutes the boot, measurement, and synchronization phases. The latter 
is carried out using Wi-Fi and a hotspot provided by a common smart-
phone. The device was configured to start the shutdown sequence after 
300 s from the beginning of the boot phase. So, after synchronization, 
the device remains idle until it is time to power off. Fig. 6 highlights 
the different phases using different colors. We collected five execution 
traces. The mean and the standard deviation of the duration and con-
sumption of main phases are provided in Table 2. The evaluation was 
limited to five executions as we noticed the times and the absorbed cur-
rent were fairly stable. The boot phase has a duration of approximately 
73 s. The boot phase also contains the activation of the Wi-Fi inter-
face and connection to the hotspot. During the measurement phase, 
the device collects five measurements with the LED on and five with 
the LED off (intertwined). The measurement phase also includes writ-
ing collected data on the local filesystem. The synchronization phase is 
the most energy-hungry, because of communication. Once synchroniza-
tion is finished, the device remains idle. This period can be trimmed in 
production devices to save energy. During the evaluation experiment, 
we included such an idle phase to estimate the energy cost of keeping 
the device powered on. Keeping the device turned on can be useful for 
remotely connecting to the device in case of a partial malfunction or for 
updating the onboard software (note that the device can accept incom-
ing connections only after the boot phase). At time 300 s, the Raspberry 
Pi starts its power-off sequence, which is completed in ∼ 17 s.

In related studies (e.g. [28]), one measurement per hour is con-
sidered a suitable rate for fluvial turbidity analysis. Starting from this 
assumption, and considering that the device is powered by a 10000mAh
LiPo battery, we can get an estimation of the lifespan of the device. If 
the device remains always turned on and carries out one measurement 
and synchronization per hour, the average current needed would be 
∼ 189.3 mA (45.1 s at 253.1 mA, then 25.1 s at 279.4 mA, and ∼ 3530 s at 
187.8 mA). The device lifetime would be: 10000 mAh/189.3 mA ≈53 h.

To increase the lifespan of the device, a Witty Pi 4 L3V7 HAT has 
been mounted on top of the Raspberry board, to periodically turn on 
and off the system. The Raspberry Pi Zero, in fact, does not include 
a real-time clock, and once powered off it is unable to self-start. This 
possibility is provided by the Witty Pi board, which stores the current 
time and restarts the Raspberry Pi according to a configurable schedule. 
The Witty Pi allows us to set the switching period between these two 
states with a simple syntax, shown in Listing 1, that defines the range 
of validity of the schedule (from the BEGIN date to the END date), the 
amount of time in the ON state and the amount of time in the OFF state. 
In practice, thanks to the Witty Pi schedule, it is possible to periodically 
sense the turbidity of water and then turn the device off. This increases 

the device’s lifetime because the consumption in the sleeping state is 
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Table 1

Summary of the required materials and their costs.

Material Cost (EUR)

Core components

TSL25911FN light sensor, board made by QRobot or Waveshare 8.4 × 2
TSHG6200 LED emitter 1
Plano-convex lens (diameter = 6 mm, focal length = 14.9 mm), from Thorlabs 20.5 × 2
Plano-convex lens (diameter = 6 mm, focal length = 10.0 mm), from Thorlabs 21.9
Raspberry Pi Zero WH 18
Polypropylene EN 1451 tube and caps (O-ring included), from a local hardware supplier 8
3D-printed head 8
TOTAL of core components 114.7
Mobile configuration components

Witty Pi 4 L3V7 HAT 24
LiPo Battery 10000 mAh 29
Wireless charge receiver 5
SIM7600X 4G HAT + GPS receiver + LTE antenna (needed only for cellular access) 70
TOTAL of mobile configuration components 128
Fixed configuration components

Waveshare PoE Hat 27
Ethernet cable, 20 meters, cat. 6 20
Compression gland WetLink Penetrator, Blue Robotics 12
TOTAL of fixed configuration components 59
Table 2

Duration and consumption of the main operational phases.

Phase Mean duration ±st.dev.( s) Mean current ±st.dev. (mA)

Boot 72.7±1.5 233.4±0.5
Measurement 45.1±1.0 253.1±1.0
Synchronization 25.1±0.6 279.4±4.7
Idle 156.5±0.9 187.8±1.1
Shutdown 17.2±0.3 196.6±3.3
All 316.6±0.5 215.3±0.8

significantly smaller.1 On average, the device would require 242 mA
during the boot, measurement, synchronization, and shutdown phases 
(we here suppose that the idle phase is not required). The total duration 
of such phases is ∼ 160 s. The lifespan, in this case, would be ∼ 39 days.

It is important to note that obtaining a longer lifetime is not partic-
ularly useful: the turbidimeter, in its current version, is not equipped 
with a lens cleaning system, and the fouling accumulating over time 
onto the optics would make the measurements unreliable. For example, 
according to in situ tests performed in [32], a sensor based on optic ele-
ments shows a measurement drift after one week of seawater exposure. 
To extend the lifetime of the device, anti-biofouling techniques would 
be required (e.g. the ones described in [33]).

# Turn on fo r 4 minutes , every 60 minutes
BEGIN 2021−08−07 00:00:00
END 2025−07−31 23:59:59
ON M4 # Keep ON s t a t e fo r 4 minutes
OFF M56 # Keep OFF s t a t e fo r 56 minutes

Listing 1: Scheduling syntax.

Using a cellular access network and the GPS requires additional en-
ergy compared to Wi-Fi communication, because of the higher power 
absorption of the LTE modem and the energy spent to obtain a GPS fix. 
Using the power monitor, we experimentally evaluated also the energy 
needed by the turbidimeter when the cellular HAT is included in the 
configuration. The average current, during a cycle like the one detailed 
in Table 2, increases of ∼ 60 mA compared to the Wi-Fi solution.

The LiPo battery can be recharged without opening the waterproof 
enclosure. In particular, a wireless power receiver is placed internally, 

1 The current needed during the off periods, measured using the power mon-
6

itor, is ∼ 345 μA.
attached at the bottom of the tube. Then, it is sufficient to place the 
turbidimeter on top of a common wireless charging station, like the ones 
used to recharge smartphones, to transfer energy to the inner side of the 
device.

The cost of a mobile turbidimeter goes from ∼173 EUR (Wi-Fi only) 
to ∼243 EUR (with also cellular access and GPS receiver). The mobile 
version weighs ∼ 520g (including the 155 g battery) and has a volume 
of ∼ 1.5 L. Thus, the turbidimeter floats unless it is fixed to some under-
water support or weight is artificially added.

4.4. Fixed configuration

The fixed configuration is based on the Power-over-Ethernet (PoE) 
technology. PoE allows using a single cable for communication and 
power. This is particularly useful because just one cable exits the body 
of the turbidimeter, which must be waterproof. We used a Waveshare 
PoE Hat placed on top of the Raspberry Zero board to extend it with 
an Ethernet port that supports the PoE 802.3af standard. The Ethernet 
cable enters the body of the turbidimeter through a compression gland 
(WetLink Penetrator) designed for underwater robotics. This configu-
ration provides underwater connectivity and unconstrained energy. As 
a consequence, there is no need to power off the turbidimeter and it 
can carry out SSC measurements at higher rates compared to the mo-
bile configuration. The major drawback of this solution is the need for 
ICT infrastructure nearby, specifically a PoE-enabled switch.

The cost of a fixed turbidimeter is ∼174 EUR. The fixed version 
weighs ∼ 365 g and has a volume of ∼ 1.5 L. Thus, also in this case, 
the turbidimeter floats unless it is fixed to some underwater support or 
weight is artificially added.

5. Sensor calibration

We calibrated one of the turbidimeter prototypes using three dif-
ferent types of sediment. For each type, we prepared water samples 
with different, and well-known, concentrations of suspended sediment. 
During the measurements, each water sample was continuously agi-
tated using a magnetic stirrer. The turbidimeter was calibrated directly 
against concentrations of suspended sediment. We did not calibrate 
the turbidimeter using formazine since turbidity values should be later 
converted in SSC using a site- and flow-specific scale. In addition, for-
mazine is carcinogenic, thus avoiding such a step is an added value, 

as also highlighted in recent literature. The samples used for calibra-
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Table 3

Characteristics of the samples used in the calibration.

Sample Min conc. (g L−1) Max conc. (g L−1) Munsell color sys. (dry) Munsell color sys. (wet)

1 0.5 8 2.5Y 7/2 2.5Y 4/2
2 0.5 7 2.5Y 6/3 2.5Y 4/2
3 0.25 7 2.5Y 6/1 2.5Y 3/1

Table 4

Sensors used for the different cases considered in the regression analysis.

Emitter condition LED ON LED OFF
Photodetector Angle 90° 135° 90° 135°
Photodiode IR IR+Visible IR IR+Visible IR IR+Visible IR IR+Visible

Case

All parameters x x x x x x x x
90° light detector x x x x
135° light detector x x x x
LED on x x x x
LED off x x x x
IR x x x x
IR+Visible x x x x

Table 5

Error metrics of the sensor calibration.

Case Adjusted R-squared R-squared RMSE (gL−1) MAE (gL−1)

All parameters 0.97 0.94 0.55 0.26
90° light detector 0.93 0.79 1.07 0.88
135° light detector 0.94 0.83 0.97 0.74
LED on 0.96 0.88 0.79 0.45
LED off 0.54 -0.29 2.64 4.01
IR 0.93 0.80 1.04 0.77
IR+Visible 0.94 0.82 0.99 0.72
Fig. 7. Calibration of the turbidimeter.

tion were characterized by a granulometry below 63 μm,2 as it is the 
principal component in suspended transported sediment in rivers. The 
sediment used for the calibration was collected from the Arno River 
(Italy), where the turbidimeters operate. The Arno River is character-
ized by rapid runoff, with bank-full events occurring within a few hours, 
making it necessary to intensify SSC monitoring during relatively short 
time frames. The three sediment samples have slightly different colors 
as detailed in Table 3. We started from 0.25-0.5 gL−1 concentrations 
up to 7-8 gL−1. The higher end of the chosen range corresponds to 
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2 63 μ𝑚 is the upper limit of the coarse silt size range, according to ISO 14688.
the concentration that is typically reached during intense flow events 
for the considered river. Measurements have been carried out with dif-
ferent environmental conditions, in terms of lighting, due to random 
use of artificial lighting, the time of the day, weather conditions, and 
the orientation of the photodiodes relative to the external light sources. 
Collected data have been used to obtain a regression curve according 
to the Ordinary Least Squares method. Besides the raw readings of the 
sensors, we used as input of the method the difference between param-
eters, the ratio between parameters, and the square of parameters. By 
adding these transformations, the model can capture more complex and 
nonlinear relationships between the data. These operations highlight 
interactions that a simple linear regression might miss, such as propor-
tions, quadratic effects, or subtle variations. This expands the model’s 
ability to identify hidden nonlinear patterns in the variables. Such en-
richment of the parameters as the input of the methods was fundamental 
to obtain significantly better results. Fig. 7 shows the result for the 
three samples. Overall the calibration is remarkably accurate, with Ad-
justed R-squared equal to 0.97, R-squared equal to 0.94, RMSE equal to 
0.54 g L−1, and MAE equal to 0.26 g L−1 (Table 5). Additional regres-
sions were conducted examining the role of the different light detectors, 
using only the LED on or off readings, or using only IR readings or only 
IR+Visible readings, according to the cases defined in Table 4. The goal 
is to understand the role of the different elements in terms of accuracy. 
Using the sub-datasets, the performances are lower and the results in-
dicate that the main role is played by the IR LED (Table 5). When we 
use only the parameters acquired with the LED off, the calibration is 
not efficient (case LED off in Table 5). This suggests that the use of the 
IR LED improves accuracy by reducing the influence of environmental 
conditions.

When using just one of the two photodetectors (90°light detector 
or 135°light detector cases in Table 5) the accuracy is approximately 
the same. Their combined use however provides significantly better re-
sults. The IR-only case uses just the infrared-responding photodiodes. 

Accuracy is significantly lower compared to the usage of all the four 
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Fig. 8. Schema of the Flask Server.

photodiodes. The same happens for the IR+Visible case. In the end, both 
the spatial placement of sensors and the use of photodiodes operating 
at different frequency bands contribute to the accuracy of the system.

6. Back-end

The server has three primary functions: i) data collection from all 
the deployed turbidimeters, ii) data presentation through a simple Web 
interface, and iii) hosting of turbidimeters’ configuration files.

The server exploits the Flask framework and relies on a MySQL 
database for data persistence. The server defines three categories of 
Flask routes: User Management Routes, Turbidimeter Management 
Routes, and Data Management Routes. The User Management Routes 
handle tasks like registration and login of users. Turbidimeter Man-
agement Routes handle operations like adding/removing a new tur-
bidimeter to the system and modifying a turbidimeters’ information 
(e.g. manual change of their position if not provided with a GPS unit). 
The main information about turbidimeters is also shown on a map. The 
user can select one of the turbidimeters and specify a time window to 
visualize a plot of turbidity readings. Finally, Data Management Routes 
handle the data collection, by inserting the new sensor readings in the 
database. Fig. 8 shows a schematic representation of the server.

To upload the SSC readings, turbidimeters use the rsync utility, 
which optimizes data transfer by sending only the differences between 
the local and remote directories. This also takes care of the possible 
transient lack of connectivity, as SSC readings are stored locally by tur-
bidimeters and then transferred at the next successful synchronization. 
To securely transfer the data, rsync was configured to rely on ssh. The 
server periodically checks the presence of updated files and stores the 
new values in the SQL database.

7. Discussion

The possibility of executing code written in a high-level program-
ming language (most of the turbidimeter’s logic is in Python) enables a 
flexible and custom collection of turbidity samples. The measuring rate 
is generally set using a configuration file that is provided by the coor-
dination server. However, the configuration file can be also changed 
according to code that is directly executed on the turbidimeter. The 
measuring rate, for instance, can be dynamically adjusted according to 
thresholds or depending on the observed dynamics of turbidity readings. 
This can be particularly useful when the turbidimeter is submerged and 
it is not able to communicate with the external world. Let’s suppose 
that turbidity must be sampled every 10 minutes during intense flow 
events, when values change more rapidly and a 1 sample per hour is 
deemed insufficient. According to the numbers provided in Section 4, 
the turbidimeter would be able to operate for approximately 6.5 days 
at 6 samples per hour. The turbidimeter could also be configured to op-
8

erate according to two different sampling rates, one to be used during 
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intense flow events (again 6 samples per hour) and a lower one to be 
used in the absence of intense flow events (let’s suppose 1 sample per 
hour). In this case, the turbidimeter can start with the low-frequency 
measuring rate and then switch to high-frequency measuring only when 
the turbidity value becomes higher than a given threshold (because of 
the intense flow event). Finally, the turbidimeter could switch again to 
the low-sampling rate once the event is complete. If the intense flow 
event has a duration of two days, just as an example, the turbidime-
ter would be able to operate for approximately 28.8 days (3098 mAh
would be spent during the two days of operation at the high-sampling 
rate, while the remaining 6902 mAh would be spent at the low-sampling 
rate). The significantly longer runtime of the smart turbidimeter can be 
particularly useful to cope with a possibly large number of turbidime-
ters to be charged, giving flexibility during in situ installation. Since 
Python is known by a significant fraction of scientists, not necessar-
ily computer scientists, the use of a high-level language allows them 
to customize the measuring logic by themselves. Finally, since the tur-
bidimeter runs a Linux-based operating system (Raspberry Pi OS) it is 
possible to remotely log into the system and update the system behavior 
without the need to be on-site (provided that the turbidimeter is cur-
rently connected to the Internet) or remotely execute commands on the 
turbidimeter. Again this possibility can be particularly useful when the 
number of turbidimeters to manage is relatively high, and automated 
operations can help avoid manual intervention. If the standard behav-
ior of the turbidimeter, including all its configurations, is suitable for 
the user’s needs, then no coding knowledge is required. The user just 
has to install the Raspberry Pi OS distribution using one of the tools 
provided by the Raspberry Foundation and then download the software 
onto the device. Configuration is stored in some text files that can be 
easily edited using the preferred tools.

8. Conclusion

Distributed measurements of SSC are fundamental to accurately 
modeling many hydro-geological phenomena, from erosion to floods. 
However, a distributed turbidity monitoring system requires a new gen-
eration of devices that must be cheap, flexible, and smart to cope with 
the different placement sites and reduce the management effort. The 
turbidimetry monitoring system presented in this paper has a limited 
cost, can be easily configured to work in mobile and fixed setups, and 
automatically distributes the operational parameters to remote sensors.

All the code running on the turbidimeters and on the back-end is 
provided according to open-source licenses and it is publicly available 
at the following repository:

https://github .com /alessiovecchio /turbidimeter
One of the current limitations of the system is the lack of anti-fouling 

techniques. Our main goal was short-term and high-frequency monitor-
ing, to study the flash floods that develop within a few hours, which is 
less affected by biofouling compared to longer-term monitoring. How-
ever, when long-term studies are planned, it will be necessary to evalu-
ate the impact of bio-fouling in the specifically considered scenario (e.g. 
marine vs freshwater ecosystems).
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