
Abstract
In this paper, we present ArduHydro (AH), a low-cost device

for water level measurement and monitoring designed for employ-
ment in controlled and outdoor environments. It measures the
water level through an ultrasonic sensor and elaborates the signals
through an Arduino microcontroller. The small size of this device,
its robustness and accuracy make AH properly versatile for differ-
ent applications in the field of water control and management.
This article describes the design, the components, the costs, and
the performance of AH. The performance was assessed with a lab-
oratory test inside an open-channel flume and comparing AH
measurements with those obtained with a traditional ultrasonic
sensor. Furthermore, an example of AH application for detecting
the wavefront evolution during surface irrigation of a maize crop
is presented. The results revealed that AH measurements were, on
average, very consistent with those obtained by the traditional
ultrasonic sensor in all different flow conditions. The application
of AH during a surface watering of an agricultural field allowed us
to obtain important spatiotemporal information about the water
depth along the longitudinal direction of the field, paying the way
for a real comprehension of the dynamics of wavefront evolution
in a real-world case study.

Introduction
The acquisition of on-field information is a crucial task in

many research areas and, over time, the necessity to gather data
with ever higher spatial and temporal resolutions is emerging
(Montanari et al., 2013). In recent years, and particularly in envi-
ronmental sciences, this hunger for data has found a significant
help in the so-called low-cost monitoring systems (Mao et al.,
2019; Tauro et al., 2018; Toran, 2016; Tscheikner-Gratl et al.,
2019; Wickert et al., 2019). Considering the definition provided
by Cherqui et al. (2020), the jargon “low-cost technology” refers
to systems that have a substantially lower price than
traditional/commercial technology. The reasons to use low-cost
monitoring systems are numerous and not only linked to afford-
ability: for instance, these technologies are also fully customiz-
able, open-source, and allow users not to rely on proprietary tech-
nologies developed by a specific commercial company (Fisher
and Gould, 2012; Mao et al., 2019). For the abovementioned rea-
sons, the research for novel low-cost technologies that are more
versatile and cheaper in comparison to commercial equipment has
been a trending topic in recent years (Fisher et al., 2020).
Undoubtedly, the growing attention to low-cost hand-made
devices is favored thanks to the development of low-cost micro-
controllers like Arduino, Beagleboard, or Raspberry (Harnett,
2011; Pearce, 2012), the advancement in additive manufacturing
(Baden et al., 2015) and the rapid advances in electronic technolo-
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gies that have led the availability of sensors and auxiliary compo-
nents at affordable prices (Fisher and Gould, 2012; Mao et al.,
2019).

In this sense, the agricultural engineering field was particularly
fruitful and, over the years, very diversified low-cost self-made
devices with different applications have been proposed. Just to
recall some of them, Facchi et al. (2017) presented a device for the
measurement of soil evaporation in aerobic rice fields, Masseroni
et al. (2016) proposed an open-hardware tool for the continuous
monitoring of soil water potential in the root zone, Ravazzani
(2017) developed a portable probe for the quantification of the soil
moisture, while Chiaradia et al. (2015) realized a multisensory sys-
tem for the continuous monitoring of water dynamic in rice fields.

One of the most important hydraulic parameters to evaluate
and control is the free-surface water level, which can be useful for
several applications, such as water flow management, prediction of
flood and drought, water quality assessment, irrigation, and smart
agriculture (Errico et al., 2019; Illes et al., 2013; Loizou and
Koutroulis, 2016; Peruzzi et al., 2021a; Tscheikner-Gratl et al.,
2019; Vijay Hari Ram et al., 2015). Considering the hydraulic
engineering sector, there are a plethora of commercial instrumen-
tations devoted to this goal, i.e., staff gauges, electric-tape gauges,
float-tape gauges, pressure transducers, or acoustic transducers
(Herschy, 2009). However, these traditional instruments generally
are placed in a dedicated fixed installation, and therefore they are
impractical to be transported in different in-situ locations, as it
happens instead in the most common agricultural applications.
Moreover, traditional instrumentations might not have a justifiable
cost in some circumstances or applications (e.g., in farming).
Hence, in the last decade, different in-situ devices for water level
measurements have been proposed, based on video surveillance
(Noto et al., 2021; Schoener, 2018; Zhang et al., 2019), low-cost
sensors (Ezenne and Okoro, 2019; Hund et al., 2016; Kabi et al.,
2023; Loizou et al., 2015; Rosolem et al., 2013), low-cost global
navigation satellite systems antenna arrays (Karegar et al., 2022;
Purnell et al., 2021) and unmanned aerial vehicle (Gao et al., 2019;
Ichikawa et al., 2019). Nevertheless, it is not so common to find
low-cost devices that are also robust, easy to transport, install and
disassemble and, at the same time, sufficiently accurate. With this
purpose in mind, we present ArduHydro (AH), a low-cost self-
made open-access device for the monitoring of water levels that is
a compact, robust, and very versatile instrument that can be
installed in different ways on-site and easily removed to download
the data. Another strong point of the AH sensor lies in the fact that
being inexpensive, several of them can be built and deployed
simultaneously in the study area, gathering data at a high spatial
frequency.

This work is composed as follows: after this brief introduction,
the section Materials and Methods describes in great detail how
AH is composed and its functioning, the open-channel flume facil-
ity used to assess the quality of the measurements, and the agricul-
tural field in which an example of field application is presented.
Section Results and Discussion is dedicated to showing and dis-
cussing the methodology for the data processing, and, then the out-
put from the laboratory and in-field measurements. Finally, the
Conclusions summarize the main outcomes.

Materials and Methods
The ArduHydro device

The idea underpinning AH is to have a compact and versatile
tool to monitor the water depth in different contexts. The sensor
chosen to obtain the measurement is an ultrasonic range finder. To
now, this type of sensor presents the best performance-to-price
ratio on the market (Cherqui et al., 2020) and they are widely used
in many applications with the most disparate purposes. Starting
from the Arduino Tutorial1 indications, we have created a cus-
tomized product that can satisfy both the needs of measurement
accuracy and transport versatility. To fulfil this goal, we made
major improvements to the device shown in the tutorial, such as
the employment of a more accurate sensor, correction of measure-
ments based on air temperature, internal data logging and data fil-
tering. In the following, all the information about the hardware, the
software program, the specifications of the sensors, and the cost of
the components are described in detail.

Microcontroller board
The microcontroller (MCU) board is based on the open-source

Arduino Nano system and consists of a MCU equipped with a
bootloader for programming, built-in support for serial communi-
cation (FTDI chip), and other complementary components such as
a power supply regulator, Mini-USB connector, digital and ana-
logue pins for interfacing with external devices (e.g., sensors). The
board can be powered with an unregulated power supply via the
“Vin” pin (7-12V), with a regulated 5V power supply via the “5V”
pin, or using the mini-USB connector (5V). The MCU is an
ATmega328P MCU (Atmel Corporation, San Jose, Calif., USA)
that features 14 digital ports and 6 analogue ports, which can be
used as inputs (e.g., for sensor reading) or outputs, with an operat-
ing voltage of 0-5V. The ATmega328P operates at a frequency of
16mHz and has 32 KB of flash memory, which serves as storage
for the main operating program, as well as 1 KB EEPROM. The
writing, compiling, and uploading of a program to the MCU can be
easily carried out using an open-source integrated development
environment (IDE).2

Power supply
The board is powered using a 9V Li-ion battery with a total

capacity of 650mAh and is used in turn to power all external mod-
ules and sensors through the “3.3V” and “5V” pins as shown in
Figure 1. The battery has a Micro-USB socket for quick and con-
venient recharging via USB cable. When the device is not in use,
the power supply can be interrupted using a simple single-pole,
single-throw switch. The average power consumption of the device
is around 25 mA, which means the theoretical battery life is 26
hours of continuous usage.

Sensors
As shown in Figure 1, the microcontroller board is connected

to two sensors: an ultrasonic range finder and a digital thermome-
ter. The ultrasonic range finder is an HY-SRF05 model, with a sup-
ply voltage of 4.5-5.5V and a digital pin interface. The sensor,
working as both an ultrasound transmitter and receiver, can be used
to measure distance in a range between 0.02 and 4.5 m with reso-
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1Available from: https://arduinogetstarted.com/tutorials/arduino-ultrasonic-sensor
2Available from: http://www.arduino.cc
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lution up to 0.2 cm, has a maximum sampling frequency equal to
40 Hz, and a detection angle of 15°. The digital thermometer is a
DS18B20 sensor, with a 3-5.5V supply voltage, 1 wire bus inter-
face, measuring range from -55°C to +125°C, ±0.5°C accuracy,
and resolution up to 0.0625°C. The sensor is contained in a water-
proof stainless-steel enclosure.

Data logging
To allow long-term storage of measured data, the device is

equipped with a MicroSD card reader module. The module can be
used to transfer data to an external memory cartridge (MicroSD)
via a serial peripheral interface. The voltage needed to power the
MicroSD reader is between 4.5 and 5.5 V. Due to the nature of the
collected data, consisting of small-size text files, relatively low-
profile storage cards are sufficient. For our purposes, a 256 Mb
card was used for data logging. A DS3231 real-time-clock (RTC)
module was added to the device for data logging. This module fea-
tures an integrated temperature-compensated crystal oscillator for
higher accuracy. The RTC is supplied with a voltage of 5 V by the
microcontroller board when the device is switched on, and by a

CR2032 backup battery when the device is switched off.

Enclosure
All electronic components are fitted in a 100x100x50 mm plas-

tic enclosure with IP56 protection, which protects against impacts
and weather. The two sensors are positioned in the lower part of the
enclosure, with the ultrasound transmitter/receiver of the HY-
SRF05 and the waterproof probe section of the DS18B20 being the
only parts exposed (Figure 2a). The main switch is mounted on the
upper part of the enclosure (with a silicone cover for waterproof-
ing), alongside a small bubble level which facilitates the correct
positioning of the device (Figure 2b). This configuration allows
AH to operate in unfavorable weather conditions with minimal
risks of damage to the electronic components.

Costs
The cost of each component used for building an AH device is

shown in Table 1. The price shown under the Cost column refers to
the purchase of a single component. For this study, ten AHs were
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Figure 1. Wiring diagram of ArduHydro components.
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Table 1. List of ArduHydro components (prices updated to July 2023).

Name                                                              Function                                    Supplier                               Cost (€)              Batch cost (€)

Nano V3.0 CH340                                               Microcontroller                                   Az-Delivery                                    11.49                             6.19
HY-SRF05                                                          Ultrasonic sensor                                    HitLetGo                                       7.99                              4.33
DS18B20                                                          Temperature sensor                                Az-Delivery                                     2.99                              1.59
RTC DS3231                                                          RTC module                                     Az-Delivery                                     6.99                              2.99
MicroSD card adapter                                         MicroSD reader                                   Az-Delivery                                     3.99                              1.29
9V Li-ion rechargeable battery                                  Battery                                            ENEGON                                      10.50                             9.49
Other components                                                      Various                                  Local hardware stores                             5.90                              5.90
Total                                                                                                                                                                                          49.85                            31.78
RTC, real-time-clock.
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built, reducing the cost of individual components through batch
purchases. The batch cost for each component is shown in the
Batch cost column.

Operating principle
When measuring water levels, AH is mounted 2-450 cm above

the water with the lower part directly facing the water surface and
parallel to it. The distance between the sensor and the ground is then
manually measured employing a graduate rod (precision ±1 mm)
and noted down. Once the device is switched on, the microcontroller
board controls the operation of each component according to a pro-
gram, called “sketch”, which was uploaded to the MCU via Arduino
IDE and USB serial interface. The sketch consists of two parts:
“setup” and “loop”. The setup mainly consists of the initialization of
libraries (packages with built-in functions) and the declaration of
variables and is only executed once after the device is powered (this
usually takes a few seconds), whereas the loop contains the main
operating functions of the device, and is repeatedly executed in its
entire length until the device is powered off. During the initial setup,
a .txt file is created on the MicroSD to use for permanent storage of
acquired data. The first operation carried out by AH in the loop seg-
ment of the sketch is temperature measurement via the DS18B20
sensor. This parameter is used to calculate the speed of sound in air
(Wong and Embleton, 1985) as shown in Eq.(1):

                                                                 
(1)

where c (m/s) is the speed of sound, g is the specific heat ratio, R
(j/(mol*K)) is the universal gas constant, T (K) is the absolute tem-
perature, and M (kg/mol) is the molar mass of air. Since g=1.4,
R=8.3145 J/K mol, and M=0.028966 kg/mol (Hilsenrath et al.,
1955), Eq.(1) becomes:

                                                                 
(2)

Subsequently, the MCU sends a 10 µs HIGH signal at the
Trigger pin (Trig) of the HY-SRF05 sensor. This prompts the ultra-
sonic transducer to emit a 40 kHz ultrasonic wave. If the wave
encounters the water surface (or any other solid obstacle), it is
reflected toward the sensor’s receiver. Once the return wave is
detected, the sensor returns the value of the time elapsed since the
emission of the wave (time of flight), which is then used to calcu-
late the distance between the sensor and the water as follows:

                                                                                 
(3)

where d (m) is the distance and t (s) is the time of flight. Lastly, a
string variable consisting of the date and time, t and d (separated
by commas) is created and printed on a new line of the .txt file on
the MicroSD. The loop segment is then repeated until the device is
powered off, with each cycle lasting 0.2 seconds. This means that
AH has a measuring frequency of 5 Hz. Once data is retrieved
from the MicroSD card, the values of distance from the water sur-
face can be used to calculate the water level as shown in Eq.(4):

                                                                            
(4)

where h (m) is the water depth and L (m) is the distance between
the sensor and the ground. In case the device is permanently
mounted at a fixed position, this last procedure can be integrated
within the sketch to directly record the water depth values in the
datalog file. However, this was not the case in the context of our
study.
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Figure 2. Inside view of ArduHydro; (a) lower part with sensors, (b) upper part with switch and bubble level.
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Figure 3. a) Sketch of the whole hydraulic circuit used in the experiments (adapted from Persi et al., 2019); b) photo of the open-channel
flume facility with the installed sensors. AH, ArduHydro sensor; US, ultrasonic sensor.
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Laboratory experimental set-up
To quantify the performance of AH devices in measuring water

levels, we have conducted a series of experiments aimed to test the
devices in different hydraulic conditions. The experiments were
carried out in a non-tilting, recirculating, open-channel flume at
the Hydraulics Laboratory of the University of Pavia (Figure 3,
Persi et al., 2019). Furthermore, Figure 3a reports the origin of the
axes coordinate system used in the present study (i.e., the longitu-
dinal x and vertical y directions). The main part of the facility is
composed of a rectangular channel, which is 8.50 m long, 0.49 m
wide, and 0.75 m deep. The flume has transparent Polymethyl
methacrylate sidewalls and a metallic bed. The water levels h
inside the flume are regulated through a vertical sluice gate placed
at the end of the facility. The incoming flow rate Q, controlled by
the presence of a gate valve in the delivery pipe, is measured
upstream of the main part of the flume by means of a triangular-
notch Thomson weir using (Shen, 1981):

                                                      
(5)

where C is the non-dimensional coefficient of discharge, g is the
acceleration due to gravity, q is the angle between the two sides of
the notch (expressed in degrees) and hw is the upstream piezomet-
ric head measured with respect to the vertex of the notch. For this
specific weir, C and q are equal to 0.72 and 36°, respectively. The
piezometric head hw is measured with the aid of a manual piezome-
ter equipped with a sharp point gauge connected to a vernier cal-
liper (accuracy of 0.05 mm) placed in proximity to the triangular-
notch Thomson weir. The distance between the channel bottom
and the vertex of the notch is 0.152 m. A dissipation basin realized
with a series of holed concrete blocks is placed downstream of the
falling water coming from the weir to reduce the energy and turbu-
lence of the flow approaching the inlet of the flume (Figure 3a).
During some tests, a floating breakwater device realized in poly-
styrene was used to further reduce the free-water surface oscilla-
tions. The position of the three AH devices involved in the experi-
ments is shown in Figure 3 together with the displacement of the
four ultrasonic (US) distance sensors (PIL Sensoren GmbH,
model: P43-F4V-2D-1C0-220E) used as a benchmark. Indeed,
ultrasonic distance sensors are widely used in laboratory applica-
tions concerning flows with a free surface and represent the stan-
dard in many situations (e.g., Marino et al., 2018; Peruzzi et al.,
2020, 2021b; Zhang et al., 2018). The used USs (sampling fre-
quency of 400 Hz) have a nominal accuracy of ±1 mm that remains
constant if the US works within its optimal sensing distance (i.e.,
between 8 and 160 cm away from the sensor). The ultrasonic sig-

nal emitted by the US propagates with a divergence angle equal to
8°. Another manual piezometer was placed close to the third US
(Figure 3) and used to have a further comparison.

The comparison between the AH sensor and the US sensor is
made considering those in position 2 and in position 3 (Figure 3a),
where a distance of 20 cm in the x direction between them was set.
This distance is relatively low, hence possible differences between
the water levels measured by the AH sensor (hAH) and by the US
sensor (hUS) due to hydraulic losses of the flow fall within the
instrumental uncertainties. Furthermore, this distance ensures that
the ultrasonic beams of the two sensors do not overlap.

Experimental procedure and hydraulic conditions
The water depths were measured during the entire duration of

the six experiments listed in Table 2 by both the three AH and the
four US sensors placed along the flume (Figure 3a). All the sensors
were turned on simultaneously and, after that, the gate valve was
opened in order to reach the desired flow rate. In this way, the
water stages were recorded in rather different moments, i.e., from
the passage of the first wavefront to the establishment of the
steady-state condition within the channel. The onset of the steady-
state condition occurred when the water levels remain constant
(within a range of ±1.5 mm) at the downstream piezometer section.
During the steady-state condition, the water depth at the down-
stream manual piezometer hp and the bulk velocity Ub were meas-
ured and calculated, respectively, to characterize each experiment.

Exp 4 to 6 were conducted with the aid of the floating break-
water device in order to reduce the oscillation of the free surface.

Field experimental set-up
In addition to the laboratory test, an experiment in an outdoor

environment was carried out to evaluate the performance of the
AH device for the detection of the waterfront advance (wavefront)
during surface irrigation. In particular, an agricultural field sowed
with maize and located in the province of Mantua (Italy), whose
details can be found in Masseroni et al. (2021, 2022), was consid-
ered as a case study (Figure 4). The field is about 1.5 ha in size,
divided into 4 borders, three of which have a quasi-rectangular
shape of approximately 30 m in width and 120 m in length. The
slope is about 0.61%, with a regular longitudinal profile, which
was determined through a photogrammetric drone flight (Costabile
et al., 2023). Closed-end border irrigation is the method for water-
ing each border. Specifically, borders are irrigated by diverting a
stream of water from the channel to the upper end of the border
(points P1-4 in Figure 4). The water flows down the slope and
when the desired amount of water has been delivered to the border,
the stream is turned off.
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Table 2. Summary of experiments and associated hydraulic conditions. Q is the flow rate; hp is the water depth measured by the down-
stream manual piezometer after the setting of the steady-state conditions; Ub=Q/Whp is the bulk velocity estimated after the setting of the
steady-state conditions, where W is the channel width, and Fr= Ub/√(g hp) is the Froude number, where g is the gravitational acceleration.

Run                      Q [l/s]                    hp [cm]                   Ub [cm/s]                     Fr [-]                      Duration                    Floating device

Exp 1                          23.82                            6.9                               70.4                              0.85                       24 min 26 sec                                 No
Exp 2                          36.76                           15.2                              49.3                              0.40                       14 min 03 sec                                 No
Exp 3                          40.70                           18.6                              44.6                              0.33                       13 min 05 sec                                 No
Exp 4                          23.65                            6.8                               71.0                              0.87                       23 min 10 sec                                Yes
Exp 5                          37.31                           16.3                              46.7                              0.37                       12 min 20 sec                                Yes
Exp 6                          41.06                           19.5                              43.0                              0.31                       10 min 58 sec                                Yes
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Ten AH sensors were installed along the longitudinal direction
of the border (starting from the inlet point of the irrigation flow
rate) for detecting spatiotemporal wavefront evolution. The AHs’
field placement consisted of simply inserting part of the metal rod
on which they were mounted directly into the soil (Figure 4). The
distance from the inlet of each sensor and its elevation from the
ground are reported in Table 3. The elevation, useful for achieving
water depth through Eq.(4), was measured manually using a grad-
uated rod (precision ±1 mm), while a thin wooden board was
inserted at the base of each post to have a uniform level of the
ground under the sensor (Figure 4). All sensors were switched on
at the same time and the irrigation began exactly 11 minutes and
55 seconds after they switched on. The selected irrigation event
was carried out on July 20, 2021. It was characterized by a flow
rate of 367.4 l/s supplied for the examined border (i.e., border 2)
for 48 minutes.

Results and Discussion
Results from the laboratory campaign

Before comparing the measurements performed by AHs with
those carried out by US devices, two data filtering methods were
employed to eliminate artefacts and outliers from collected AH
raw data. At first, a simple data range filter was used, removing all
negative values and all measurements exceeding the manually
measured distance from the open-channel flume’s bed. The second
procedure was used to remove all errors attributable to delayed sig-
nals caused by uneven reflection on the water surface, which
resulted in longer measured distances and consequently lower
water levels. This involved calculating the moving maximum with
a range of 10 measurements (2 seconds) and removing all data
being more than 10% lower than this value. An example of the
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Figure 4. The agricultural field with the indication of the four sectors. The blue points indicate the water inlet whereas the yellow points rep-
resent the ArduHydro positions within the second sector. The enlargement on the right shows an on-field installation of an ArduHydro sensor.
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Table 3. Arrangement information of the ArduHydro sensors reported in Figure 4 for the irrigation event of July 20, 2021.

# of AH sensor          Distance from the previous AH sensor            Progressive distance from the inlet        Elevation from the ground
                                                                   m                                                                       m                                                         cm

1                                                                            0                                                                                 10                                                               30.8
2                                                                            5                                                                                 15                                                               31.9
3                                                                            5                                                                                 20                                                               32.8
4                                                                            5                                                                                 30                                                               36.2
5                                                                           10                                                                                40                                                               33.4
6                                                                           10                                                                                50                                                               28.0
7                                                                           10                                                                                60                                                               33.5
8                                                                           10                                                                                70                                                               29.0
9                                                                           15                                                                                85                                                               31.5
10                                                                         15                                                                               100                                                              30.5
AH, ArduHydro.
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results achieved by the application of the two filtering methods is
shown in Figure 5, where AH raw and processed data are com-
pared with US measurements. Once the best methodology for pro-
cessing AH’s output data was found, this procedure was then
applied to all the acquired water level signals. Figure 6 shows the

evolution of the water levels during each laboratory experiment. It
can be noted a good agreement between the water levels measured
by the US and AH sensors. As expected, Exps 1-3 (Figure 6a-c)
show a higher fluctuation of the free surface concerning the other
tests (Exps 4-6, Figure 6d-e), where a floating breakwater device
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Figure 6. Free surface profiles for each experiment. The water levels measured by the 1 ArduHydro sensor are not reported for clarity purposes.
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Figure 5. Data filtering results. Raw ArduHydro data are shown in red, while processed data and ultrasonic sensor data are shown in green
and blue, respectively.
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was inserted. In this way, it was possible to assess the performance
of the AH sensors in different free surface flow conditions. In gen-
eral, the US seems to be more accurate in catching the small fluc-
tuations of the free surface and this can be explained by the fact
that the instrument measures by averaging the free surface fluctu-
ations in a smaller area with respect to the AH sensors. Indeed,
depending on the experimental conditions (Table 2), the water
level datum is inferred over an area of 76.30-106.26 cm2 with the
USs against an area of 215.55-311.35 cm2 by using the AHs due to
the different sensors’ detection angles. Furthermore, it can be seen
from Figure 6 how an unsteady phenomenon starts to occur in the
first minutes of each Exp (hereinafter referred to as ‘transient
flow’). Specifically, a hydraulic jump takes place that moves from
the downstream end of the flume to the upstream end due to the
obstruction caused by the presence of the sluice gate. In the follow-
ing, although this transient flow is well described also by the AH
sensors, we omit to quantitatively compare the US and AH meas-
urements during the passage of this unsteady flow since the dis-
tance of 20 cm in the longitudinal direction between the US and
AH sensors become relevant and hence it can induce misinterpre-
tation of the data. To better understand the performance of the AH
sensors, Figure 7 reports the measured water levels by the two
types of sensors in a scatter plot diagram. The data used for the
comparison are only those that were recorded exactly at the same

time by both sensors in positions 2 and 3 in the flume (Figure 3a).
From these scatter plots, we can throw down the following indica-
tions: the AH sensors deliver a similar quality of information i) as
long as the free surface becomes smoother and ii) as long as the
distance between the free surface and the AH sensor decreases. For
what concerns the first statement, it is evident a less scatter in the
data by comparing, for instance, Figure 7a with Figure 7d.
Considering the second statement, the AH performance strongly
increases from Exp 1 to Exp 3 (Figure 7a,c), where the distance
between the sensor and the water is reduced by about 15 cm. Thus,
although the sensor mounted in the AH works with a wide range of
distances (2-450 cm as reported by the manufacturer), to properly
measure water levels, the optimal distance seems to be around 
50 cm from the free surface.

Table 4 shows the results given by some quantitative statistical
indicators used to further characterize the AHs performance, i.e.,
the Pearson correlation coefficient r, the coefficient of determina-
tion R2 and the root-mean-square error (RMSE) that are defined as
(Dawson et al. 2007):

                  
(6)

                             Article

Figure 7. Scatter plot reporting the water levels measured by the ultrasonic sensor sensors (hUS) versus the water level measured by the
ArduHydro sensors (hAH). Each panel reports the water levels measured both in positions 2 and 3 in the flume (Figure 3a). All the panels
also display the data measured during the passage of the transient flow (grey dots).
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(7)

                  
(8)

where μhAH and σhAH are the mean and standard deviation of hAH,
respectively, and μhUS and σhAH are the mean and standard deviation
of hUS, while N is the size of the dataset. Eqs (6)-(8) were comput-
ed considering the dataset shown in Figure 7 without the transient
flow (grey dots).

In Table 4 we can see that the comparison between AH and US
sensors in position 2 and position 3 gives pretty much the same
outcome, showing that the results are independent of the spatial
position along the flume. As already noted in Figure 7, Exp 1
shows the worst scenario, where the free surface has the biggest
fluctuations and the greatest distance from the sensor. In this situ-
ation, R2 is rather low, giving a mean value of 0.6 and a root-mean-
square percentage error, i.e., 100 (RMSE/μhUS), equal to 7.7%.
Instead, considering Exp 2 and Exp 3 which are also characterized
by a free surface not smoothed by the presence of the floating

device, they reveal a very good R2 (Table 4). In general, Exps from
2 to 6 show an R2>0.91 with a root-mean-square percentage error
in the range 2.9-6%, depending on the experiment.

Results from the field campaign
In this section, we present a potential application of the AH

sensors in the agricultural water management context. As pointed
out by Masseroni et al. (2017), surface irrigation practices, still
largely adopted in the world for watering row crops, cannot be
completely replaced by modern pressure systems since they give
positive externalities in terms of ecosystem services to the sur-
rounding environment and landscape. However, increasing the
efficiency of surface irrigations (such as border irrigation) is desir-
able and needed in light of the effects that climate change is having
on the availability of water resources for irrigation (Chen et al.,
2013; Masseroni et al., 2022).

In this scenario, AH sensors can be involved as an advanta-
geous tool to measure the water levels within a crop field and hence
to quantitatively characterize the irrigation, both from a spatial and
temporal point of view. That information can then be used to cali-
brate and validate models useful to guide the decision-makers to
establish scientific-based guidelines for the farmers (Costabile et
al., 2023). As an example, here we report the evolution in time of
the irrigation wavefront (Figure 8) measured during a border irriga-

                             Article

Table 4. Pearson correlation coefficient r, coefficient of determination R2, and root-mean-square error (RMSE) for the two investigated
positions.

                                                                       Comparison 2 AH – 2 US                                                  Comparison 3 AH – 3 US
                                                          r [-]                         R2 [-]                   RMSE cm                  r [-]                        R2 [-]               RMSE cm

Exp 1                                                        0.835                           0.669                           0.540                         0.820                          0.504                       0.532
Exp 2                                                        0.974                           0.930                           0.874                         0.962                          0.915                       0.959
Exp 3                                                        0.994                           0.987                           0.643                         0.985                          0.969                       0.999
Exp 4                                                        0.990                           0.978                           0.294                         0.989                          0.977                       0.289
Exp 5                                                        0.994                           0.989                           0.451                         0.993                          0.987                       0.495
Exp 6                                                        0.997                           0.993                           0.564                         0.994                          0.988                       0.752
AH, ArduHydro; US, ultrasonic sensor; RMSE, root-mean-square error.

Figure 8. Evolution of the irrigational wavefront captured by the 10 AH sensors displaced along the sector.
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tion event on July 20, 2021. As it can be noted, the AH sensors are
highly reactive in recording the passage of the wave, and, also from
this simple measurement, important considerations can be high-
lighted. In general, the evolution of water depth onto the field reg-
istered by each sensor is consistent with the expectation. More in
detail, the water depth rapidly increases when the wavefront reach-
es the sensor; it remains approximately constant during the wetting
phase and then decreases because of the combination of wavefront
lateral dispersion and infiltration. On average, a decreasing trend of
the maximum water depth is registered from the inlet point to the
border ends. However, some singularities, typical of water propaga-
tion onto a tilted rough surface, are evidenced. For instance, the last
two sensors (9 AH and 10 AH) measured higher water levels with
respect to the one right before (8 AH). This is because there is an
increase in surface roughness (detectable also from the terrain pro-
file shown in Figure 9) that leads to a reduction of wave-front
velocity and thus an increase in water depth (Takken and Govers,
2000). The same behavior is evidenced in the 7 AH sensor concern-
ing the 6 AH sensor as a result of the non-uniformity of surface
roughness characteristics onto the field. Figure 9 shows the evolu-
tion of the irrigation wavefront in the longitudinal direction. The
free surface elevations were measured by the 10 AH sensors dis-
placed along the agricultural field (Figure 4). It can be appreciated
that, initially, the field starts to be gradually filled by the water (pro-
files 20 min, 30 min and 40 min in Figure 9), subsequently, there is
a phase where the water levels remain almost stable along the agri-
cultural field (profiles 50 min and 60 min in Figure 9) and finally,

it begins to empty (profile 70 min in Figure 9) after the interruption
of irrigation. Data obtained from this experimental campaign by
using AH devices as water level detectors could be employed to bet-
ter understand border irrigation dynamics and in particular to
describe both waterfront advance and recession, calculate the intake
opportunity time, estimate uniformity of water distribution onto the
field or calibrate hydrodynamical models (Costabile et al., 2023;
Salahou et al., 2018).

Conclusions
We have presented a handmade low-cost sensor called AH to

measure and monitor the water level in almost all situations where
it is not possible to install fixed stations. The strengths of AH are:
i) the cost-effective (around 50 euros for a single sensor or around
32 euros each for a batch of 10 sensors); ii) based on the open-
source Arduino technology, hence it is fully customizable to the
user’s needs in terms of sampling frequency rate and processing of
the data; iii) it is robust, compact, and easy to carry, therefore, suit-
able to work in extreme conditions; iv) very precise when the dis-
tance from the free surface is around 50 cm or less, having an
R2>0.91 and a root-mean-square percentage error lower than 6% in
comparison with the state-of-the-art laboratory ultrasonic sensors.
This sensor can be used in many applications and here we have
presented a possible one, i.e., the monitoring of water levels during
border irrigation. Thanks to the AH sensor, it was possible to meas-

                             Article

Figure 9. Longitudinal profiles of the free surface elevation. The profiles were extracted at regular intervals of 10 minutes each during the
irrigation event along the longitudinal direction of the field. The coloured-filled circles are associated with the position of the ArduHydro
sensors (Figure 4).
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ure the advancement of the irrigation wavefront directly inside the
field and hence collect important data to aid the modeling of sur-
face irrigation dynamics. Differently from similar low-cost sensors
based on Arduino technology present in the literature (e.g., Ezenne
and Okoro, 2019; Hund et al., 2016; Kabi et al., 2023), AH sensors
are particularly suitable for being used in large numbers to cover a
relatively wide study area, to capture the dynamics of the phenom-
enon under consideration with high spatial coverage. This is espe-
cially useful in the agricultural context, where the control of water
levels within the rural channel network or during irrigational over-
land flows is essential in the context of climate change in order to
contrast water scarcity, an increasingly widespread problem in
many Mediterranean areas (Braca et al., 2019; Peli et al., 2023).
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