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Abstract—Sustainable development associated with the agri-
cultural field of Arequipa, a region in economic growth, is vul-
nerable to contamination of water resources, putting production
systems and food security at risk. Therefore, it is necessary
to implement an automated system to control, management,
and monitor this vital resource. The proposed work proposed
a system to measure water quality monitoring in reservoirs
and lakes with high accurate related to global positioning. It
includes an embedded computer, multiparameter sonde, and an
additional dual GNSS/INS in hardware architecture. The software
architecture is fully open-source with compatibility, modularity,
and interoperability features between Python and MySQL, al-
lowing data management for real-time data in visual interface
on a platform that stores unlimited data logging, monitors and
analyzes. The proposed system is validated in an experimental test
that measures the water quality of a huge agricultural reservoir,
where certified instrumentation is mandatory, as compared to
other methods used locally for this action.
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I. INTRODUCTION

Arequipa (latitude -16.3988, longitude -71.535, and altitude
2335 m.a.s.l.) is one of the main economic regions in Peru
with approximately 1,497,438 inhabitants. It is also one of the
fastest growing regions in the country, stands out for mining
and agricultural activities, which generate some conflicts in
the management of water resources and those related to water
quality [1]. This entails many risks and losses in all aspects of
sustainable development in the urban-rural area that surrounds
the region; either due to the misuse of chemical products
related to these industrial activities and others [2].

The objective of this work is to develop an open-source
integrated system for measuring water quality with accurate
positioning. A dual GNSS device is used in conjunction with
the depth meter embedded in the sonde. Electronic systems
condition the signals from the sensors and the positioning
system to send them to a high-performance computer. Mea-
surement data is stored in memory in structured query language
(SQL) database, to be later transmitted remotely through the
802.11a Wi-Fi network. In addition, a multiplatform interface
is developed for data visualization in real-time and in offline
mode.

The paper is organized as follows: Section 1 presents a brief
resume of related works in integration system for remote water
quality measurement; Section 2 presents the system description
in hardware and software; Section 3 presents the validation
of integrated system when measured a huge agriculture water
reservoir; and Section 4 gives the conclusion.

II. RELATED WORK

The study of water quality is carried out by conventional
methods such as taking samples in appropriate containers for
subsequent analysis in the laboratory, methods that require
high time, cost and human resources [3]. Another method
includes specialized sensors that measure parameters such
as pH, conductivity, salinity, turbidity, etc. in-situ [4], [5].
These sensors, embedded in a multiparameter sonde, serve to
measure large volumes of water (lagoons, reservoirs, coastal
waters) using commonly manned vessels to collect data in
real-time and to save in a data-logger or in a computer.
Measurement position is commonly provided by additional
global positioning system (GPS)[6]. Some manufactures have
developed their smartphone application in order to provide
the positioning based in the smartphone global positioning
system. Another research combines inertial navigation system
with precise global positioning system [7]. High computational
hardware is increasingly used to improve the accuracy of
these systems and to use big data analysis [8]. Researchers
have been developed systems with low-cost sensor and ZigBee
low range wireless communication to measure water quality
in aquaculture [9]. Another solution to measure wide areas
of water uses multiple set of sensors replicated in different
location to form a wireless sensor network [10].

Water quality monitoring systems use information tech-
nologies, such as human-machine interfaces, databases, struc-
tured programming, facilitating the visualization and alert
of the measured parameters. In [11], the authors present
the application of these techniques in reservoirs that feed
large hectares of agricultural land. Among these informa-
tion technologies, the use of free software, such as Python,
MySQL and Grafana stands out, which have shown promise
in similar applications [12], [13]. Regarding the database
and wireless remote sensing, in [14], the authors present a
remote monitoring system applied to the management of a
bridge with measurements of parameters such as voltage,
current, positioning, images, etc. The open-source hardware
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and software tackle many problems related to security, data
management, flexibility, analysis, and low power. They have
shown successfully implementing process and configuration
related monitoring wireless sensors in similar application [15].
There are several researchers including low-cost sensors for
water quality measurement systems [16], [17]. However, the
environmental agencies and industry prefer the use of certi-
fied instrumentation and precise positioning to validate their
analyses [18], [19].

III. MATERIALS AND METHODS

The laboratory for complex control process and unmanned
vehicles at the ’Universidad Nacional de San Agustı́n de Are-
quipa’ is leading research projects related to the development
of enhanced systems for ocean and nature supervision [20],
[21]. This paper describes a modular system to be employed in
measuring water quality with high accuracy, both in unmanned
and manned vehicles.

The proposed system shows the interaction between user
and water as a liquid element for its remote monitoring; aided
by dual GNSS, inertial sensors, database management system
and other resources as shown in Fig. 1. The goal of the
system is to quantify water quality through a multiparameter
sonde with data metrics involving static measurement with
high precision and dynamic measurement with additional data
of position and velocity. Display and format metric data should
be available for all measurements, both offline and real-time.
High performance and great coverage are required in order
to measure reservoirs, lakes and coastal waters. All these
requirements are correlated to achieve the proposed goal.

One of the requirements is safe and fast connectivity, for
which we will have a point-to-point wireless link with a
coverage range greater than 15 km away. The wireless con-
nection obtains continuous and synchronous data to study and
analyze the water quality. Unwanted chemical parameters can
be diagnosed in real-time in a certain area. Commonly, certified
instrumentation uses industrial communication protocols and
additional equipment for monitoring and control.

Fig. 2 presents the block diagram of the proposed system
where the embedded computer, the GNSS/INS device and
the multiparameter sonde are hardware communicating each
other trough wired protocols, the wireless protocols enable
a communication from a ground station that generally is a
laptop or a smarthphone. Another software are related to each
component in this block diagram and will be explained in
subsequent sections. Fig. 3 presents the system description
of the monitoring system that consists of the Aquatroll 600
model multiparameter sonde, a Jetson TX2 high performance
computer, a VN-300 as the dual GNSS/INS (global positioning
system with inertial measurement unit), a TP-Link router
CPE510, and a platform interface for data visualization running
on a smartphone laptop or similar to a ground station. The
sonde communicates with the embedded computer through the
Modbus industrial protocol. The embedded computer receives
data from the GNSS/INS synchronizing it with the data re-
ceived from the sonde. The sonde and the dual GNSS/INS
data are stored in the embedded computer memory. Using a
laptop or a smartphone, and through a wireless link, the user
can remotely access to the embedded computer in order to set

and read the data. A graphical user interface is created for
data visualization with indicators and alerts, both offline and
real-time.
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Fig. 1. Requirements of the Integrated System to Measure Water Quality.
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Fig. 2. Block Diagram of the Water Quality Measurement System.
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Fig. 3. System Integration of the Water Quality Measurement.

A. Software Architecture

The main software is based on Python open-source lan-
guage programs with free libraries and modules, such as
‘PyMySQL’ and ‘PyModbus’ to connect databases and remote
sensors in the well known industrial Modbus communication
protocol. The Python codes communicate, configure, convert
data types, compute mathematical equations, administrate and
save data in a computer memory. Fig. 4 describes the drivers
of this software architecture, the remote access is carried
out using secure shell protocol (SSH) to enable local de-
vices running on Windows, Linux, iOS, Android, etc. The
communication is set with permissions according to the user
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profile, from reading to editing the existing Python codes. The
‘PyMySQL’ module is a Python library for MySQL clients
based on Python enhancement proposal (PEP) 249, that uses
a high level application programming interface (API) named
‘mysql.connector’ for interaction with SQL databases.

HMI

Graphite  Prometheus

Grafana
MySqlDatabase

PyMySql

Python

HTTP / HTTPS     DNS, TCP e ICMP

SSH

Fig. 4. Software Architecture of the Proposed System.

The data displays in a graphical user interface (GUI)
and is developed on Grafana, a software tool that allows
to connect with many databases, including MySQL. This
software includes Prometheus and Graphite modules to request
information and to display it in a modern dashboard, respec-
tively. Grafana uses the hypertext transfer protocol (HTTP)
to read the MySQL database and the dashboard runs on a
web browser on multi-platform devices, from smartphone to
advanced computer. It is mandatory to enable the port 3000 for
access as a client, other necessary configurations are related
to transmission control protocol (TCP), domain name system
(DNS) and internet control message protocol (ICMP).

The software platform allows the user to easy and efficient
interaction through key performance indicators in the dash-
board for data visualization, using Prometheus and Graphite
metrics. Through Python code and MySQL, the sensor data
and GNSS/INS data are saved in the remote computer. Then,
the GUI reads and displays the data, updating constantly every
second. This means that the user consults the parameter values
to be displayed by communicating with the MySQL database.
These consulted parameters are registered from the sensors
attached to the sonde and to the dual GNSS/INS devices, and
are properly organized in SQL format to be transmitted in
real-time. The user consults the values in the GUI using text
indicators, graphical indicators, alert indicators, time series
indicators, and others provided by Grafana.

All protocol and technological standards used for the
interoperability of the measurement system are represented
in Fig. 5. The system has compatibility with communication
protocols, such as Modbus, serial UART, IEEE 802.11a/n,
TCP/IP, SSH, etc. For the communication with the multiparam-
eter sonde, a module named ‘PyModbus’ is used, enabling the
two wire synchronous communication to set, read, write and
save the collected data. Using the ‘PyMySQL’ module, another
Python code manages the data in an SQL format and saves it
in the memory of the main embedded remote computer. The

multiparameter sonde and the dual GNSS/INS devices have
different sampling rates and the data are saved in different
tables of the database. However, the GUI updates the data
independently every second and keeps the wild sampling rate
for all parameters to be displayed. The open-source software
files are available in [22].

TCP/IP

TM

Fig. 5. Interoperability of the System with Multiple Protocols.

B. Hardware Architecture

This section presents the hardware architecture shown in
Fig. 6, it is a centralized architecture building on an embedded
computer connected to the multiparameter sonde and to the
GNSS/INS devices through wire communication protocol. For
the remote access, it uses IEEE 8011.a/n long range access
point devices.
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Voltage
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Waterproof
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Fig. 6. Hardware Architecture of the Water Quality Measurement System.

The embedded computer is a Jetson TX2, a 64-bit ARM
A57 quad-core, 1.33 TFLOPS fast embedded Artificial In-
telligence, and higher energy efficiency 7.5 W - 15 W. It
interconnects peripheral devices and processes all information
regarding data writing, reading, storing, management, trans-
mitting, etc. The power source is fed with two HRB, 5200
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mAh, 50 C, 11.1 V, Li-Po batteries and a 19 V tension
regulator required for optimal work, giving an autonomy of
approximately six hours.

The sonde is a multiparameter in situ water quality in-
strument, series Aqua Troll 600, equipped a RS485/Modbus
communication protocol, provides laboratory level sampling
through optical sensors, can be submerged up to 100 meters
deep through a rugged cable, has 3 seconds of sampling rate,
reads 20 parameters and expandable to more (Table I). The
sonde is connected to the embedded computer through the
RS485 to USB adapter, the electrical connection follows the
standard color code: RS485 (+) or blue to A pin, RS485 (-)
or green to B pin, and GND/RETURN or black to GND pin,
respectively. The embedded computer runs on Ubuntu 16.04
and where the USB adapter port is identified by ttyUSB0.

TABLE I. PARAMETERS OF THE MULTIPARAMETER SONDE ACCORDING
TO THE AVAILABLE SENSORS

Parameter Range Resolution Units
Temperature 268.15 ◦K to 323.15 ◦K 0.16 ◦K ◦K
Pressure 0 m to 200 m % full scale PSI
Depth 0 m to 200 m 0.01 % full scale m
Level-Depth to Water 0 m to 200 m 0.01 % full scale m
Level-Surface Elevation 0 m to 200 m 0.01 % full scale m
Actual Conductivity 0 to 35 S/m 10 µS/m µS/m
Specific Conductivity 0 to 35 S/m 10 µS/m µS/m
Resistivity 0 to 35 S/m 0.1 ohm-cm ohm-cm
Salinity 0 to 350 PSU 0.1 PSU PSU
Total Dissolved Solids 0 to 350 ppt 0.1 ppt ppt
Density of Water 0 to 35 S/m 0.1 g/cm3 g/cm3

Barometric Pressure 300 to 1,100 mbar 0.1 mbar mmHg
pH 0 to 14 pH units 0.01 pH pH
pH mV 0 to 14 pH units 0.01 pH mV
ORP ±1,400 mV 0.1 mV mV
Dissolved Oxygen 0 to 20 mg/L 0.01 mg/L mg/L
Concentration 20 to 50 mg/L
Dissolved Oxygen 0 to 20 mg/L 0.01 mg/L % Sat
% Saturation 20 to 50 mg/L
Oxygen Partial Pressure 300 to 1,100 mbar 0.1 mbar torr
External voltage 8 to 36 VDC 0.1 V Volts
Battery Capacity 0 to 100 % 1 % %

The dual GNSS/INS device is a VN-300 series, VectorNav
manufacturer, combines inertial navigation system (INS), at-
titude heading reference system (AHRS), a global navigation
system, measures angular velocities (roll, pitch and yaw) with
a dynamic heading accuracy of 0.2 ◦ and static accuracy of
0.15 ◦ (see Table II for whole parameters). The embedded
computer runs on Ubuntu 16 and where the USB port for the
dual GNSS/INS device is identified by ttyUSB1. The remote
communication wireless device is a Tp-link Pharos CPE510,
provides a point-to-point wireless link with a coverage range of
more than 15 km, with a speed of up to 300 Mbps (40MHz,
dynamic), with the IEEE 802.11a/n wireless standard. It is
fed with two HRB 5200 mAh, 50C, 11.1 V, Li-Po batteries,
connected in series to obtain 22.2 V. Fig. 7 presents a detailed
description of a waterproof case that contains the embedded
computer and electronics, has a resistant design to protect sys-
tems against dust, water, impacts, and corrosion for chemical
agents, commonly found in the harshest environment. The case
dimensions are 425 mm (length), 284 mm (width) and 155
mm (height). A structural grid supports the electronics and
impermeable Bulgin class connectors for the multiparameter
sonde and Wi-Fi and GNSS antennas located at the external.
The open-source hardware files are available in [22].

TABLE II. PARAMETERS OF THE DUAL GNSS/INS DEVICE

Parameter Format Accuracy Units
Yaw float 0.2 deg
Pitch float 0.3 deg
Roll float 0.3 deg
Latitude double 9e-6 deg
Longitude double 9e-6 deg
Altitude double 1.5 m
Velocity X float 0.05 m/s
Velocity Y float 0.05 m/s
Velocity Z float 0.05 m/s
Accel X float 0.004 m/s2

Accel Y float 0.004 m/s2

Accel Z float 0.004 m/s2

Angular Rate X float 10◦/hr rad/s
Angular Rate Y float 10◦/hr rad/s
Angular Rate Z float 10◦/hr rad/s

Fig. 7. Case Dimensions with Modular Grid for Supporting Embedded
Computer and Electronics.

IV. RESULTS

To validate it through a real experiment, an unmanned sur-
face vehicle (USV) (Fig. 8), whose most positive aspect is that
it is scalable in terms of measurement instrumentation, with an
autonomy of 5 hours and payload of 100 kg. Transporting the
proposed system on a mission to measure the water quality of
a huge reservoir of approximately 58000 m3 capacity, 150 m
x 150 m length, and 6 m depth, used for agriculture irrigation,
and located in a desert area of Majes (longitude -72.1908,
latitude -16.3586, and altitude 1.402 m.a.s.l.). The full mission
took 2 hours and the data serve to ensure the water quality of
the typical crops, such as chili, paprika, vegetables, potato,
onion, corn, alfalfa, garlic, tomato, etc. The concern is the
water is transported from the Andes through ducts and may
contain unwanted concentrations that may compromise the
crop and its subsequent harvest. Fig. 9 shows the measurement
area of the cited agricultural water reservoir with dimensions
and a segment of a circular trajectory recorded by the system.
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Fig. 10 shows the global positioning of this circular trajectory,
with the main parameters relative to water quality. It is
observed, despite the vehicle execute a circular maneuver,the
umbilical of the multiparameter sonde is subjected to external
hydrodynamic forces that can vary slightly its depth location.

Fig. 8. System Carried on an Unmanned Surface Vehicle in a Water Quality
Measurement Mission of a Huge Agriculture Reservoir.

N

150
m

150
m

Measurement Area

Area Lengths

Circular trajectory
(a little part of data)

Fig. 9. Measurement Area of the Agricultural Water Reservoir with
Dimensions and Circular Trajectory of the Unmanned Vehicle.

Fig. 11 and Fig. 12 present the real-time monitoring interface
during the experimental test, the updated time was set to one
second for both the sonde and the dual GNSS/INS, a total
1137 samples are related to the sonde parameters, and a total
of 23999 samples are related to the location of these measures
according to the dual GNSS/INS device. The time interval of
this mission runs from 12:00 to 14:00 hs. The sonde is put
up to 4 m depth, necessary to measures water quality. Fig.
11 shows a general description in the visual interface with
the 20 parameters regarding water quality, including global
positioning. Fig. 12 shows by separated the 15 parameters
related to accurate location of the measurement using the dual
GNSS/INS device. Due to the specific mission task, the vehicle
is moving, and the INS enables additional data, such angular

Circular trajectory

Sonde trajectory

2

3

Lat: -72.194898
Lon: -16.388564
Depth: 2.77 m
A.C: 392.11 uS/cm
S.C: 467.27 uS/cm
pH: 8.79 pH
Sal: 0.2368 PSU

Lat: -72.194866
Lon: -16.388533
Depth: 2.43 m
A.C: 389.17 uS/cm
S.C: 466.45 uS/cm
pH: 8.80 pH
Sal: 0.2263 PSU

Lat: -72.194794
Lon: -16.38866
Depth: 2.15 m
A.C: 392.28 uS/cm
S.C: 467.28 uS/cm
pH: 8.79 pH
Sal: 0.2269 PSU

Lat: -72.194886
Lon: -16.388671
Depth: 3.23 m
A.C: 391.21 uS/cm
S.C: 466.60 uS/cm
pH: 8.82 pH
Sal: 0.2264 PSU

Fig. 10. Water Quality Measurement with Accurate Global Positioning in
Underwater Space Environment (Lat: Latitude; Lon: Longitude; Depth; A.C:
Actual Conductivity; S.C: Specific Conductivity; pH: Potential of Hydrogen;

Sal: Salinity).

and linear velocities, that can also be visualized in the interface
and in real-time.
Fig. 13 shows an offline analysis using Matlab plotting the

Fig. 11. Result of Experimental Test in the GUI of the Proposed System,
Focused the Sonde and the GNSS/INS Parameters.

main water quality parameter. In this case, there are only
four variables selected from the MySQL database, real electric
conductivity, specific electric conductivity, pH level, salinity.
Fig. 14 shows an offline analysis using Matlab plotting the
main global positioning parameters. The software architecture
enables the possibility to use any other third part software
for a detailed off-line analysis. Table III shows the measured
parameters in details, both when dynamic and static. The
dynamic computes mean values of the whole data, and the
static is the specific measurement point without vessel mo-
tion. These results have shown there are slightly variation in
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measurements, the big data acquisition is necessary, can serve
for better estimation and to observe specific region of the
water where conditions may be critical to irrigate agricultural
crops. Regarding alerts, the visual interface enables to set
minimum and maximum indicators for all the parameters in
order to detect inadmissible water conditions for the agriculture
purposes. The user access safely protected and will be able
to observe minimum, maximum, average values, etc. As an
example, the alert is activated when the pH value reaches
a maximum of 8.85, considering that this value may alter
the life cycle of the crop and further economic losses. The
proposed visual interface also may notify the alert online using
JSON message protocol. Despite the updating time is one
seconds, the whole sampling data are received relative to the
sampling frequencies, 1 sample per three seconds by the sonde
and 50 samples per second by the dual GNSS/INS device.

Fig. 12. Result of Experimental Test in the GUI of the Proposed System,
Focused the GNSS/INS Parameters.
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Fig. 13. Offline Analysis of Selected Data using Matlab Plot: (a) Actual
Conductivity; (b) Specific Conductivity; (c) pH; and (d) Salinity.

In huge water reservoirs, it is important to observe different
point of water quality, and the proposed alternative tackled this
inconvenient. Another further application is for marine water
quality monitoring in Peru, because these values may change
dramatically relative to the depth, and it is a key factor to
ensure the habitat of marine species. It is known that GNSS
devices have a higher accuracy and refresh rate than GPS, but
these are more susceptible to obstacles such as trees, buildings,
tunnels or electromagnetic fields. Considering tasks away from
these obstacles, the GNSS is an attractive solution. In [23],
the GNSS devices with dual antennas presents an immunity in
their measurements for a reference system of constant move-
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Fig. 14. Offline Analysis of selected data using Matlab plot: (a) Longitude;
(b) Latitude; (c) Depth; (d) Velocity X; and (e) Yaw.

TABLE III. MEAN VALUES OF THE MEASUREMENT

Parameter Dynamic (mean) Static Unit
Temperature 289.455 289.678 ◦K
Pressure 0.893 0.416 PSI
Level-Depth to Water -0.627 -0.292 m
Level-Surface Elevation 0.627 0.292 m
Actual Conductivity 38240.454 39214.309 µS/m
Specific Conductivity 45868.145 46784.503 µS/m
Resistivity 2618.354 2550.089 ohm-cm
Salinity 0.222 0.227 PSU
Total Dissolved Solids 0.298 0.304 ppt
Density of Water 0.999 0.999 g/cm3

Barometric Pressure 649.987 649.777 mmHg
pH 8.782 8.807 pH
pH mV -98.949 -100.402 mV
ORP 141.574 133.967 mV
Dissolved Oxygen Concentration 8.160 8.384 mg/L
Dissolved Oxygen Saturation 97.673 100.921 % Sat
Oxygen Partial Pressure 130.151 134.389 torr
External voltage 0.035 0.027 Volts
Battery Capacity 94.028 94.000 %
Latitude -16.388 -16.388 deg
Longitude -72.194 -72.194 deg
Depth 0.745 0.396 m
Velocity X 0.954 0 m/s
Velocity Y 0.001 0 m/s
Yaw 10.952 1.301 deg

ment. Moreover, it presents a greater accuracy and reliability
when implementing an inertial navigation system (INS) to help
in situations of signal loss. Based on this, the GNSS/INS VN-
300 device used here provides a better horizontal accuracy
of 1 meter and better vertical accuracy of 1.5 meters with
operating frequencies up to 400 Hz in contrast with alternatives
that use GPS technologies as a global positioning system
[16], [17]. The proposed system is also prepared with serial
ports to receive other certificated sensors and instrumentation,
that fill with the high standard requirements for industry and
governmental agencies. In particular, the Aquatroll 600 sonde
is very common in Peru for agriculture and mining activities
and the insertion of new sondes should be pass with rigorous
certification procedures before to get their practical acceptance.

V. CONCLUSION

Monitoring water conditions is essential in agricultural
activities and in countries where mineral exploration is so
close to these activities. The integration of hardware and
software is necessary to attend more requirements in terms
of precision, accuracy, and human-machine interface for data
visualization. This work validates the integration of a certified
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multiparameter sonde with a dual GNSS/INS device in an
embedded computer system in order to increase the accuracy
in global position of measurement data. Moreover, the work
presents open-sources technologies, a detailed description of
the visual interface using MySQL and completely Python code.
The system is validated when it is attached as a payload to an
unmanned vehicle during the mission to measure the state of
the water in a huge reservoir destined for agricultural activities
in the Majes-Arequipa region, a desert area irrigated with water
that flows from the Andes. Due to limited access and budget,
this project collects 20 water quality parameters, based on the
availability of sensors and the study area. This platform has a
great potential for scalability leading to future work that aims
to add more instrumentation, programming, communication
and incorporation of IoT. These can contribute to research
work with more features and applications of monitoring control
of the aquatic environment.
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