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The study of climate change and its impact on coastal areas has become increasingly important in recent years and understanding how storm surges and extreme events affect water levels in transitional and coastal zones has become a crucial aspect. The main objective of this work is to develop a low-cost, easy-to-install device capable of accurately measuring sea and river water levels, along with basic meteorological variables at the ocean–atmosphere interface. The proposed device, known as InterBox: Air-Sea Interface Observing System in a Box, represents a valuable component of the monitoring capacity required to assess the impact of climate change on coastal water levels, supporting the spatial and temporal mapping of its consequences in estuarine and coastal environments. In this context, ultrasonic sensors offer several advantages: high accuracy, non-invasiveness, fast installation, low-cost, real-time data acquisition, and flexibility to interface with diverse data loggers. Moreover, monitoring atmospheric pressure, air temperature, and humidity is essential to better understand the processes driving water level variability, storm surge dynamics, and compound flooding events. These variables provide critical context for interpreting hydrological and oceanographic measurements, enhancing the accuracy of predictive models, and contributing to the development of more robust Early Warning Systems. Strategically deploying these sensors along coasts and rivers could enable improved monitoring granularity, (that is, a higher level of spatial and temporal detail in the collected data, which in turn allows for a more accurate assessment of spatiotemporal variability). This is achieved by collecting integrated water level and meteorological data at multiple locations before, during, and after extreme events. These datasets can be incorporated into open data platforms such as EMODnet Physics and integrated into digital twins of the coastal ocean, supporting both planning and emergency response strategies.
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1 Introduction


Climate change is extensive, fast-moving, and escalating, and some patterns are now strongly impacting coastal areas. Human-driven climate change is already impacting numerous weather and climate extremes in every region worldwide. Coastal regions are especially vulnerable to climate change, experiencing ongoing sea level rise and extreme meteo-marine events, all of which lead to more frequent and severe coastal flooding (including compound events when storm surge happens together with river flooding) in low-lying areas as well as causing coastal erosion [e.g., (Core Writing Team, 2023)]. Coastal zones are particularly vulnerable to the influences of sea level variations due to climate variability [e.g., (Satta et al., 2017; Vousdoukas et al., 2018)] and estuaries, which are among the most productive ecosystems in the world, are highly affected by many anthropogenic pressures, including the consequences of climate change [e.g., (Dixon et al., 2023)] and accelerated inputs of terrestrial sediments [e.g., (Flowers et al., 2023)]. In fact, physical changes in global climate have been widely observed and such trends are expected to continue. The research community is focusing on risks associated with sea level rise (SLR) such as storm-related flooding that will make activities in coastal areas increasingly vulnerable, leading to loss of marine habitats and ecosystems [e.g., (Pinardi et al., 2024; Brierley and Kingsford, 2009; Bandeira et al., 2021)].


Many projects were designed to create emergency services for sea level rise and flash flooding, for example: the FLARE (Sailing towards new flood risk assessment for ships, founded by European Union) project, which was created to establish a risk-based methodology for flooding risk evaluation and management under the framework of activities of the Horizon 2020 program; the CORFU (Collaborative Research on Flood Resilience in Urban Areas, founded by European Union under the 7 research frame https://cordis.europa.eu/project/id/244047 work – FP7) project (Batica and Goubesville, 2011), which has been created to provide adequate measures for improved flood management in cities under the seventh framework program, among others are funded to help increase knowledge about flooding in coastal areas and develop new strategies to improve flood risk management; the STREAM (Strategic development of flood management, Interreg Italy-Croatia, European Regional Development Fund) project which aims to increase knowledge about floods involving both local authorities and emergency services to improve risk management and people to learn how to behave in case of flood hazards, helping to reduce the human and socio-economic losses caused by floodings. Among the many projects dedicated to early warning systems, (Smart Sea Level Sensors) developed a network of sea level rise sensors in response to Hurricane Irma in 2017. This network provided real-time data to local residents about flooding in their area. Moreover, it allowed for the validation and improvement of a numerical model to reproduce storm surges, using a high-density hyper-local network of 55 sensors to observe and record the water level along the North Georgia coast (Park et al., 2022), involving students, citizens, and local communities.


Within the UN OceanDecade, The CoastPredict Program and its Core Project PredictOnTime have underlined the importance of expanding the capacities of citizen science low-cost sensors to increase the observing capabilities in the under-sampled coastal areas, especially in the Global South.


The lack of solid data on the potential impacts of climate change results in many important questions that remain unanswered, from the molecular and biochemical level to the ecosystem level (Alasdair, 1995). This creates considerable uncertainty in the predictions about future climate changes. Trégarot et al. (2024) for their part emphasize the need for comprehensive, long-term monitoring with an integrated approach that considers multiple species, ecosystems and stress factors, such as meteo-marine variables, to better predict the impacts of climate change and other human pressures on the most vulnerable marine and coastal ecosystems.


Additionally, the dynamic interplay between coastal erosion and flood risk further complicates vulnerability, with shoreline morphology playing a critical role in flood exposure [e.g., (Pollard et al., 2019)]. Pollard et al. emphasize the importance of understanding coastal evolution to effectively assess and mitigate flood risks, particularly in regions prone to frequent storms and rising sea levels.


Floods, caused by storm surges —defined as an abnormal increase in water level generated by storms, either below or above the predicted astronomical tide and primarily driven by strong winds US National Hurricane Center - Storm Surge Overview)— significantly affect marine ecosystems due to its impact on sediment distribution and dynamics and its influence in the modification of the coastal slope. These processes are considered one of the main reasons for the regression and loss of important habitats [e.g., (Ietto et al., 2023)], such as Posidonia oceanica meadows and coralligenous species in coastal waters. Storm surges also pose serious threats to human population; recent events have shown that the sea level rise associated with high-intensity hurricanes making landfall has caused numerous fatalities along the coasts worldwide where human presence continuously increases.


Although these natural phenomena cannot be avoided, it is possible to predict them with accurate forecasts and reduce their consequences through the implementation of early warning systems, which have been proven to be an efficient tool both to monitor the event in its early stages and to expedite alerts to key users and the general population [e.g., (Kristensen et al., 2022)]. Forecasting is often done with the main approaches of exploiting past statistical evidence (i.e., statistical forecasting) and using dynamical models, which simulate in detail currents and water levels in a regional set-up [e.g., (von Storch, 2014)] however data assimilation is very important to correct the boundaries and consider the calibration processes not included in the model [e.g., (World Meteorological Organization, 2011)] and the integration of in-situ observations is crucial for the validation and optimization of the model forecast and to achieve a better approximation to reality.


There is still a considerable knowledge gap due to the lack of coastal observations, especially in developing countries, due to the inability to access user-friendly, low-cost instrumentation. Fortunately, recent technological advances have created opportunities to improve low-cost data acquisition and transmission systems [e.g., (Marcelli et al., 2021)]. Although lowcost systems have already been implemented for example to obtain water level data in rivers in a practical and precise manner [e.g., (Kabi et al., 2023)], currently, the data acquisition for sea level monitoring are mostly dedicated to sea level with reference to astronomical tide; these systems tend to be expensive and of long integration.


In this context, citizen science-based practices are playing an increasingly significant role across a wide range of environmental research areas, including assessing the impacts of climate change [e.g., (Pandeya et al., 2021)]. For these reasons, the growing availability of low-cost sensors further supports these efforts by enabling broader participation and expanding the spatial and temporal scales of data collection. Advances in affordable sensor technology and smartphone connectivity have facilitated a growing number of citizen-led environmental measurements, including precipitation, river levels, and soil moisture [e.g., (Paul and Buytaert, 2018)]. This approach can also contribute to the validation of forecasting models through coordinated volunteer efforts. In such initiatives, citizen scientists are trained to use the Sea Level Rise mobile application to collect three types of flood-related data, all of which are valuable to improve the accuracy and reliability of model outputs [e.g., (Loftis et al., 2019)]. This participatory method not only increases data density and spatial coverage, but also fosters community engagement in climate adaptation and risk reduction strategies.


Within this framework, the purpose of this paper is to evaluate the use of low-cost ultrasonic sensors for water level measurements and to present the development, deployment, testing and applications of the InterBox, a low-cost system for monitoring water levels (including ultrasonic sensors) and meteorological variables, designed to support both research, education, and citizen science initiatives. The system aims to address the need to democratize environmental observations by making data collection accessible to non-experts and promoting inclusive participation in scientific processes. This approach aligns with the objectives of the CoastPredict program by contributing to the generation of dense, real-time coastal data, which are essential for improving early warning systems and enhancing predictive capabilities.


This paper is organized as follows: Section 2 provides a brief overview of the state-ofthe-art in sea level measurement technologies. Sections 3, 4, and 5 describe the ultrasonic sensor used in this project, the calibration procedure, the data acquisition and transmission system used in the tests, and the pilot site where the implementation and tests were carried out. Section 6 presents the Inter-Box system, which integrates sea level and meteorological sensors along with a transmission and solar power unit. Section 7 shows the results and discussion, and Section 8 concludes with final remarks and perspectives for future work.






2 State of the art in water level measurement


The common method for measuring and recording water levels involves using tide gauges equipped with various sensor technologies. Recent advances in sea level measurement technology have greatly improved accuracy, reliability, and data resolution. As shown in 
Table 1
, each sensor technology has its own advantages and limitations, and the choice of sensor depends mainly on the characteristics of the installation site and the budget and objectives of the project. Below are some traditional and emerging sensor technologies used for water level measurement.


	
Float Tide Gauges: The typical tide gauge uses a float housed within a stilling well, which protects it from waves and turbulence. The float moves up and down with the changing sea level, and this movement is measured and registered either mechanically or electronically.


	
Pressure Sensors: These devices are submerged in water to measure the pressure exerted by the water column above them, which is then converted into a corresponding water level measurement (in-situ Level Troll 700H data logger, Sea-Bird


	
Bubbler Sensors: Measure water column pressure using a small-diameter tube submerged in the water. An air source pushes the air through the tube, and the system adjusts the air pressure until bubbles emerge. The pressure needed to generate these bubbles reflects the water column pressure, which is used to determine the water level (OTT Compact Bubbler Sensor).


	
Radar Sensors: These sensors emit microwave pulses towards the water surface and measure the distance by calculating the time it takes for the pulses to return after being reflected. These devices do not make direct contact with the water (Campbell Scientific CS475 Radar).


	
Acoustic Sensors: These sensors emit sound waves towards the sea surface and measure the distance by calculating the time it takes for the echoes to return. Acoustic sensors are particularly effective in environments where radar might be less reliable, such as in dense fog or precipitation (MaxSonar Water Level Sensor).


	
Capacitive Cables: This emerging technology for sea level measurement detects changes in capacitance as the water height around the sensor varies. Capacitance, which depends on the dielectric constant of the water and the sensor’s geometry, changes with the water level (Ocean Sensors System Wave Staff).


	
Resistive Cables: This emerging technology for sea level measurement measures the electrical resistance between two electrodes submerged in water. The resistance changes in response to the water height between the electrodes (Jowa Metritape Level Sensor).


	
Optical Fiber: This innovative technology uses a submerged optical fiber cable to measure changes in water level through techniques such as Optical Time-Domain Reflectometry (OTDR). The optical fiber detects variations in temperature, pressure, and strain along its length, which can be correlated with changes in sea level [e.g., (Liu et al., 2021)].


	
Satellite Altimetry: This innovative technology enables global sea level monitoring. It involves satellites equipped with altimeters that precisely measure the distance between the satellite and the sea surface (Earth.gov - About Sea Level Change: How We Measure (The Basics)).






Table 1 | 
Comparison of sea level measurement technologies: benefits and limitations.




	Technology

	Benefits

	Limitations






	Float tide gauges




	 
	• Simple design.
• Long history of use, timetested.
• Protection against waves and turbulence via a stilling well.
	• Prone to obstructions and frequent maintenance.
• Limited to specific physical locations.
• Requires space for well installation.



	Pressure sensors




	 
	• Direct and precise water level measurement.
• Operates in all weather conditions.
	• Requires periodic calibration and cleaning of biofouling.
• Data can be affected by water density variations.



	Bubbler sensors




	 
	• Low sensitivity to biofouling.
• Easy installation and maintenance.
	• Requires a constant air supply.
• Not suitable for deep water.



	Radar sensors




	 
	• No direct contact with water, reducing maintenance.
• Accurate and reliable, even in turbulent waters.
	• High initial costs.
• Limited in dense fog or high humidity conditions.



	Acoustic sensors




	 
	• Potentially low cost.
• Highly effective in fog or precipitation conditions.
• No direct contact with water,reducing maintenance.
	• Sensitive to ambient noise or unwanted echoes.
• May require careful alignment during installation.



	Capacitive cables




	 
	• Highly sensitive to small changes in water level.
	• Emerging technology, less proven in real-world conditions.
• Susceptible to external interference (pollution, fouling).



	Resistive cables




	 
	• Resistant to harsh conditions.
• Simple design for integrated systems.
	• Data may be affected by variable water conductivity.
• Emerging technology with limited implementations.



	Optical fiber




	 
	• High precision and ability to cover large areas.
• Multi-parametric detection (pressure, temperature, deformations).
	• Requires specialized infrastructure and equipment.
• High initial and maintenance costs.



	Satellite altimetry




	 
	• Global coverage without requiring local infrastructure.
• Ideal for large-scale monitoring.
	• Limited accuracy in coastal zones or narrow straits.
• High operational costs and restricted data access.













3 Ultrasonic sensors for water level measurements


As shown in 
Table 2
, ultrasonic sensors present both advantages and limitations for water level measurements; however, their use in monitoring sea and river levels provides precise and accurate data at a very low cost. Their compact size, low energy consumption, and minimal maintenance requirements make them an excellent choice for creating a sensor network to monitor sea and river levels, thereby increasing the granularity of the data. This capability, which is crucial for monitoring extreme events, is often limited by the sparseness of water level measurement stations [e.g., (Yang et al., 2024)].



Table 2 | 
Benefits and limitations of using ultrasonic sensors for water level monitoring.




	Technology

	Benefits

	Limitations






	Ultrasonic sensors




	 
	• Non-contact measurement minimizes the risk of corrosion and biofouling.
• Low cost, compact size and easy to deploy and maintain.
• Provides real-time data with minimal power consumption, making it ideal for battery or solar-powered systems.
	• Affected by environmental factors such as heavy rains and high wind speeds.
• Requires stable mounting and clear line of sight to the water surface.
• Limited range and resolution compared to more advanced systems.









Ultrasonic distance sensors operate on the Time-of-Flight (ToF) principle, emitting ultrasonic pulses and measuring the time it takes for these pulses to travel to an object and return to the sensor. For accurately measuring water levels in coastal and river applications—such as monitoring the effects of storm surges, compound floods and flash flooding in estuarine zones—we propose using the affordable, low-cost HY-SRF05 Precision Ultrasonic module (
Figure 1
) in a high spatial resolution network. This module provides precise measurements of the distance to the water surface, which can be converted into water level readings by setting an arbitrary reference point, whether at sea or along a riverbank.


[image: Ultrasonic distance sensor module SRF05 with two cylindrical transducers on a blue circuit board. It has labeled connection pins for VCC, Trig, Echo, OUT, and GND.]
Figure 1 | 
HY-SRF05 precision ultrasonic sensor.







3.1 HY-SRF05 precision ultrasonic module


The HY-SRF05 provides non-contact measurement ranging from 2 to 450 cm with an accuracy reaching 2 mm and includes transmitters, receivers, and control circuitry in the same board.


The 
Table 3
 outlines the technical specification of the sensor.



Table 3 | 
Ultrasonic sensor technical specifications.




	Parameter

	Value






	Voltage
	5 VDC



	Static Current
	
< 2 mA



	Measurement Angle
	15°



	Measurement range
	2–450 cm



	Measurement rate
	1 Hz



	Resolution
	≈ 2mm




	Dimensions
	6 x 3.5 x 2 cm



	Weight
	≈ 75g










As shown in 
Figure 2
, in our test the device was enclosed in a protective plastic cover and coated with epoxy resin to protect the circuitry, creating a sensor that is resistant to weather conditions. The compact dimensions (6 x 3.5 x 2cm) and lightweight (≈ 75g) of the encapsulated sensor make it easy to handle and install at remote sites.


[image: A rectangular black device with two circular mesh-covered openings on the front. A yellow wire is attached to the side. Dimensions are marked as three point five centimeters wide and six centimeters tall.]
Figure 2 | 
Weather-resistant ultrasonic sensor.




The HY-SRF05 sensor is designed to integrate seamlessly with the digital interface of the datalogger. It uses TTL-level digital pulse signals for communication through its dedicated trigger and echo pins. 
Figure 3
 shows the timing diagram of the ultrasonic module. To initiate the measurement process, a short 10 µs pulse must be applied to the module trigger input. Once triggered, the module responds by emitting an 8-cycle burst of ultrasonic waves at 40 kHz. Afterward, it generates a pulse on the echo pin, whose duration must be measured, as it is proportional to the time it takes for the ultrasonic wave to travel to the object and back.


[image: Diagram displays three signal waveforms. The top line represents a trigger input with a 10 microsecond TTL pulse. The middle line shows an 8-cycle burst of 40 kilohertz pulses. The bottom line illustrates an echo pulse output with a labeled region indicating pulse duration for measurement.]
Figure 3 | 
Sensors data transmission timing diagram.




Based on the duration of the echo pulse, the distance can be calculated using the 
Equation 1
.



Distance
=



(


S

10000



)

·
c

2



(1)


where S represents the elapsed time (in µs) for the ultrasonic pulse to travel to the target and back, and c is the speed of sound (in m/s).


Note: Divided by 2 because the sensor returns the round-trip time, which doubles the distance measurement.


Since the speed of sound depends on air temperature, it can be calculated using the 
Equation 2
.



c
=
331
·


1
+

T

273






(2)


where T is the air temperature in degrees Celsius.


To ensure accurate compensation, a T-type thermocouple connected to a differential input channel of the datalogger was used to measure and record the air temperature. The thermocouple was placed a few centimeters away from the ultrasonic sensors to ensure precise temperature measurements.






3.2 Sensors Calibration


Two low-cost HY-SRF05 ultrasonic sensors and a medium-cost MB7369 sonar sensor were calibrated using a Campbell Scientific CR300 Datalogger for data acquisition and storage, with a Campbell Scientific CS475 radar as reference. The MB7369, known for its accuracy and precision, has been successfully used for river flood monitoring (MaxBotix https://maxbotix.com/blogs/blog/river-flood-monitoring-with-ultrasonic-sensors River Flood Monitoring with Ultrasonic Sensors) and was used in the calibration process to compare the sensors response. Calibration involved placing all sensors at the top of a ≈ 1.0m deep tank (
Figure 4
) and emptying and refilling the tank over an eight-hour period. Data were acquired at 0.5 Hz.


[image: A mechanical setup featuring a blue container with a mounted device, consisting of pipes, wires, and tubes. A close-up below shows the device's central components, highlighting a funnel-like structure attached to the mounting. Red dashed lines connect the overview to the close-up, indicating their relationship.]
Figure 4 | 
Sensors setup for the calibration process. The lower image shows the sensors from a bottom view.




The ±5 mm accuracy and 1 mm resolution of the CS475 radar provide detailed and accurate readings, thus enhancing the performance of the ultrasonic sensors. Consequently, we can confidently rely on the data collected from the sensors for future analysis and decision-making.




Table 4
 shows a comparison of the most important specifications of all the sensors used in the calibration process.



Table 4 | 
Comparison of water level sensor specifications.




	Specification

	HY-SRF05

	MB7369

	CS457

	UNITS






	Price
	≈ 15
	≈ 150
	≈ 3000
	€



	Voltage
	4.5 - 5.5
	2.7 - 5.5
	9.6 - 16
	VDC



	Current
	2
	2.3
	14
	mA



	Meas Range
	2 - 450
	30 -500
	5 - 2000
	cm



	Resolution
	2
	1
	1
	mm



	Accuracy
	± 5
	1%
	± 5
	mm



	interface
	Pulse-Timing
	RS232
	SDI-12
	–









The data collected allowed us to compare the response of the sensors under controlled conditions and to establish calibration equations for each ultrasonic and sonar sensor using first-order linear regression. 
Figure 5
 shows the calibration curves for each sensor, with the first-order calibration equations displayed in the top left of the figure and the CS475 radar response as reference. As shown in the figure, all sensors present a very similar response under the tested conditions.


[image: Calibration curves for water level sensors show distance to water versus number of samples. Curves for sensors MB7369 (SON), Ultrasonic-1 (US1), Ultrasonic-2 (US2), and CS475 Radar are plotted. Labels indicate “Emptying” and “Filling” phases.]
Figure 5 | 
Sensors calibration curves. (“US1” and “US2” corresponds to the ultrasonic sensors while “SON” corresponds to the MB7369 Sonar Sensor).









4 Data acquisition and transmission system


To conduct performance tests on the sensors, a Data Acquisition System (DAQ) was integrated including a CR300 data logger (
Figure 6
) for recording and storing data of all sensors and a Seeeduino Grove-LoRa-E5 module (
Figure 7
) for transmitting data to a receiving station. An autonomous solar power supply system was also incorporated.


[image: CR300 datalogger by Campbell Scientific, featuring multiple input terminals, a USB port, an RS-232 port, and labels for power and serial number. Designed for data collection and analysis.]
Figure 6 | 
Campbell scientific CR300 datalogger.




[image: Electronic module with a blue circuit board featuring a white LoRa-ES-HF chip, antenna coil, and a white connector socket. Circuit components and labeled sections are visible on the board.]
Figure 7 | 
Grove - LoRa-E5 transceiver.




A block diagram of the DAQ is shown in 
Figure 8
. The diagram includes illustrations of the water level sensors, the datalogger, the LoRa transmitter and the distribution of the devices in the supporting structure. The main function of the datalogger was to control the data acquisition process, record the data in internal memory, and prepare the information to be sent through the LoRa-E5 transmitter.


[image: Diagram illustrating a sensor setup for data acquisition (DAQ). On the left, three sensors are shown: HY-SRF05 Ultrasonic, MB7369 Sonar, and CS475 Radar. The middle section depicts a floating platform with labeled components: instrumentation box, LoRa transmitter, solar panel, sonar sensor, ultrasonic sensors, radar sensor, floating sensor, and gauge staff. On the right, DAQ components are displayed: GROVE LoRa-E5, CR300 with STML32 microcontroller, and memory options including internal memory and SPI IC memory.]
Figure 8 | 
Block diagram of the system for installing and testing the low-cost ultrasonic sensors used for water level measurements.







4.1 Datalogger CR300


The CR300 series (
Figure 6
) are compact, highly integrated, multipurpose, measurement and control data loggers that offer fast communications, low power requirements, builtin USB, and excellent analog input accuracy and resolution. This datalogger is highly valued in the research field for its reliability and versatility.




Table 5
 outlines some of the technical specifications of the CR300 datalogger.



Table 5 | 
Campbell scientific CR300 datalogger specifications.




	Parameter

	Description






	Processor
	ARM Cortex M4 MHz.



	CPU Drive Memory
	80 MB Serial Flash.



	Data Storage Memory
	30 MB Serial Flash.



	RTC Resolution
	±1 min per month.



	Power Supply
	10–18 VDC.



	Typ. Current
	23 mA (12 Vdc).



	Analog Inputs
	6 single-ended (SE).



	

	3 differential (DIFF)



	ADC Resolution
	24-Bit.



	Digital ports
	SDI-12, RS232, PWM, HF input, GPIO.













4.2 GROVE-LoRa-E5 transceiver


LoRa technology (short for “Long Range”) was developed by Semtech Corporation (Semtech - LoRa Technology) and is designed for long-range, low-power wireless communication between devices in the Internet of Things (IoT). Operating on the unlicensed ISM (Industrial, Scientific, and Medical) bands, LoRa offers flexibility in deployment and can achieve ranges of several kilometers, depending on various factors such as environmental conditions and antenna design. LoRaWAN (Long Range Wide Area Network) is a protocol that operates on top of LoRa technology.


The Grove LoRa-E5 (
Figure 7
) is a wireless radio module that supports both LoRa and LoRaWAN protocols on the EU868 and US915 frequencies, as well as (G)FSK, BPSK, (G)MSK, and LoRa modulations. The device communicates using AT commands and interfaces with the datalogger via a serial port to transmit data to a receiving station.




Table 6
 presents some of the technical specifications of the LoRa transceiver.



Table 6 | 
Grove-LoRa-E5 transceiver technical specifications.




	Parameter

	Description






	Processor
	32-Bit ARM Cortex M4 @ 48 MHz



	Power Supply
	3.3–5 VDC.



	Working Freq.
	868/915MHz



	Sensitivity
	-116.5dBm -136dBm



	Typ Current
	60uA (Sleep mode)














5 Pilot site


A pilot site was established at the Port of Civitavecchia, located at coordinates 42°05’40.6”N, 11°47’09.5”E in Rome, Italy. Direct measurements were conducted here to determine the distance between the level sensors and the sea surface. A tide gauge station owned by the Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA), Italy, is located approximately 250 meters from the pilot site, allowing for comparison of the registered data with the developed system mentioned in this article. This ISPRA tide gauge consists of a floating hydrometer and a radar level transducer, providing data redundancy.


The pilot site was set up with the installation of water level sensors and the data acquisition and transmission system (
Figure 9
). Two low-cost ultrasonic sensors (US1 and US2), as well as sonar and radar sensors, were placed facing the sea surface. The setup followed the proposed configuration, with a CR300 data logger at its core, and data transmission facilitated by the LoRa-E5 modem. Data were acquired at a rate of 0.2 Hz, with quality control performed by first removing outliers and then calculating the median of the data over 10-minutes interval.


[image: A yellow marine monitoring device is installed on a concrete pier near a waterway, with a larger view showing its interior. The device contains electronic components connected by wires, enclosed in a gray box with its door open, revealing circuit boards and cables. Red dotted lines highlight the connection between the device and the internal components.]
Figure 9 | 
Data acquisition system and sensors installed in the pilot site.




A differential leveling survey was conducted between the tide gauge station at the pilot site and a benchmark approximately 300 meters away [42°05’46.378”N, 11°47’17.272”E], which is owned and managed by the Port Authority of Civitavecchia, Italy. This survey precisely established the elevation (quota) of the ultrasonic sensors relative to mean sea level, resulting in a measurement of 3.876 meters. This accurate measurement allows for direct comparison with the data from the ISPRA tide gauge.






6 InterBox: air-sea interface observing system in a box


Following the evaluation of the performance and reliability of the aforementioned low-cost ultrasonic water level sensors (see Section 7: Results), the air-sea interface observation system, referred to as InterBox (
Figure 10
), was designed to incorporate these sensors. This easy to install, low-cost system, whose production cost ranges from €300 to €500, depending on the selected data transmission method, includes, among other features, a datalogger, a solar power supply, and various sensors for monitoring environmental variables with high accuracy and minimal power consumption.


[image: A white, rectangular electronic device labeled “cmcc Centro Euro-Mediterraneo sui Cambiamenti Climatici” is shown. It has multiple cable connectors, including black and blue ports, with connecting wires visible.]
Figure 10 | 
InterBox air-sea interface observing system in a box.







6.1 Datalogger


It consists of a main data acquisition and pre-processing board, along with several expansion boards for data storage and transmission. It also incorporates a solar-powered electrification system and various sensors to record data such as water level, barometric pressure, air temperature and relative humidity.





6.1.1 Data acquisition board


It is based on the STM32L microcontroller, which runs programs developed using the Arduino programming language. These programs manage the acquisition, storage, and transmission of data from various sensors. Additionally, the system provides communication ports for both analog and digital sensor interfaces (I2C, RS232, SPI, OneWire, etc.), a real-time clock (RTC), as well as integrated SPI memory and an external microSD card for data storage.






6.1.2 Expansion boards


The boards are interchangeable and equipped with devices for remote data transmission, allowing the selection of the most suitable transmission method based on the installation site. Options include Long Range (LoRa) radio frequency modulation technology, which enables wireless communication over long distances (≈ 10–10 km in ideal conditions) with low energy consumption, and GlobalStar satellite technology for locations where satellite transmission is the only viable option. Additionally, data transmission via Wi-Fi or cellular networks is possible where available. The boards also include an ultra-low-power GNSS receiver, useful for determining the exact geographic location of the installation site and synchronizing data within the tide gauge network, as well as expansion ports for sensor interfacing.






6.1.3 Solar power system


To power the device, a solar-powered electrification system was designed. It includes two 3.7 V, 5 Ah lithium-ion (Li-Ion) batteries, a 6 V, 3.5 W solar panel, and an MPPT charge controller to regulate charging and protect the connected devices. This system ensures an autonomy of approximately 3 days in the event of solar panel failure, and up to 6 days under prolonged cloudy conditions.







6.2 Meteorological sensors


A low-cost PTH probe was included to accurately measure barometric pressure, air temperature, and relative humidity at the ocean–atmosphere interface. These measurements provide essential insights for understanding and forecasting storm dynamics, improving early warning systems, and evaluating the broader impacts of climate change on coastal regions. By monitoring these variables, we can more effectively predict, prepare for, and mitigate the effects of extreme weather events.





6.2.1 DS18B20 temperature sensor


The DS18B20 digital thermometer (
Figure 11
) provides 9-bit to 12-bit resolution for Celsius temperature measurements and communicates over a 1-Wire® bus that by definition requires only one data line (and ground) for communication with a microprocessor. Each sensor is factory calibrated and has a unique 64-bit serial code, which allows multiple devices to function on the same 1-Wire bus. The data obtained from this sensor is used to compensate ultrasonic water level measurements for temperature variations, since the speed of sound, and therefore the accuracy of these measurements, depends on temperature.


[image: Three-pin electronic component with a black rectangular top labeled “18B20 2038C4 +233AA.” The pins are long and thin, extending from the component.]
Figure 11 | 
Dallas DS18B20 temperature sensor.






Table 7
 presents some of the technical specifications of the DS18B20 temperature sensor.



Table 7 | 
DS18B20 temperature sensor technical specifications.




	Parameter

	Description






	Interface
	1-Wire®




	Power Supply
	3.3–5 VDC.



	Range
	-55°C to +125°C



	Resolution
	9 to 12 bits



	Accuracy
	± 0.5°C (-10°C to +85°C)













6.2.2 DHT20 relative humidity sensor


The DHT20 (
Figure 12
) is a digital sensor used to measure relative humidity and temperature. It features an improved MEMS capacitive humidity sensing element and a standard on-chip temperature sensor. All sensors are factory calibrated and are characterized by low power consumption, high precision and stability, fast response time, and strong resistance to electromagnetic interference.


[image: A black and gold gravity sensor module featuring a temperature and humidity sensor with a grid-like black component and a white connector. Labeled “DHT20 V1.0.]
Figure 12 | 
DHT20 relative humidity sensor.






Table 8
 presents some of the technical specifications of the DHT20 Relative Humidity sensor.



Table 8 | 
DHT20 relative humidity sensor technical specifications.




	Parameter

	Description






	Interface
	I2C



	Power Supply
	3.3–5 VDC.



	Range
	0-100%



	Resolution
	0.024%RH



	Accuracy
	± 3%RH













6.2.3 MS5803-01BA barometric pressure sensor


The MS5803-01BA (
Figure 13
) is a new generation of high resolution altimeter sensors from TE Connectivity with SPI and I2C bus interface. The sensor module includes a high linearity pressure sensor and an ultra-low power 24-bit ΔΣ ADC with internal factory calibrated coefficients. It provides a precise digital 24 Bit pressure and temperature value and different operation modes that allow the user to optimize for conversion speed and current consumption.


[image: A metal filter holder with a circular, transparent cover is secured on a blue and gray base. It appears engineered for precise applications, possibly in scientific or industrial settings.]
Figure 13 | 
MS5803-01BA barometric pressure sensor.






Table 9
 presents some of the technical specifications of the MS5803-01BA barometric pressure sensor.



Table 9 | 
MS5803-01BA barometric pressure sensor technical specifications.




	Parameter

	Description






	Interface
	I2C



	Power Supply
	1.8 - 3.6 VDC.



	Range
	10 to 1300 mbar



	Resolution
	0.012 mbar



	Accuracy
	± 2.5 mbar









The accuracy and reliability of traditional tide gauges are widely recognized. However, their high costs of acquisition, installation, and maintenance prevent them from being deployed in areas with limited resources and from improving data granularity in areas that are already instrumented. The use of these systems is frequently restricted to a small number of key locations since they usually require specialized infrastructure, skilled personnel, and continuous operational support. On the other hand, the use of low-cost alternatives provides an affordable and scalable solution. The low cost, low maintenance, and ease of deployment features of the InterBox system make it an ideal solution for integration into citizen science projects or monitoring networks, enhancing data granularity to better assess climate change impacts on coastal zones.








7 Results and discussions


Sea level data were recorded at the pilot site from September to December 2023 to test the performance and response of two low-cost ultrasonic sensors, although data recording continues as of this writing.




Figures 14
 and 
15
 show the Pearson’s correlation coefficients, with a 99% confidence interval, between the data acquired from Ultrasonic Sensor 1 (US1) and Ultrasonic Sensor 2 (US2), respectively, and the Radar reference sensor over the specified period.


[image: Scatter plot depicting Pearson correlation between Ultrasonic Sensor 1 and Radar Sensor readings. Points cluster along a red trend line showing a strong positive correlation. Correlation coefficient is 0.9918, with a 99 percent confidence interval of [0.9914, 0.9921].]
Figure 14 | 
Correlation between the US1 and the Radar reference sensor.




[image: Scatter plot showing the correlation between Ultrasonic Sensor 2 readings and Radar Sensor readings. Blue data points form a linear pattern, with a red trend line indicating high positive correlation. The correlation coefficient is 0.9930 with a 99% confidence interval of [0.9927, 0.9933].]
Figure 15 | 
Correlation between the US2 and the Radar reference sensor.




A Pearson correlation coefficient of 0.9918 and 0.9930, respectively, indicates a very strong positive linear relationship between the two data series, suggesting that the trends and responses of the sensors are well-aligned.


To validate sensor data, a comparison was made between the data obtained from the sensors at the pilot site and the data from the tide gauge station operated by the Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA).




Figure 16
 presents a four-month comparison between the data series of the Ultrasonic Sensor 1 (US1) and the ISPRA tide gauge reference. All data gaps occurred due to power interruptions, such as battery discharges or power outages at the receiving station, as well as interruptions in data transmission.


[image: Time series graphs showing water level readings from September to December 2023. Each graph compares two data sets: ISPRA Gauge (red dashed line) and Ultrasonic Sensor 1 (blue dotted line). September shows an RMS of 0.1209 and STD of 0.1143. October has RMS 0.1580, STD 0.1325. November reports RMS 0.1626, STD 0.1092. December shows RMS 0.1212, STD 0.1138. The y-axis is water level in meters; the x-axis is the date.]
Figure 16 | 
Monthly plots of the US1 data series from September to December 2023.




The statistical analysis over the entire period yields a mean difference (BIAS) of -0.02208, indicating that, on average, the sensor readings are slightly lower than the ISPRA readings by approximately 0.022 m (22 mm). A Root Mean Square Error (RMSE) value of 0.04567 suggests that the sensor readings typically deviate from the reference readings by about 0.045 m (45 mm). Additionally, a Mean Absolute Error (MAE) of 0.03515 indicates that, on average, the sensor readings differ from the reference readings by approximately 0.035 m (35 mm).




Figure 17
 presents a four-month comparison between the data series of Ultrasonic Sensor 2 (US2) and the ISPRA tide gauge reference. All data gaps occurred due to power interruptions, such as battery discharges or power outages at the receiving station, as well as interruptions in data transmission.


[image: Four line graphs show time series of water level readings from ISPRA Gauge and Ultrasonic Sensor 2 for September to December 2023. Each graph has readings in meters on the y-axis and dates on the x-axis. September and October graphs display higher variance in readings compared to November and December. Root Mean Square (RMS) and Standard Deviation (STD) values are provided for each month, indicating variability in water levels.]
Figure 17 | 
Monthly plots of the US2 data series from September to December 2023.




The statistical analysis over the entire period yields a mean difference (BIAS) of -0.02048, indicating that, on average, the sensor readings are slightly lower than the ISPRA readings by approximately 0.020 m (20 mm). A Root Mean Square Error (RMSE) value of 0.04460, suggests that the sensor readings typically deviate from the reference readings by about 0.044 m (44 mm). Furthermore, the mean absolute error (MAE) of 0.03448 indicates that, on average, the sensor readings differ from the reference readings by approximately 0.034 m (34 mm).


From the statistical analysis carried out between the two ultrasonic sensors (US1 and US2) and the ISPRA tide gauge station, slight differences in the centimeter range were identified. We believe that these discrepancies may be primarily due to two factors:


	
Calibration differences or systematic drifts in the ultrasonic sensor.


	
Differences between the measurement environments.





Our tide gauge, which integrates ultrasonic sensors, is installed in an open basin, where it is directly exposed to wind, waves, and temperature fluctuations. In contrast, the ISPRA tide gauge is located within a stilling well, which naturally dampens short term surface disturbances such as ripples and swells. These contrasting configurations and techniques likely contribute to systematic and random drifts. For example, wind and waves can introduce noise into the open basin sensor while small calibration discrepancies or the inherent characteristics of the sensor may also play a role.


Despite these differences, we consider the results to be robust enough to support the use of this technology in future sea and river level monitoring initiatives. The observed accuracy is adequate for a variety of applications, including the deployment of local monitoring networks and the implementation of early warning systems. Furthermore, thanks to its compact size and easy installation, the system can be easily deployed on platforms of opportunity, such as piers, bridges, or any structure offering a clear view of the water surface by simply mounting the sensor on a horizontal pipe (See 
Figure 18
). This flexibility significantly reduces deployment barriers and facilitates the cost-effective expansion of observation networks.


[image: Two images of environmental monitoring sensors at a waterway. The left image shows a sensor attached to a metal structure, over a calm body of water near a dock. The right image shows a similar sensor mounted on a yellow-striped arm, positioned above slightly rippled water beside a concrete wall.]
Figure 18 | 
InterBox installed in Manila, Philippines (on the left) and Civitavecchia, Italy (on the right).




After the testing phase, the InterBox system was deployed at various sites in both Italy and the Philippines (See 
Figure 18
) to evaluate its performance under different environmental conditions and to test various data transmission options.


These deployments were made possible with the support of the DCC-CR (Ocean Decade Collaborative Centre for Coastal Resilience; e.g (Pasqualetto et al., 2024)]. Additionally, the installations were integrated into training activities aimed at demonstrating the feasibility of large-scale sensor deployment by non-experts, involving students and local communities in the process. This participatory aligns with the core mission of the InterBox system: to make environmental monitoring more accessible, scalable, and community-driven.




Figure 19
 shows a time series of barometric pressure, air temperature and humidity recorded between February 24 and March 10, 2025, in Rimini, Italy, where the InterBox system was installed and tested. The collected data are transmitted in quasi-real-time to the European Marine Observation and Data Network (EMODnet) and are freely available for download at (EMODnet Physics - Marine Data Portal).


[image: Three line graphs display environmental data recorded by the Euro-Mediterranean Centre on Climate Change. The first graph shows atmospheric pressure at sea level in hectopascals from February twenty-second to March tenth, two thousand twenty-five. The second graph presents air temperature in degrees Celsius over the same period. The third graph illustrates relative humidity as a percentage. Data fluctuates across all graphs, showing distinct patterns over time.]
Figure 19 | 
Time series of barometric pressure (top), air temperature (middle), and relative humidity (bottom) recorded in Rimini, Italy, from February 24 to March 10, 2025.




These data are available alongside data from the InterBox systems installed in Manila, Philippines, and Civitavecchia, Italy (Data from the latter location are shown in 
Figure 20
. This ensures enhanced data availability, benefiting not only local communities but also a broader, global audience.


[image: Graphs showing data from the Euro-Mediterranean Centre on Climate Change. The top graph displays sea level height in meters, with fluctuating lines from October 17, 2024, to November 18, 2024. The bottom graph presents air temperature in degrees Celsius over the same dates, with corresponding fluctuations. Additional information includes platform name, codes, type, and observation dates.]
Figure 20 | 
One-month time series of sea level data displayed on EMODnet Physics and recorded at Civitavecchia, Italy.




To ensure the reliability of the data, it is strongly recommended to perform a quality control (QC) process before uploading data to the EMODnet platform. The following basic steps are suggested as part of this QC procedure.


	Range check: Considered as outliers the values falling outside predefined physical or expected limits for each variable.


	Statistical deviation: Identify as anomalous the values that deviate more than 2 standard deviations from the mean.


	Spike detection: Sudden changes between consecutive measurements that exceed a defined threshold should be considered erroneous.


	Missing data: Identify NaN or missing values and flag them as anomalous.





It is also important to establish consistent calibration practices to ensure proper intercalibration of the instruments used by different participants. For water level measurements, a recommended first step is to periodically perform differential leveling, where feasible, between sensors and a reference point (benchmark) with known elevation, in order to detect and correct for vertical offsets. This method was applied at our pilot site (see Section 5: Pilot Site). Also, deploying reference benchmarks at each site and comparing data during overlapping deployment periods can help identify systematic biases. For atmospheric variables, cross-comparison of PTH measurements during overlapping deployments and regular calibration against high-precision reference sensors or traceable standards can help identify biases and drifts, ensuring improved data reliability. In addition, defining installation procedures, maintaining detailed metadata and applying uniform quality control routines between sites are key practices to ensure data consistency and comparability within the network.






8 Conclusions and future work


A highly affordable, low-cost ultrasonic sensor has been tested and implemented for precise water level measurements. The sensor is significantly more affordable compared to other commercial sensors commonly used for sea level measurements, and its technical specifications are broadly comparable (see 
Table 4
). The results indicate that while there is a small systematic bias and some variability, the sensor provides measurements that are reasonably close to the reference. Additionally, the trend and performance of the ultrasonic sensors presented in this work are well-suited for integration into a low-cost sensor network, aimed to enhance data granularity while maintaining accuracy and precision. However, calibration across a broader range of water levels is recommended to achieve a more accurate response from the ultrasonic sensors within their operating limits.


An air-sea interface observation system was also designed and implemented, utilizing the ultrasonic sensors for water level measurements evaluated in this work, along with meteorological sensors to monitor key variables such as barometric pressure, air temperature, and relative humidity. This system will be integrated into prototypes of a Digital Twin of the Coastal Ocean, aiming to facilitate the development of customized applications, multi-hazard early warning systems, and robust decision-making tools and strategies, tailored to address future climate extremes.


In the context of citizen science, the use of these air–sea interface observation systems based on low-cost ultrasonic sensors is highly beneficial due to their accessibility and ease of implementation. On going projects will deploy tens of sensors in Italy and in the Global South, installation will involve Marine Protected Areas (MPA) managers, port authorities, schools students, and local authorities. The use of these sensors enables local communities to actively participate in monitoring water levels and environmental variables, generating valuable data to investigate phenomena such as flooding and seasonal variations. Moreover, their low cost facilitates the expansion of monitoring networks, promoting greater collaboration and raising awareness of sustainable water resource management.


The extension of the marine observation network with low-cost and low-maintenance systems will help to improve our understanding of extreme climatic events and address future mitigation and adaptation strategies to reduce the impact of storm surges on coastal communities and ecosystems.
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Time Series of Water Level Readings (Nov. 2023)

Time Series of Water Level Readings (Dec. 2023)
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First Observation:
2025-02-03711:00:00.000Z

Last Observation:
2025-07-03T09:50:00.000Z
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Platform Name:
TG_RIM_01
WMO:
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Codes:
TG_RIM_01
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Tide Gauge
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First Observation:
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Last Observation:
2025-07-03T09:50:00.000Z
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Time Series of Water Level Readings (Oct. 2023)

Time Series of Water Level Readings (Sep. 2023)

«++ Ultrasonic Sensor 1

-=-- ISPRA Gauge

0.6

RMS: 0.1209
STD: 0.1143

«++ Ultrasonic Sensor 1

-=~= |SPRA Gauge

[CORELCA FER LY

RMS: 0.1580
STD: 0.1325

Date

e

RMS: 0.1212
STD: 0.1138
¥
i
i
i
i
i
i
[}

v

—amlT
O e oy

porirt i

- ez
o
—TTT

Time Series of Water Level Readings (Dec. 2023)
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Time Series of Water Level Readings (Nov. 2023)
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