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Abstract: Acid rain, characterized by high concentrations of H2S04, HNOs, and H2COs, is primarily caused by fuel combustion. It
directly impacts plants, lakes, rivers, and human health, leading to an increase in respiratory conditions and cancer cases. This research
focuses on characterizing precipitation by implementing a remote monitoring system for assessing rainwater quality. The system design
utilized an ATMEGA 2560 microcontroller for signal processing and employed the Zigbee protocol to establish a wireless link. The main
contribution of this research lies in the development of an electronic system for evaluating precipitation, specifically to measure the
acidity or alkalinity of rainwater. The findings indicate that the information obtained from the system is accurate and valuable for

determining the quality and potential uses of rainwater
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1. Introduction

In large cities, industrialization and population growth
directly affect the chemical composition of rainfall, leading
to the generation of acid rain. Acid rain can be defined as
any form of precipitation with high concentrations of
sulfuric acid (H2S0Oa), nitric acid (HNOs), and carbonic acid
(H2CO:s). The presence of sulfur dioxide (SOy) is primarily
attributed to the combustion of fossil fuels and factors such
as the incineration of organic matter. SO, undergoes
immediate oxidation and upon contact with water, converts
into H,SO.. Similarly, nitrogen dioxide can convert into
nitric acid in the atmosphere. These acids serve as the
primary precursors of acid rain [1], [2]. Under natural
conditions, acid deposition has an approximate pH value of
5.6, owing to the presence of carbonic acid in small
quantities in the atmosphere. Acid rain occurs when
rainwater registers a pH value lower than 5.6. Although it
does not directly impact ecosystems, acid rain has the
potential of reducing biodiversity and removing essential
nutrients for plant growth or agricultural crops [3]-[5].
Additionally, acid rain can cause deterioration of
constructions or metallic materials.

Considering that most of the planet is composed of water,
with nearly 97% being salt water, and acknowledging water
as a non-renewable natural resource, the supply of rainwater
becomes increasingly significant. However, Mexican
regulations establish permissible quality limits to which
drinking water must adhere to prevent various diseases such
as gastrointestinal issues [6].

Today, there are numerous instruments available for
measuring precipitation, with notable examples including
the cup rain gauge, current meter, and weighing rain gauge.
In the current meter, collected water flows into a container
equipped with a float. As the water level rises, the float

undergoes vertical movement, locking a diagram that
represents the accumulation of water in the container over
time. This resulting graph is referred to as a hyetograph. By
analyzing the slope of the hyetograph, we can calculate the
intensity of the rainfall [7]. The weighing rain gauge is
particularly recommended for cold climates, as it is capable
of recording various types of precipitation including rain,
hail, or snow. Its operation relies on a system of weights or
springs [8]. The cup rain gauge is the most common
instrument used for measuring liquid precipitation. It
functions by collecting rainwater through a funnel and
directing it into two containers that are unbalanced, causing
a balancing movement each time rainwater is collected. This
tilt of the scale can be utilized to generate a frequency,
converting the mechanical motion into an electrical signal
that can be manipulated to activate an electronic device.

When measuring hydrogen potential, temperature serves as a
crucial physical parameter that can influence the accuracy of
pH readings. This is because temperature variations can
occur between the sample and the buffer solutions used to
calibrate the pH electrode, leading to deviations in pH
measurements. To address this issue, various temperature
sensors are commonly employed for recording temperature.

Resistive temperature detectors (RTDs) operate based on the
variation of the resistance of a conductor with temperature.
The resistance of RTDs is directly proportional to the
amount of incident light upon them. Semiconductor
temperature sensors offer greater precision, better linearity,
compact size, and improved stability compared to RTDs.
Thermocouples, another type of temperature sensor, are
composed of two different metals joined together to form a
junction. This junction produces a voltage, which varies
according to the temperature difference between the "hot
point" or measurement point and the "cold point" or
reference point [9]. Currently, there are technological
methods used to carry out the pH measurement process in a
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substance, and we can classify them into two groups:
electrochemical and optical. Electrochemical sensors are
those that convert the activity of the hydrogen ion into an
electrical signal. Within this type of transducer, we can find
lon Selective Electrodes (ISE) and lon Sensitive Field Effect
Transistors (ISFET). Optical sensors are divided into
colorimeters or reagent strips for pH measurement, and fiber
optic sensors [10].

In modern times, numerous researchers have designed
systems for monitoring meteorological variables [11]-[13].
Not all research groups focus on measuring the acidity of
precipitation, especially considering the high cost of existing
equipment. Presently, the Environmental Engineering
Department of the Technological Institute of Minatitlan is
conducting research to assess rainwater quality. However,
the current method used does not offer simultaneous and
real-time data on the acidity or alkalinity of rainfall. Thus,
this article introduces the design of a remote monitoring
system to characterize these variables, aiming to provide
essential information for determining rainwater quality and
its potential uses. The proposed system primarily targets
environmental researchers and involves the acquisition and
processing of signals, which will be transmitted wirelessly to
a computer and stored in a database. This data will then be
accessible to any interested user. It's worth noting that one of
the primary objectives of this research is to enhance the
recording technique for these variables. Currently, the
method relies on field measurements, and at times, samples
must be transferred to the laboratory for analysis. This
process often leads to inaccuracies due to the time gap
between the event and the measurement, highlighting the
need for improvement.

2. Material

The architecture employed for designing the temperature,
precipitation, and rainfall acidity monitoring system is
illustrated in the block diagram shown in Figure 1. This
diagram depicts the transmission scheme utilized for
wireless communication.
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Figure 1: Block diagram of the remote monitoring system

We utilized a Davis 7852M tipping bucket rain gauge with a
resolution of 0.254mm for rainfall assessment. This device,
featuring a contact closure output and a collection area of
214 cm?, conforms to the specific standards established by
the World Meteorological Organization. It was calibrated
upon acquisition and was further adapted for signal
processing through the integration of relevant electronic
instrumentation. For temperature measurement, we
employed a DS18B20 model programmable resolution
digital sensor. This sensor utilizes the 1-Wire
communication protocol and allows for resolution selection
ranging from 9 to 12 bits. With a measuring range of -55 °C
to 125°C and an accuracy of £0.5°C within the range of -10

°C to 85 °C, it proved to be suitable for our needs. It is
important to note that, due to the T0-92 type encapsulation
of the DS18B20 temperature sensor, precautions were taken
to insulate the sensor pins to prevent direct contact with
water. This was achieved by encasing the sensor pins in
epoxy resin and placing them within a plastic tube, leaving
only the pure encapsulation exposed.

Figure 2: DS18B20 Temperature Sensor with Liquid
Isolation.

The hydrogen potential (pH) recording was conducted using
a combined pH electrode, similar to the one depicted in
Figure 3A. This electrode transmits a signal in millivolts to
an acquisition card, as illustrated in Figure 3B, for
characterization and subsequent transmission to the
processing stage to ensure accurate assessment.

The measurement kit offers a pH measurement range from
0.01 to 14, utilizing the RS-232 communication protocol.
Additionally, it is capable of providing pH readings with
reference to a desired temperature.

A) B)
Figure 3: A) Combined glass electrode used for pH
measurement. B) Data acquisition card.

To process signals obtained from signal conditioning, we
employed an Arduino MEGA R3 electronic board, which
incorporates an ATMEGA2560 microcontroller. The
wireless connection between the sensor module and the
computing equipment was established using Xbee radios,
which utilize the ZigBee communication protocol. These
radios operate in the 900MHz ISM band and have an urban
range of 370 meters.

The user interface implemented in the signal processing
module is managed by a 2.8-inch resistive touchscreen
display.

3. Methods

Precipitation is typically measured in mm. This unit is
chosen because if one liter of water were poured onto a
completely flat horizontal surface of 1 square meter, the
thickness of the water layer would be 1 mm. The inside of
the rain gauge is depicted in Figure 4. The Davis 7852M
tipping bucket rain gauge, with a resolution of 0.254
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millimeters, operates by generating a specific frequency
based on the amount of water recorded.

The volume of water required to tip the buckets is
determined by the collection area of the rain gauge and its
resolution. Therefore, the calculation is as follows:

214 cm? x 0.0254 cm = 5.4356 cm® = 5,4356 ml. (1)

Al Sk

Figure 4: Interior o? the rain éauge

Therefore, according to the calculations performed, when
one bucket is filled, it releases an approximate 5.4ml of
liquid each time an internal movement occurs. This amount
of water is equivalent to the 0.254mm resolution specified in
the equipment's datasheet.

It is important to note that the system tests were conducted
in a laboratory setting. To obtain precipitation sensor
readings, various amounts of water were poured into the rain
gauge using a graduated cylinder. However, potential
deviations observed in the sensor readings compared to the
graduated cylinder are influenced by the conditions under
which the measurements were taken. Factors such as the
speed at which the liquid is poured into the rain gauge and
the location where the water stream falls in relation to the
center of the rain gauge can alter the measurement due to the
lack of the same heterogeneity present in real rainfall
conditions.

To observe the discrepancy between the true value and the
measured value by the system, the error was determined —
the difference between the measured value and the real
value. However, it is common to express the error as the
ratio of the absolute error to the true value, expressed as a
percentage. Nevertheless, for this case, the sign of the error
is retained.

The pH meter used was calibrated on day 1, five minutes

before the commencement of measurements, to evaluate our

instrument against a standard device. For this process, it is

only necessary to send commands to the pH acquisition card,

which will return the format XX.XX<CR>, depending on

the command sent. The calibration process is outlined

below:

1) Carefully rinse the pH electrode with distilled water.

2) Immerse the pH electrode in the pH 7 buffer solution.

3) Wait approximately 1 to 2 minutes and press the pH 7
button displayed on the screen.

4) Rinse the electrode thoroughly with distilled water and
dry it with a lint-free dry towel.

5) Immerse the pH electrode in the pH 4 buffer solution.

6) Wait approximately 1 to 2 minutes and press the pH 4
button displayed on the screen.

7) Rinse the electrode thoroughly with distilled water and
dry it with a lint-free dry towel.

8) Immerse the pH electrode in the pH 10 buffer solution.

9) Wait approximately 1 to 2 minutes and press the pH 10
button displayed on the screen.

10) Now, simply press the Stop button on the screen, rinse
the electrode thoroughly with distilled water, and clean
it with a lint-free towel. The electrode is now calibrated.

Once the calibration steps and methods for recording
precipitation, temperature, and rainfall acidity are defined, it
is important to clarify the system's operation in its wireless
transmission mode. The system is designed to record
temperature and pH every 10 seconds while waiting for the
acidity variation of the rainwater to stabilize at a pH greater
than or equal to 5.6 before changing the sampling time to 10
minutes.

Given that the tests conducted to evaluate the implemented
system utilized a single water sample, and the temperature
was assessed under similar conditions for all three days, it
was decided to obtain the daily average of the samples and
their standard deviation. This approach allows observing the
variations in the results of the developed system concerning
the pH meter model 8689, which also records the
temperature of the study sample.

4. Results

The results presented stem from the analysis of different
water samples over a period of 3 days, aimed at determining
the repeatability of the temperature sensors and the pH
electrode. Additionally, the objective is to observe the
variation and accuracy of the results as the days progress,
considering that the electrode was calibrated only on day 1
of the experiment. Tables 1 and 2 display the average and
standard deviation results of the samples taken with the
reference instrument and the implemented system.

Table 1 outlines the variations in pH samples compared to a
standard record. On day 1, considerable fluctuations in the
measurement were observed, as indicated by the standard
deviation of the sample. However, the mean obtained with
the implemented pH meter demonstrates acceptable
accuracy compared to the standard sample, considering an
approximate measurement error of £0.5.

Significant variation compared to the standard measurement
was observed by the third day, where it is detailed that the
average of the sample obtained with the implemented pH
meter already shows a variation of approximately 0.3
compared to the reference pH meter. It is crucial to note that
while there appears to be more stability in the measurements
on days 2 and 3, the readings recorded by the system no
longer exhibit the same accuracy as the measurements on
day 1.
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Table 1: Results table of pH measurements taken with the

designed system and the pH Meter 8689.

pH pattern data Developed pH
Day
sample system
1 7.416+0.040 7.431+0.147
2 7.391+0.041 7.558+0.042
3 7.330+0.031 7.629+0.080

The information presented in Table 2 pertains to the records
obtained from readings taken with the DS18B20 temperature
sensor, using the temperature displayed by the pH Meter
8689 as the measurement reference. It is observed that the
temperature sensor exhibits good accuracy and precision
relative to the measurement considered as the standard.

In Table 3, the data obtained from the Davis rain gauge is
presented, revealing deviations compared to the standard
instrument, with observed errors of up to 4%.

Table 2: Temperature results table taken from the pH Meter
8689 and the DS18B20 sensor.

D pH pattern Developed pH
ay
data sample system
1 25.223+0.110 25.124+0.106
2 23.8+0.0692 23.749+0.061
3 25.173+0.087 25.170+0.298

Table 3: Results obtained from the Davis 7852M rain

gauge.
Test Tube (ml) | Davis rain gauge (ml) | Error (%)
40 39 -2.50
50 52 4
60 58 -3.33
70 69 -1.42
80 76 -5
90 91 1.11
100 101 1
150 146 -2.66
200 193 -3.50
250 253 1.20
300 293 -2.33
350 351 0.28
400 391 -2.25
450 450 0
500 496 -0.80

Figure 5 illustrates the initial startup window of the system,
prompting the user to first install the driver for the computer
to recognize the USB device to be connected, in this case,
the XBee radio. The second point to address is port
recognition, where the port humber occupied by the USB
device is stored in the database. The purpose of this option is
to enable the system to automatically recognize the device
each time it is connected or disconnected. Step 3, port
registration, is solely used to save the recognized port. The
fourth step in software installation is the start button for
initiating the system installation process on the computer.

82 Men de instalacién

SEP

Instrucciones de Instalacién

Driver XBee Serial

1.- Instalar el controlador para el receptor USB
2.- Reconocimiento del puerto para el controlador USB
3.- Registro del puerto encontrado

4 .- Instalacién del software

Figure 5: Initial installation screen. The screen shows the
installation steps when an XBee radio is connected

In Figure 6, the main screen of the implemented software is
displayed. The screen presents remotely recorded data,
including the registration time and date. Additionally, there
is a button for accessing the log history, and a list is included
showing the node number from which the sample is taken.

Figure 7 shows a front view of the equipment for data
acquisition and represents the final prototype of the
developed node. In it, connectors such as the RJ-11, serving
as the input for the rainfall sensor, can be observed. The
Molex connector is linked to the DS18B20 temperature
sensor, and a BNC input is available for the pH electrode.
Additionally, there is the presence of a resistive TFT touch
screen display.

-
8l Explorador_USB |iE)

_SEP

Nodo Precipitacién pH Temperatura Hora Fecha

Informacién

Figure 6: Main screen of the monitoring system. The screen
displays variables obtained from the field modules, along
with the time and date when the data are received.

Figure 7: Final hardware, front view.

Figure 8 showcases the casing supporting the various
sensors implemented in the system, along with the
equipment responsible for processing the obtained signals.
The designed structure features a front door and a top cover.
To prevent sample overheating, the casing was painted with
two layers of white enamel. The lower part of the frame is
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covered to prevent sample contamination. Additionally, an
opening is visible on the top cover, serving as the emergence
point for the funnel of the rain gauge.

Rain gauge
output

—|

Figure 8: Prototype Enclosure Structure

Figure 9 illustrates the arrangement of the signal processing
system. In the figure, the Davis 7852M rain gauge is visible,
along with the hoses used to guide the collected liquid to the
container holding the sample. Additionally, the pH
measuring electrode and the DS18B20 temperature sensor
are observed, both secured to the structure by a metal
filament.

Figure 9: Interior of the casing with sensors and the data
processing system

5. Discussion

The recording of rainfall can be accomplished through
various systems. In some cases, sensors record both solid
and liquid precipitation, while other instruments measure the
amount of water falling using a graphical representation
[14]-[16]. Unlike weather radar, cup-type rain gauges
measure the total water fallen in a specific area, allowing the
sample to be emptied from the instrument through lower
openings. For this research, a cup-type rain gauge was
chosen, considering its self-emptying feature. However,
potential errors such as accidental tilt, absence of
measurements for weak precipitation, variations in sample
shape, and interference from strong winds needed to be
addressed [17],[18].

The cup-type rain gauge was considered the optimal choice
for determining the amount of precipitation, especially when
measuring liquid precipitation. While some researchers have

designed and constructed such instruments, for this study,
purchasing a pre-calibrated sensor was preferred. This
ensured accurate measurements without the need for prior
adjustment, except for proper leveling during installation.

During the validation of the cup rain gauge, laboratory tests
revealed errors in the measurement of rainfall that may vary
compared to the results obtained under real conditions [19],
[20]. Although laboratory testing was consistent with this
study, it is highly recommended to validate the system using
a similar instrument or a conventional weather station. This
is because the 30% error observed in comparison to a
graduated cylinder may vary with real-world measurements.
The characterization of hydrogen potential is crucial for
evaluating the acidity or alkalinity levels of rainwater. Under
normal conditions, rainwater typically tends toward a pH
value of 5.6, influenced by atmospheric carbonic acid. Any
deviation from this wvalue is primarily attributed to
atmospheric emissions of various origins, with the
combustion byproducts of fossil fuels being a significant
source of pollution [3], [21]. Despite efforts to reduce dust
and smoke emissions, gases released into the atmosphere
contribute to phenomena like acid rain or global warming.
All forms of ambient water, including snow, ice, and fog,
contain carbon dioxide. Consequently, water is somewhat
acidic, with a pH of about 5.6, but acid rain has a pH of 5.0
and can occasionally reach a pH of 3 [22], [23].

There are several methods to measure the pH of a liquid,
with one of the most common being electrochemical [24].
The electrochemical method operates similarly to a cell,
referencing two electrodes, one with a constant pH and the
other with the unknown pH of the sample. This research
aims to evaluate rainwater pH to provide a record for
qualified personnel to determine water potability. Numerous
studies have focused on determining hydrogen potential to
assess the acidity of water or other solutions [25]-[27].

The combined electrode is one of the most commonly used
instruments for pH measurement. However, there are also
ion-sensitive  field-effect transistors (ISFETS), which
function similarly to a MOS transistor. Although ISFETSs are
smaller and light-sensitive, their thermal instability
necessitates operation at a constant temperature for accurate
results [28]. Several studies have presented specific models
of ISFET sensors, where it is observed that they have a wide
working range with respect to temperature. However, the pH
range measured is typically from 2 to 12, with a response
time greater than that of the glass electrode. Nevertheless,
their availability in the market and the limited pH
measurement range they offer sometimes result in their use
being discarded [10].

The electrochemical method relies on measuring the
potential difference between electrodes. Some sensors
incorporate two electrodes: a reference electrode and another
to measure the sample, known as combined electrodes,
where only the potential generated in millivolts is measured
to determine the pH value by signal conditioning. There are
ongoing efforts in which the design of the signal
conditioning stage for pH measurement is being developed
[29], [30]. However, the design of the conditioning stage
must take into account the pH measurement range desired,
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as sometimes it is only designed for a specific range, making
a 10-bit converter sufficient. However, the design of the
conditioning stage must take into account the desired pH
measurement range, as sometimes it is only designed for a
specific range, making a 10-bit converter sufficient.
However, in the development of this work, a pH ranges from
0 to 14 was required because, in the future, it is also
intended to measure the potability of water with pH values
between 6.5 and 8.5 [31]. Therefore, the internal analog-to-
digital converter of the ATMega2560 microcontroller was
not used. Instead, an interface to the pH sensor was
employed (Figure 3). The interface is similar to that used by
other authors [16], [32], [33].

An important consideration when acquiring pH data is
temperature. Theoretically, when measuring a pH of 7 at
25°C, the sensor should output 0 V and generate increments
of approximately £59.2 mV per pH unit [34]. However,
calculations conducted at different temperatures reveal that
the sensor's response per pH unit may vary with the recorded
temperature [35]. For measurement purposes, temperature
compensation is necessary. This procedure can be done
digitally (obtaining the temperature and adjusting the value
by software) or analogically by adjusting the temperature
together with the pH before being sent to an A/D converter
as shown by other authors in different areas [29], [31], [36].
There are several low-cost sensors for temperature
measurement. Although some authors indicate that the
sensor is of high cost [37]. In this work, the DS18B20 was
selected as it is one of the most widely used sensors [16],
[38], [39]. Additionally, using a single bit to communicate
optimizes the use of the microcontroller's input-output ports,
unlike others that use SPI (Serial Peripheral Interface) and
require more bits of the microcontroller port and even signal
conditioning for analog sensors such as the LM35.

On the other hand, there are systems that monitor water
quality in general [33], [40]-[42], but they do not measure
the quantity and acidity of rainwater specifically to
determine the impact of contamination in the area being
monitored. Therefore, the developed work measures the total
amount of water dropped and the pH of the water in relation
to its temperature. The records obtained are stored directly
on a MicroSD memory as a backup in case data transmission
cannot be performed. When data transmission between the
node and the server is completed, the backup information of
the slave node is deleted. The wireless transmission method
used is polling.

Information transmission between two stations or nodes can
be accomplished using various communication technologies.
There are works where the Ethernet standard was employed
for transmitting information generated by ISFET sensors
[43]-45]. However, implementing this scheme requires a
physical connection to a controller for handling the
generated records. Other methods for data communication
could involve LoRa [46], Global System for Mobile
Communications (GSM) [47], [48], specifically the Short
Message Service (SMS) function [49], Although studies
already exist for transmitting meteorological variable
records, it's worth mentioning that sending text messages
incurs a cost per SMS, and it's restricted to 160 characters
per SMS [50]. Additionally, utilizing loT based on mobile

telephony incurs a cost for utilizing the provider's network.
Another option is through the use of Bluetooth, albeit with a
shorter range [16], [46], [51]. The utilization of the Internet
of Things (10T) is experiencing a significant rise in data
transfer. However, as mentioned, not only is there a network
access fee, but there are also situations where transmitting
information via the internet is challenging [52]. Therefore,
other forms of wireless communication are required or
combining different communication schemes with loT
through ZigBee, as demonstrated by some authors [16], [45],
[53].

Hence, the use of Wi-Fi could be an alternative. Although it
has a range of 100 meters [30], it still has limited coverage
for the area where the system was tested at the
Technological Institute. Therefore, the choice was made to
use the ZigBee standard operating under an XBee device in
the free frequency around 900 MHz [16]. It's more suitable
for transmitting the records generated by the hardware, as
the range can be up to 370 meters in urban areas. The use of
XBee modules with a frequency of 900 MHz is because
lower frequency results in longer wavelengths, meaning
greater distance but lesser data transmission [54]. For the
specific case of this work, a short-range link covering a
minimum range of 700 meters was required, and considering
the characteristics of the device to be used, it could offer up
to 24 kilometers in line of sight using a high-gain antenna
[55]. For testing purposes of the developed system, a dipole
antenna in an urban range with a coverage of approximately
100 meters was used. If a greater range were required, as
mentioned, it could be achieved using a high-gain antenna.

6. Conclusions

A remote monitoring system was implemented, which takes
constant readings every 10 seconds until the precipitation
reaches a pH of 5.6. Once this value is reached, the system
takes samples every 10 minutes. This data record is utilized
by environmental experts for decision-making purposes,
aiming to assess the acidity level of rainwater to evaluate its
quality. The instruments employed in the research are part of
a study conducted on various sensors, where it was observed
that the application of a tipping bucket rain gauge with a
resolution of 0.254 mm for recording rainfall was suitable,
along with a combined electrode for pH measurement across
its entire scale, ranging from 0 to 14 pH. Additionally, a
solid-state sensor model DS18B20 was considered for
temperature evaluation; however, it was necessary to adapt
this transducer for immersion in water. Daily inspection of
the instruments is necessary to prevent blockage, especially
in the case of the rain gauge, and calibration of the electrode
at least once a day is required to obtain more precise and
accurate data. The tipping bucket rain gauge is an instrument
that, through mechanical action, provides a frequency.
Therefore, to avoid noise, an RC filter was implemented
with an oscillation not exceeding 5 hundredths of a second,
taking into account that the opening and closing of the reed
switch oscillate between 40 and 100 milliseconds. The main
advantage of the temperature sensor is that it provides
samples in digital format, and it was only necessary to place
a resistor as indicated in the datasheet. However, an
inconvenience that could arise in the electrode acquisition
card is any modification of characters in the card's
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programming for sensor calibration as well as for accessing
the results obtained by the sensor. The Arduino Mega
electronic board hosts an 8-bit microcontroller, which was
considered necessary because the pH acquisition card
already yields a processed result. However, if a more
detailed study in pH acquisition were desired, it would be
advisable to use a 32-bit microcontroller to evaluate the pH
acquisition time between one design and another, as well as
to observe the advantages it offers in terms of transmission
speed and information display on the screen.
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