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ABSTRACT   

Currently, there are a large number of commercial technologies and sensors for hydrological and meteorological 
monitoring in the market; for the management of resources, especially water management. However, despite that in recent 
years new technologies have been developed, that have increased sensors’ accuracy, but their cost is usually high. Thus, 
monitoring is frequently carried out on a huge scale in large river basins and to a lesser extend in countries that cannot 
afford these investments. This work is aimed at developing and programming low cost sensors based on free software-
hardware Arduino, and cheap hardware for hydro-meteorological monitoring in small basins. Thus, it would extend these 
technologies for monitoring and management of water resources and hydrological extremes. The sensors developed deal 
with precipitation, soil moisture content and water depth. All of them were tested and calibrated in laboratory conditions, 
showing a promising performance. Then, calibration equations were developed to increase the accuracy in field 
measurements; they were validated in lab conditions resulting in: R

2
=0.99 (water depth); 0.98 (precipitation) and 0.84 (soil 

moisture content). Future works will address their validation in field conditions, identifying their weaknesses and adapting 
them to real conditions 
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1. INTRODUCTION   

Nowadays, the management and planning of water resources for different users is an important issue worldwide. Water is 
the source of life and an essential asset in human development, even more in the last decades due to the increase in 
global demand for this resource, the decrease in the natural sources of supply, the pollution and bad quality of it. Facts 
that demand a greater control over the water resources and make pressure in the governments around the world, being 
the scarcity of this liquid source a potential risk of social conflicts. 

Small basins are not usually monitored in developing countries because of their small area and instrumentation cost, since 
the high costs for monitoring of hydrological basins, which limits the number of mounted sensors resulting in monitoring 
only large basins. 

Small mountain basins are usually of torrential nature, located in rivers’ headwaters, with steep channels of stational 
rivers, concentrating large amounts of precipitation with underdeveloped soils, which generate runoff and flash floods, 
been a risk for population settled in the low areas (Pedraza & Díez-Herrero, 1996). 

Watersheds’ monitoring is required for water resources management, to prevent and generate alerts of floods and flash 
floods events. Moreover, it generates a database, to develop climate change scenarios and models. In summary, the 
monitoring of watersheds allows an adequate management of the resources, avoiding natural disasters and generating 
future climatic and hydrologic scenarios. 

Within the above context, this work presents an alternative to traditional monitoring based on software and free Arduino 
hardware, combined with low cost sensors, calibrated and programmed in order to increase their accuracy. It generates an 
economic alternative for large-scale monitoring, allowing the management of water resources in low-income areas. 

The low-cost alternatives are not new and gain popularity every day. Some works applied to the hydrometeorological 
measurements of development and calibration of this type of sensors, are reported by Bogena et al. (2007), Varhola, et al. 
(2010) to name some of them. 
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2. METHODOLOGY 

Low-cost sensors were selected, programmed, calibrated and tested in laboratory. They were programmed with Arduino 
free software and hardware (Arduino,2018), logging the variables: precipitation, water depth, humidity temperature and 
soil moisture taking into account to increase their accuracy and reducing typical errors in low cost sensors. 

2.1 Sensor assembly 

2.1.1 Precipitation 

A tipping bucket rain gauge was used to measure precipitation, its operating mechanism is based on a normally open 
magnetic switch, which closes with each tip of the rocker arm by the action of a magnet. It measures precipitation 
according to the number of tip movements performed by the mechanism, assigning a pre-set volume to each tip, in 
relation to the catchment area of the funnel. A real-time clock (RTC) was incorporated to assign date and time to each tip, 
to measure precipitation rate. In addition, a rain presence sensor was set, to activate the programmed counting 
mechanism only with the presence of precipitation, thus avoiding external factor that can trigger the mechanism 
generating false data. 

Figure 1 shows the assembly diagram where: the rain gauge is represented by a magnetic switch (powered with 5V DC), 
VCC in red, GND in black and signal inputs in blue, yellow and green. 

 

Figure 1 Rain gauge assembly diagram with RTC and rain presence sensor. 

2.1.2 Water depth 

 
The water depth was measured by an ultrasonic sensor, programmed with two digital pins; one was used as an output to 
emit the ultrasonic signal and the other was used as an input detecting the return of the pulse and stops counting. This 
counter measures the time it takes the travel distance between the sensor from the water and return. Once the time is 
known, the speed of sound is used in its movement through the air, to determine the pulse traveled distance. Sound speed 

is affected principally by humidity and air temperature (Wong and Embleton, 1985), so, the sound speed was calibrated 

according to the air temperature and humidity, with the DTH-22 sensor (Figure 2).  

 

Figure 2 Assembly diagram for ultrasonic sensor and humidity and air temperature sensor DTH-22. 

2.1.3 Humidity an air temperature 

DTH-22 sensor was used for humidity an air temperature monitoring, with high accuracy. According to the manufacturer's 
specifications (Adafruit Industries LLC), it measures temperatures from -40 to 80ºC with ± 0.5ºC accuracy and relative 
humidity from 0 to 100% ± 1-2% accuracy. Its logs data every 2 s (Adafruit, 2018), its accuracy is also guaranteeing by the 
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free access libraries which can be downloaded from the Adafruit web (https://learn.adafruit.com/dht). This sensor was not 
tested. 

Figure 2 shown the assembly diagram of this sensor. In addition to VCC and GND this sensor requires a digital pin 
connecting to  the sensor and with VCC through an electrical resistance. 

2.1.4 Soil moisture 

Capacitive soil moisture sensors, based on frequency domain reflectometry (FDR), were used. They belong to the analog 
type and their reading are based on the soil resistance to the passage of energy, measuring the soil electrical capacitance 
as a function of the dielectric constant. The signal strength varies between 0 and 5 V generating readings between 0 and 
1023 (10-bit analog input). Thus, 1024 possible levels of moisture content can be read by the sensor, however, in soils 
moisture content, it covers a smaller proportion of the total measurement range, based on the different soil properties. 
Each humidity sensor requires an analog pin (in addition to VCC and GND) that returns the value of soil water content 
between 0 and 1023 (Figure 3). 

 

Figure 3 Soil moisture sensor assembly diagram. 

2.2 Laboratory test and calibration 

2.2.1 Precipitation 

Seventy-seven trials were carried out in two different rain gauges, 44 tests in the rain gauge 1 (P1) and 33 in the rain 
gauge 2 (P2), at different precipitation intensities (from 20 to 900 mm/h). The intensity of rainfall was simulated with a 
graduated burette, which was adjusted with the valve that it has and remained constant during the time that each test 

lasted. The obtained results allowed to characterize the behavior of the rain gauges and generate calibration curves that 

respond to the tipping volume according to the rainfall intensity; to obtain the rain rate. 

According to the diameter of the orifice for water exit in the funnel, the intensity of rainfall that causes the overflow of the 
funnel was calculated, and the minimum height of the funnel to avoid this event. The rain gauges studied have an exit 
orifice with a diameter equal to 0.4 cm. 

2.2.2 Water depth 

The sensor was mounted on the section of the hydraulic studies channel of the laboratory where the water depth was 
controlled by a gate, maintaining the flow in a uniform regime.  

The sound speed in the air was corrected according to the temperature and air humidity with the following equation: 

𝑉 =   331.5 + (0.606 ∗ T) + (0.0124 ∗ Hr)    [1] 
 

Where: 331.5 m/s is the sound speed at 0ºC; T is the temperature (ºC); and Hr is the humidity (%). 

The water depth measured by the sensor were contrasted with the real water depth, marked on the test channel. Twenty-
eight measurements were made at different heights of water, in an ascending way from 6 to 30 cm to until approximately 3 
cm of the sensor, a higher water depth was not able to measure because off the limited capacity of the laboratory channel. 

2.2.3 Humidity and air temperature 

The Adafruit library was used for the sensor’s programming which guarantees its accuracy. 

The sensor was proved in variating conditions of temperature and air humidity, been stabled, proving its accuracy and with 
prompt response to variations. 

2.2.4 Soil moisture content 

Calibration was performed in the laboratory by the volumetric method; 4 sensors were tested in two different types of soils 
(sand and sandy loam textures) using seven levels of moisture contents (Ꝋ), from dry to saturated, with three repetitions 
on each case (84 readings). These allows to work with the average values. 

https://learn.adafruit.com/dht
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Finally, the validation of the measurements of all the instruments was carried out once the calibration equations were 
integrated in the programming using the linearity test and the adjustment between the measured and the real values 
(estimating the value of R

2
). 

3. RESULTS  

3.1 Calibration 

3.1.1 Precipitation 

The volume for tip is increased as the intensity of the rainfall increases, being practically constant below 100 mm/h (more 
common precipitations) intensities. The results shown an R

2
 = 0.87 and R

2
 = 0.81 for rain gauges one and two, 

respectively (Figure 4). 

 

Figure 4 Rain gauge calibration curve 

For an accumulation of 1 cm of water height (h) inside the catchment cone, it is needed a rainfall intensity of 950 mm/h, 
and for fulfilling the cone, 3600 mm/h (Figure 5). Considering that these intensities are likely to happen, it is practically 
impossible for the rain gauge to be fulfilled by precipitation (if the orifice is not total or partially clogged) according the 
natural precipitation intensities recorded around the World. 

 

Figure 5 Water depth accumulated in the rain gauge as a function of the rainfall intensity 

Although 2 or 3 cm of water depth in the funnel is enough to avoid the overflow in the rain gauge, this does not apply at 
the time of retaining the rebound generated by the drops after their impact on the rain gauge surface. Thus, a shallow 
funnel is not recommended. 

The rain presence sensor works properly to the presence of water on its surface, however, given the nature of these 
sensors (with exposed plates), it is expected that corrosion will affect them in the medium or long term. 

3.1.2 Water depth 

The results by the ultrasonic sensor measuring the water depth measurement showed a similar behavior to the real 
values, with a mean error of 2%. However, as the water sheet approaches the sensor, accuracy reduces, moving from 
millimeter to centimeter, highlighting a tendency to overestimate the real values, so in short distances the sensor is less 
accurate (Figure 6). 
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Figure 6 Comparison between real and measured water depths. 

3.1.3 Soil moisture content 

In dry soils (low moisture content), the measure was 0 in the four sensors (S1, S2, S3 and S4). And in other readings, the 
sensors’ performance was similar and showed the same exponential behavior: been much more sensible in small 
moisture contents than on wet moisture contents. In saturated soils the values varied between 700 and 750 units, so, the 
returned values by the sensors oscillated between 0 and 750 for the soils studied, and not from 0 to 1023. The most useful 
range is between 300 and 700 (Figure 7). 

 

Figure 7 Soil moisture sensors calibration 

Although, different calibration curves were obtained for different sensors and soil types, the sensor values were not stable; 
they were very sensible within the smaller water contents, and less sensible in high moisture contents, presenting R

2
 

between 0.84 to 0.97 (Figure 8). In these cases, the R
2
 adjustments could be acceptable, considering that a high precision 

is not necessary for soil moisture content measurement. The curve is different in each type of soil, so it’s requires 
calibration for each specific soil to reduce measurements errors. 

3.2 Validation 

3.2.1 Precipitation 

Sensors were validated in laboratory after their calibration and improvement of the rain gauges programming. Different 
volumes of water were poured in the sensors and there were compared with the sensor measurements. Both measures 
agreed very well (Figure 8). 

  

Figure 8 Validation of rain gauge data acquisition 
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The contrast between the rain gauge measured and the actual rainfall showed a linear adjustment R
2
 = 0.98. Thus, the 

rain gauge programming, as a result of the calibration, was very good for the laboratory conditions, and the data 
acquisition model works well. 

3.2.2 Soil moisture content 

The sensors’ measurements for soil moisture content presented similar results with an R
2
 = 0.84, nevertheless they were 

the less actuated sensors (Figure 9). 

  

Figure 9 Validation of soil moisture sensors data acquisition  

The highest error corresponded to cases where the moisture content exceeds field capacity, where the error amplifies 
since the increase in the sensor readings is small and the moisture content increase is higher (being exponential). 
Sensors are much less sensitive to changes in moisture contents between field capacity and saturation (gravitational 
water) although they can show a reference of soil moisture content, not as much accurate as desired, but enough to 
predict soil infiltration capacity. 

3.2.3 Water depth 

The measures obtained by the ultrasonic sensor in the laboratory, were validated with observed results measured in the 
channel test, and the results obtained are shown in Figure 9. 

  

Figure 10 Validation of water Depth sensor data acquisition 

The comparison between the water depth (y) and the measured readings has a linear relationship R
2
 = 0.99, this sensor 

was the most accurate and its data adjusted to real conditions with high accuracy. Thus, this sensor and its programming 
can be used for water depth monitoring. 

4. CONCLUSIONS 

The tipping bucket rain gauges mechanism is sensitive to the rainfall intensity. It is almost impossible to overflow the 
funnel by rainfall if the orifice is not obstructed. The calibration of these sensors was validated in laboratory conditions with 
an R

2
 =0.98. 

The measurement mechanism of water depth by an ultrasonic sensor presented a good performance with a measurement 
error of ±2% and a R

2
=0.99. The error will increase as the water sheet gets close to the sensor.  This accuracy was 

obtained by adjusting the sound speed with temperature and air humidity. 

R² = 0,8403 
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The air humidity and temperature sensor studied showed a stable behavior and a quick response to temperature and 
humidity variations, being able to measure both variables with high accuracy. 

The soil moisture sensors showed similar exponential behavior among them.  For the soils tested, their measurement 
range oscillated between 0 (dry soil) and a maximum of 750 (saturated soil) but the readings were not stable, the 
correlations R

2
=0,84, been less sensible to moisture changes in high water contents. 

The low-cost sensors studied in this work show a high potential for monitoring hydrometeorological variables in small 
watersheds where high accuracy is not required. They are less accurate than traditional instrumentation, but they are also 
cheaper, making an interesting benefit-cost ratio. And, could be used to densify the traditional hydrometeorological 
monitorization and give a chance for little agricultures to monitor their fields and small villages managers to flood 
forecasting. 

In this stage, only the developed sensors have been tested in laboratory conditions, the next step in the investigation is to 
validate them in field condition and develop a data logging and data transmission systems (in what we are working now). 
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