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Resumen 

En el presente estudio se ha llevado a cabo una exhaustiva evaluación en laboratorio de sensores 

de potencial hídrico comerciales tanto a nivel nacional como internacional en un suelo típico de 

la región de Navarra. 

Se seleccionaron 10 sensores, clasificados en 4 familias según su principio de funcionamiento 
(tensiómetros, sensores capacitivos, sensores de disipación de calor y bloques de resistencia) y 
se evaluaron usando como referencia los resultados obtenidos mediante una Placa de Richard. 
Durante la experimentación se varió el contenido de humedad desde saturación hasta valores 
de succión de 200 kPa. 
 
Los resultados muestran que las familias de sensores respondieron de forma diferente según el 

rango de succión.  En el rango de interés agronómico (20-100 kPa) los sensores de disipación de 

calor, los capacitivos y dos modelos de tensiómetros fueron los más precisos. En los dos 

primeros grupos, los registros aumentaban hasta los 150-200 kPa, resultando particularmente 

interesante para la investigación científica.  

 

Abstract 

The following study consists on an exhaustive evaluation in the laboratory of water potential 

sensors from both national and international markets using a typical soil from the region of 

Navarra.  

A number of 10 sensors were selected, classified in 4 families according to their operation 

system (tensiometers, capacitance sensors, heat dissipation sensors and electrical resistance 

block sensors) and evaluated, using as reference the results obtained with the pressure-

membrane apparatus. During the research the water content varied from saturation until 

reaching suction values of 200 kPa. 

The results show that the sensors from the 4 families responded differently depending on the 

suction range. In the range of agronomic interest (20-100 kPa) the heat dissipation sensor, 

capacitance sensors and two tensiometers were the more accurate ones. In the two first groups 

mentioned, the observed values were up to 150-200 kPa, being particularly interesting for 

scientific research. 

 

 

 

Keywords: water potential sensors, water retention curve, water availability. 
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1. Introduction and Objective 
 

Nowadays, irrigation agriculture, with the 20% of the cultivated land, provides 40% of the food 

consumed worldwide (Puy, Borgonovo, Lo Piano, Levin & Saltelli, 2021). However, water use 

efficiency in agriculture, according to Hamdy, Ragab & Scarascia-Mugnozza (2003) is only around 

45%, meaning that more than half of it is wasted. For this reason, expanding the irrigated land 

surface can strain water availability (Grafton et al., 2018). Due to this, it is unsustainable to 

increase the irrigated crop area without first improving water management in agriculture. It is 

mandatory to pay attention on water efficiency and to provide farmers information and tools in 

order to improve it. To do so, it is essential to know the water needs of the crops and then the 

availability of water in the soil.  

A proper irrigation technique consists of applying the optimum amount of water to the soil at 

the right time so that the plants can grow in ideal conditions. For this purpose, different 

irrigation strategies can be applied to improve irrigation management in a crop. The water 

balance allows to estimate the water that will be consumed by a plant and its availability in the 

soil based on the plant evapotranspiration rate. This evapotranspiration rate is an estimation in 

a given area, so this strategy is an approximation. Another way to acknowledge the water 

availability and the water needs for plants is the use of water potential sensors, whose measures 

can be made in situ and continuously.  

Water is stored in the pores between the soil particles and aggregates, so water availability 

depends on the quantity, shape and size of these pores. When the soil is saturated all the pores 

are then filled with water. Soil moisture can be expressed as gravimetric water content or 

volumetric water content depending on whether the soil water content is referred to the weight 

of dry soil or to the total soil volume, respectively. In the case of the volumetric water content, 

it is calculated as shown in Equation 1 (Hillel, 1998). 

Θv (%) = 
𝑤𝑎𝑡𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒

𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑖𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 
 ∗ 100                                                           (1) 

 

However, the water availability for plants does not depend only on its content but also on its 

energy state, the soil water potential.  Soil water potential is, basically, the potential energy of 

water in the soil (Bittelli, 2010). This concept is really important because it determines water 

flow, which goes from higher potential to lower. “Differences in potential energy of water 

between one point and another give rise to the tendency of water to flow within the soil” (Hillel, 

1998), which means that water tends to move from where the potential energy is higher to 

where is lower so this potential can be used to predict how water will behave in soils and from 

where to where it will move. 

This quality affects to many soil water processes such as water infiltration, percolation and 

evaporation. In addition, it influences plant nutrition, growth and transpiration, as well as seed 

germination by affecting directly to water availability for plants.  

 

 

 

 



Towards an optimal irrigation management: evaluation of water potential sensors 2021 

 

2 
 

This potential is subjected to different forces and the total soil water potential is expressed as 

the sum of these forces, as shown in Equation 2 (Brady, Weil, 1996): 

ψt = ψg + ψm + ψh + ψo                                                                               (2) 

 

Where ψt corresponds to the total soil water potential, ψg to the gravitational potential, ψm to 

the matric potential, ψh to the hydrostatic potential and ψo to the osmotic potential. More or 

less forces can be considered depending on each situation of study.  

Among all these potentials, the most relevant on unsaturated soil condition (which is the case 

for most agricultural soils) is the matric potential. This potential, also known as capillary 

potential, is defined as the attraction of water to solid surfaces (Bitelli, 2010), in this case soil 

particles, and is caused by capillary and adsorptive forces. In other words, soil matric potential 

is the negative pressure required to extract water from the soil matrix. (Thompson et al., 2007). 

This value varies between 0, saturation, and -1500 kPa, approximately the permanent wilting 

point. Matric potential can be expressed as follows in Equation 3 (Kirkham, 2005). 

 

ψm ≈ 
1

𝑃𝑜𝑟𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟⁄                                                                                                       (3) 

 

Meaning that, as this potential depends on capillary forces, with less pore diameter, the matric 

potential will be higher. 

Matric potential is always negative because the water attracted to soil particles has lower energy 

level than the pure water, which is taken as reference (Brady, 1996). In this research, from now 

on, the water potential will be expressed as positive values, like suction or tension are expressed 

in these cases in order to make it easier to work with. 

Both of these concepts explained above, water content and water potential, are used to plot the 

Water Retention Curve (WRC). The WRC is used as a graphic representation and it shows the 

hydromechanical behaviour in soil in terms of how suction changes with the volumetric water 

content (Hillel, 1998). It shows the suction at any given water content value and vice versa. 

But how matric potential can be measured? This variable can be determined by different 

approaches but the most common consists on using a soil water potential sensor, which will give 

the soil matric potential values. Currently, there are countless water potential sensors. After a 

thorough research among these devices in national and international outlook, sensors have 

been classified according to their operation system into 4 big families: (i) Tensiometers, (ii) 

Capacitance sensors, (iii) Heat dissipation sensors and (iv) Electrical resistance block sensors. In 

order to have a complete representation of the sensor’s families, 10 sensors have been selected 

for the research and there is at least one of each family.   

The objective of this work is to carry out a comprehensive evaluation on the main commercial 

water potential sensors currently used worldwide under laboratory conditions. This will help to 

establish how they work and will allow the farmers to improve their water efficiency in the field. 
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2. Materials and methods 
 

2.1 Water potential sensors 
 

As it is mentioned before, we classified water potential sensors in 4 families, depending on how 

they operate. These families are: Tensiometers, capacitance sensors, heat dissipation sensors 

and electrical resistance blocks.  

The first group consists on tensiometers. In general terms, the tensiometer is a device designed 

to provide “a continuous indication of the soil’s matric suction in situ” (Hillel, 1998). The basic 

components of a tensiometer are a porous cap, usually made by ceramic, a manometer and a 

tube filled with water that connects both the porous part and the manometer (Kirkham, 2005). 

Essentially, these instruments are filled with water and placed on the ground, in contact with 

the soil with all the porous surface of the apparatus. Then, the water will move in or out the 

tensiometer, depending on the water potential gradient. Water will tend to balance the water 

potential of the soil and the one inside the tensiometer to reach the equilibrium between them, 

so it is the same in both conditions. If the potential of the soil is lower than in the sensor, the 

water from the tensiometer goes through the porous ceramic to the soil, creating a vacuum in 

the tensiometer, that will be measured as soil matric potential (Bittelli, 2010). 

The second family contains the capacitance sensors, also known as dielectric sensors. These 

sensors are made by a porous, usually ceramic, part. When located on the soil the water 

equilibrates between the soil and the ceramic, and the sensor placed inside this ceramic 

determines the water content in it. Then, knowing the water content and the moisture 

characteristic curve, which is previously known, relating water content and water potential, this 

water potential can be inferred (Brady, 1996) 

Heat dissipation sensors are formed by, at least, a porous cup, a heating element located inside 

it and a temperature sensor. This heating element is usually a resistance. The ceramic part is 

placed in the soil and then the device reaches the water potential equilibrium with the soil. Then, 

the heating element activates thanks to an electric current for a determined amount of time and 

the temperature sensor measures the changes in temperature (Flint et al., 2002). Knowing the 

time that takes and the change in temperature, the thermal conductivity is known, which 

depends on water content. Since this content is related with the water potential of the sensor, 

it is possible to determine the soil water potential with the calibration curves (Bittelli, 2010). In 

other words, when there is a change in the water potential it produces a change in the water 

content of the ceramic matrix, causing a variation in the thermal conductivity (Flint et al., 2002).  

The last group, the electrical resistance block, operates based on the property of water to 

conduct electricity. The sensor has 2 electrodes and uses them to measure the electric resistance 

that flows between them. (Peña et al., 2013). With this electrical resistance measurements, it is 

possible to obtain the soil water potential using some calibration curves.  

The chosen water potential sensors are shown in Table 1, with their most important 

characteristics, measurement and temperature working ranges. 
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Table 1. Main characteristics of the evaluated sensos 

Type Model 
Range 
suction 

Temperature Picture 

Tensiometers 

153e 0 to 100 kPa 0 °C to 50 °C 

 

LT model 0 to 40 kPa 0 °C to 65 °C 

 

SR model 0 to 100 kPa 0 °C to 65 °C 

 

Teros 32 0 to 50 kPa 0 °C to 50 °C 

 

Capacitance 
sensors 

EQ-3 0 to 1000 kPa  0 °C to 40 °C 

 

Tensiomark 
1 to 

1.000.000 
kPa 

0 °C to 80 °C 

 

Teros 21 9 to 2000 kPa 0 °C to 60 °C 

 

Teros 21 
Gen 2 

0 to 100.000 
kPa 

0 °C to 60 °C 

 

Heat dissipation 
sensors 

229-L 
10 to 2500 

kPa 
- 

 

Electrical 
resistance block 

sensors 
Watermark 0 to 255 kPa - 
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2.2 Treatments 
 

The soil samples used for the experiments come from the practice field of the Public University 

of Navarra (UPNA), in Pamplona. The soil is a typical soil type of the region whose main 

properties are written in Table 2. 

 

Table 2. Some physical and chemical soil properties of the experimental soil 

  Soil Analysis  

Particle size (%) 

Sand (Coarse)  2,00-5,00 mm 14,47  

Sand (Fine) 0,50-0,05 mm 21,76  
Silt 0,05- 0,002 mm 39,39  
Clay <0,002 mm  31,66  

Texture (USDA) Silty clay loam  

pH  8,06  
CE (μS·cm-1)  176,00  
Organic matter (%)  3,52  
Carbonates (%)  20,58  
CIC (Cmol·Kg-1)  1,65  

 

With this soil a number of 11 treatments are prepared, one per model of sensor evaluated (Table 

1) as well as a control plot (see below). 

2.3 Experimentation 
 

The evaluation of the 10 sensors in the laboratory was carried out in a previously determined 

soil volume inside a stainless-steel meshed cylinder, shown in Figure 1. Inside these cylinders, in 

the centre, the sensors are placed. 

 

 

Figure 1. Dimensions of the stainless-steel meshed cylinder used for sensor evaluation 

The reason why the samples are placed in these meshed cylinders is because the loss of water 

has to be homogeneous in the entirety of the soil volume (see below), so being in a cylinder 

allows to have the same distance from the sensor, placed in the centre, to the edges. The 

cylinders are meshed in order to allow the entire surface of the soil cylinder to be subjected to 

the same evaporative rate. Taking into account that the working radius of all the sensors used is 

between 2 and 3 cm, and the dimension of the sensors, it was considered that a cylinder radius 

of 5 cm was enough to successfully carry out the experiments.  
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2.3.1 Reference values 

 

In order to study the accuracy of the water potential sensors, the first step is to obtain the 

reference values to compare them with the water potential values registered with the sensors. 

Considering that we did not have a technique to determine suction values at different soil 

moisture content in a univocal way, the best option to determine the reference values is the 

pressure-membrane apparatus (Figure 2). This is because the positive pressure is applied directly 

to the soil samples, that is, there is no material at the soil-air interface that could somehow bias 

the suction measurement. By measuring suction at different soil moisture values (in desorption) 

a reference WRC is obtained, which allows to know the suction values at different water 

contents.  

 

 

 

Figure 2. Pressure-membrane apparatus from UPNA laboratory 

This device is used to determine soil water potential by removing solutions from soils using gas 

pressure modification (Richards, 1941). As shown in Figure 3, it consists on a metal chamber, an 

air entrance, a compressor to provide air pressure, a water exit and one or more ceramic plates 

where the soil samples are placed.  

 

Figure 3. Inside of a pressure-membrane apparatus (Brady, 1996) 

 

The soil samples are introduced in saturation state and then are subjected to air pressure, which 

will make the water solution to filtrate in the porous plate. By controlling the pressure and 

knowing the volume or weight of soil introduced, the soil water tension is obtained by a 

determined pressure value. By repeating this process for different pressure values, the WRC can 

be obtained. This apparatus can measure pressures from 0 to -1500 kPa. 
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This WRC shows how suction changes with, in this case, the volumetric water content from a 

saturated situation, 0 kPa, to a dryer situation, 200 kPa, in order to cover the range of agronomic 

interest of water suction which is approximately from 20 to 100 kPa. This range represents the 

water easily available for most of the crops. Regarding the soil, it is sifted at 2 mm and its bulk 

density is 1,16 g·cm-3. 

 

2.3.2 Experimentation design 

 

The experiments were carried out in the UPNA laboratories. The evaluation of the sensors occurs 

inside a refrigeration chamber where temperature and relative humidity can be controlled 

(Figure 5). 

The evaluation takes place in desorption, from a saturated to a non-saturated stage, because 

that is the way the pressure-membrane apparatus works but also because suction vs water 

content curves in sorption and in desorption are different due to the hysteresis phenomenon 

(see Annex 1). 

To the 10 treatments 1 control unit is added, so the total number of samples is 11. Ten are for 

the sensors and one is the control sample, which consists only on the soil mass inside the 

cylinder. As the objective is to compare the results of the sensors with the reference WRC (see 

Annex 2) the samples are wetted to reach the saturation point, and let in a recipient with water 

for some hours for it to fill every pore by capillarity (Figure 4). In the base of every cylinder a 

textile is placed to slow down the saturation. 

 

 

Figure 4. Soil samples in saturation 

 

After this, all the cylinders are placed (Figure 5) in the refrigerator chamber and the samples will 

dry until 200 kPa.  
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Figure 5. Sensors inside the refrigerator chamber 

 

The conditions inside the refrigeration chamber are 10 °C and 80 % HR. This is because these 

conditions have to simulate the real conditions that sensors can face in agricultural soil. 

According to Gomes de Andrade et al. (2011) in the first 10 cm depth of the soil the water loss 

by evaporation is around 1,5 L·m-3·h-1. After preliminary tests with 10 °C and 80 % of relative 

humidity inside the chamber it was determined that this water loss by evaporation was reached 

under these conditions. 

The disposition of the soil samples is as it appears in the Figure 5. All sensors are collecting water 

potential data, so they are connected with a Campbell Scientific datalogger CR1000X, that is 

outside the chamber and is connected to a computer. This datalogger converts the measured 

values by the sensors into suction values using regression analysis equations provided by the 

manufacturer. 

2.3.3 Protocol 

 

The research starts with the soil in saturation, 0 kPa, and finishes when the suction in the soil is 

200 kPa. During this process, the control cylinder is weighed approximately every hour, to 

calculate the volumetric water content. At the same time, the suction values of every sensor are 

recorded. 
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2.3.4 Data analysis 

 

Experimental suction values vs. reference values 

In order to analyse the data obtained in the research there has been used the water retention 

curve plotted with the pressure-membrane apparatus as a reference curve. With these curves it 

is possible to compare the results obtained and to know accurately the volumetric water content 

at any given suction value. Below (Figure 6), there is an example of a curve to explain how it has 

been used.  

 

 

Figure 6. Example of a WRC 

 

As it has been explained (see above), in order to compare the data registered by the sensors 

during the research, a reference curve has to be determined. Once the evaluation of the sensors 

is done, the suction values of the sensors are compared with the reference WRC.  

However, this curve (Figure 6) is plotted with discrete data obtained with the pressure-

membrane apparatus, which means that the more values obtained, more accurate the curves 

are. In order to plot this graph (Figure 6), there are a total of 11 discrete points. 
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Figure 7. Example of interpolation in WRC data 

For example (Figure 7), to know the volumetric water content when the suction is 20 kPa, the 

graph shows that the value is 80 % and it is a measured point. However, the water content when 

the suction is, for example, 35 kPa, is not a point in the graph. This water content is not 

determined but it is calculated by interpolation of the data.  

 

Statistical index calculation 

Following the research with the water potential sensors and having the results, the final step is 

to compare them and conclude with the evaluation. To do so, two statistical methods are used: 

the Root-Mean-Square Error (RMSE) and the Nash Sutcliffe Efficiency coefficient (NSE). The 

RMSE is, basically, the square root of the standard deviation. It is used to measure the difference 

or the error between two values or groups of data, in other words, is a way to measure how far 

is the data from a reference value. RMSE has a formula that goes as follows (Glen, 2021):  

RMSE = √
1

𝑀
∑ (𝑃𝑖 − 𝑂𝑖) 𝑀

𝑖=1                                                              (4) 

Being P the predicted or reference values, O the observed values and M the sample size.  

Secondly, the NSE is a coefficient that indicates how a plot fits a reference model of the data, it 

is measured in the range between 0 and 1, being 1 matching perfectly. It is calculated as shown 

below (Nash, Sutcliffe, 1970): 

                                                          (5)       

Where Qm is the model, Qo refers to the values to compare to and Q͞o is the mean of these values.  
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3. Results and discussion  
 

In this section the results are shown, first the graphs plotted with the data obtained in the 

experiments and then the statistical methods used. 

3.1 Soil water retention curve 
 

Below, (Figure 8) is included the reference WRC obtained with the pressure-membrane 

apparatus. It goes from 0 to 250 kPa and is made by 18 points. 

 

 

Figure 8. Reference WRC obtained with the pressure-membrane apparatus 

 

3.2 Experimental values vs. reference values 
 

There are two types of graphs: the water retention curve per each family of sensors compared 

with the reference WRC, called “control” and the reference suction related with the measured 

suction per each sensor, classified again by families and compared with the reference. Below 

(Figure 9), the first 4 graphs are shown. 
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Figure 9. WRC of the sensors compared with the control curve: a) Heat dissipation sensor (229-L), b) Electrical 
resistance block sensor (Watermark), c) Capacitance sensors (EQ-3, Teros 21, Teros 21 Gen 2 and Tensiomark) and d) 

Tensiometers (Teros 32, Tensio 153, LT model and SR model) 

These graphs (Figure 9) show that all the sensors roughly match the reference values.  

In Figure 9a and Figure 9b is observed that both the heat dissipation sensor and the electrical 

resistance block sensor follow accurately the control curve. Then, the first one reaches 140 kPa 

of suction measured while the electrical resistance block sensor measures up to almost 200 kPa, 

following the tendency of the control curve. 

In the case of the capacitance sensors (Figure 9c), they adjust correctly to the control curve, 

specially the Teros 21. These capacitance sensors measure the suction up to around 140 kPa but 

the EQ-3 sensor is the exception, determining the suction only until 70 kPa. 
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In Figure 9d the tensiometers data is shown. Two of these sensors, LT and SR models start 

measuring at around 15 kPa and after this they follow the control curve. In the case of the other 

two tensiometers, they start measuring from 0 kPa and follow the curve accurately. This last 

family of sensors is the one with the lower measurement range, only up to 70 in the cases of the 

LT and the SR models and up to 90 in the cases of Teros 32 and Tensio 153e. Apart from this fact, 

all of them have a distinctive feature comparing them with the other families. This is that when 

they reach their measurement range limit, they cavitate, meaning that they stop working 

because of an air entrance in the device. 

Another more clearly way to analyse how these sensors work is comparing the suction measured 

by each one of them with the reference suction, as shown below (Figure 10). 
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Figure 10. Relation curve between the reference suction and the measured suction: a) Heat dissipation sensor (229-
L), b) Electrical resistance block sensor (Watermark), c) Capacitance sensors (EQ-3, Teros 21, Teros 21 Gen 2 and 

Tensiomark) and d) Tensiometers (Teros 32, Tensio 153, LT model and SR model) 

 

 

In Figure 10 the graphs show the relation between the reference suction and the observed 

suction. The 1:1 line plotted is when the observed suction is the same as the reference one.  

In general, the 4 families work differently depending on the suction range. The heat dissipation 

sensor (Figure 10a), electrical resistance block sensor (Figure 10b) and the capacitance sensors 

(Figure 10c) in the range from 0 to around 10-20 kPa are not measuring, meaning that they are 

insensitive, because while the reference suction increases, the observed suction does not or it 

does but in a negligible quantity.  

In the case of the tensiometers (Figure 10d), the working range starts at 0 kPa and they follow 

the ideal curve up to suction values between 80 and 100 kPa, when they stop working and 

cavitate. 

The other families are sensitive to values over 100 kPa. The heat dissipation sensor (Figure 10a) 

and the capacitance sensors (Figure 10c) are able to measure up to 180 kPa, however, all of 

them underestimate the reference values around 15-20 %. Regarding the electrical resistance 

block (Figure 10b) data is really overestimated. The observed suction increases until reaching 

200 kPa when the pressure-membrane apparatus is barely measuring 60 kPa. This can mean that 

the sensor is really sensitive to suction increases, and with a correct adjustment or calibration it 

could measure the suction accurately.  

In general, observing Figure 10 it can be determined that all the sensors are sensitive and 

measure the suction, more or less accurately, from 10-20 kPa until they reach 80-100 kPa. In this 

range, which is the same as the range of agronomic interest, the capacitance sensors 

underestimate the suction, except Teros 21 and Teros 21 Gen 2, that followed more accurately 

the reference curve and the tensiometers, the heat dissipation sensor and specially the electrical 

resistance block sensor overestimate the suction values. 
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3.3 Statistical analysis 
 

Next, in Table 3 the statistical values calculated are shown. 

Table 3. Root-Mean-Square Error (RMSE) and Nash Sutcliffe Efficiency (NSE) values 

Type Sensor RMSE NSE 

Tensiometer 

153e 30,98 0,35 

LT model 5,46 0,38 

SR model 30,84 0,35 

Teros 32 24,82 0,58 

Capacitance 

EQ-3 44,48 -0,35 

Tensiomark 25,49 0,56 

Teros 21 15,14 0,85 

Teros 21 Gen 2 21,36 0,70 

Heat dissipation 229-L 13,33 0,84 

Electrical resistance 
block 

Watermark 133,77 -11,21 

 

These values are preliminary results, calculated with the evaluation data. According to this data, 

the sensors that show best results are two models of the capacitance sensors, the Teros 21 and 

Teros 21 Gen 2, and also the heat dissipation sensor. These 3 sensors have also good results in 

the evaluation, comparing their results with the reference values. 
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4. Conclusions 
 

The evaluation of a wide variety of water potential sensors has been fulfilled. These sensors, 

used nationally and internationally, have been classified according to their operation system 

into: (i) Tensiometers, (ii) Capacitance sensors, (iii) Heat dissipation sensors and (iv) Electrical 

resistance blocks. Then, they have been evaluated under laboratory conditions, with a 

characteristic soil from the region of Navarra. Main findings are as follows. 

First, what it is observed in the results is that the accuracy of the sensors depends on the 

operating range. As it is explained above, the 4 families work differently depending on the 

suction range. 

Secondly, there is no tangible difference between the families when evaluating in the range of 

agronomic interest. The 4 of them perform well until 80-100 kPa.  Focusing on this range (20 – 

100 kPa) the sensors are sensitive and in general terms they operate correctly. Among all of the 

sensors is important to highlight the heat dissipation and capacitance sensors, that work similar 

than the reference, and also SR and LT tensiometer models, despite the fact that they cavitate 

at around 80 kPa. In addition, these capacitance sensors are able to measure up to 150-200 kPa 

values with similar accuracy than in the range of agronomic interest, so this quality can be 

interesting for further scientific research. 

Some sensors, especially the electrical resistance block, could improve their results by using an 

ad hoc calibration curve instead of using the one provided by the manufacturer. 

Additionally, it would be interesting to improve this preliminary evaluation with a more 

comprehensive and thorough statistical analysis, to better understand the reliability of the 

sensors. 

To improve this evaluation, it would be interesting to test the sensors in other conditions, to see 

if some factors affect the results. For example, for further investigation it would be significance 

to evaluate the sensors in a differing soil texture, other than a silty clay loam. Also, taking into 

account that only one individual of each sensor has been evaluated, it would be worth examining 

another different device of the same model, to rule out experimental bias due to a 

malfunctioning of the sensor unit. Finally, it would be of interest to carry out an evaluation using 

as reference the values obtained with the Tempe cells, instead of the pressure-membrane 

apparatus. Temple cells are expensive devices that provide a more accurate reference suction-

soil moisture values. 
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ANNEX 1. HYSTERESIS 
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Annex 1: Hysteresis  

 

The soil samples have to go from a saturated stage to a non-saturated one. This is because that 

is how a pressure membrane apparatus works, but also to avoid hysteresis error. Hysteresis is 

the condition that makes that the curve relating matric potential and soil wetness in desorption 

and in sorption are different, irreversible (Hillel, 1998). In other words, because of hysteresis, is 

not the same to measure the suction in desorption, from saturation to a non-saturation, than in 

sorption, from a dry soil sample to a saturation point in it (Hillel, 1998). In the picture below 

(Figure 11), in a relation between suction and water content, the sorption and desorption curves 

are described.  

 

Figure 11. Hysteresis phenomenon: matric suction compared with the water content curve (Hillel, 1998) 

 

Hysteresis is a phenomenon that depends in many factors, for example, the difference in shape 

and size of pores and their distribution (Brady, Weil, 1996). Because of this, is important that all 

the samples that are being compared go from saturation to non-saturation stage, to avoid any 

error. Because of its complexity, this phenomenon is usually ignored and the most used curve in 

research and study is the desorption curve, which is the one used in this research. 
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Annex 2: How to plot the reference WRC 

 

In order to plot the water retention curve, first, the soil samples are prepared. The soil, whose 

bulk density is 1,16 g·cm-3, is sifted at 2 mm size. Taking into account these values and the 

diameter and height of the rubber rings in which soil samples have to be placed, it is determined 

the mass of the samples, which will be used to calculate the volumetric water content. 

Then, the samples are wetted with distilled water until they reach the saturation point. When 

the soil samples are saturated, the ceramic plate is placed inside the device. Then, the samples 

are placed in the ceramic plate of the apparatus, inside the rubber rings, like in Figure 12. 

 

 

 

Figure 12. Soil samples in the pressure-membrane apparatus 

After this, the pressure-membrane extraction apparatus is closed, the pressure level is chosen 

and the instrument starts operating. After some hours or days under the chosen pressure, 

depends on this pressure level, the samples are taken out. The next step is to weigh the soil 

samples right after taking them from the pressure membrane apparatus. Next, these samples 

are placed in a heater chamber to dry completely and finally, the samples are weighed again. 

This process is repeated several times, from 0 to 200 kPa. 

With the weight of the samples, it is possible to obtain the volumetric potential for each pressure 

value, and that is how the water retention curve is plotted.  

 

 

 

 

 

 

 

 


