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Abstract

:

Proper irrigation practice consists of applying the optimum amount of water to the soil at the right time. The porous characteristics of the soil determine the capacity of the soil to absorb, infiltrate, and store water. In irrigation, it is not sufficient to only determine the water content of the soil; it is also necessary to determine the availability of water for plants: water potential. In this paper, a comprehensive laboratory evaluation—accuracy and variability—of the world’s leading commercial water potential sensors is carried out. No such comprehensive and exhaustive comparative evaluation of these devices has been carried out to date. Ten pairs of representative commercial sensors from four different families were selected according to their principle of operation (tensiometers, capacitive sensors, heat dissipation sensors, and resistance blocks). The accuracy of the readings (0 kPa–200 kPa) was determined in two soils of contrasting textures. The variability in the recordings—repeatability and reproducibility—was carried out in a homogeneous and inert material (sand) in the same suction range. The response in terms of accuracy and value dispersion of the different sensor families was different according to the suction range considered. In the suction range of agronomic interest (0–100 kPa), the heat dissipation sensor and the capacitive sensors were the most accurate. In both families, registrations could be extended up to 150–200 kPa. The scatter in the readings across the different sensors was due to approximately 80% of the repeatability or intrinsic variability in the sensor unit and 20% of the reproducibility. Some sensors would significantly improve their performance with ad hoc calibrations.
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1. Introduction


Proper irrigation practice in its different modalities—surface, sprinkler, and drip—basically consists of applying the optimum amount of water to the soil, at the right time, so that it can be used by plants. For this purpose, a water balance technique is generally used, which enables the prediction of the amount of water that the plant consumes (evapotranspiration) and the amount of available water, i.e., the water that can be readily used by the plant. The main limitation of this technique is that the evapotranspiration values are averages for the zone, which makes this type of irrigation strategy a rough estimation. On the other hand, there is another type of irrigation strategy more efficient and more appropriate for precision agriculture [1,2,3] based on the use of humidity sensors and water potential sensors [4,5,6], which allow continuous and in situ recording of, respectively, soil water content and its availability (suction or degree of retention in the soil matrix) for crops [7,8].



Soils are composed of mineral particles (sand, silt, and clay) and organic elements of different sizes and shapes. The proportion of each of these defines the soil texture. In turn, these particles are usually grouped in aggregates, also of varying size and shape, forming the soil structure. The texture and structure of each soil define its porosity. Soil is, in short, a complex, porous material. The characteristics of the soil pore system, especially the size (equivalent diameter) and shape of the dominant pores, ultimately determine the soil’s capacity to absorb, infiltrate, and store water [9].



Water content and suction are related through the well-known soil water retention curve (SWRC) [6,10,11]. Therefore, each soil type has a specific SWRC and is conditioned by its porous system and, therefore, by the texture, structure, and organic matter content present in the soil. In addition, the form of the SWRC may be slightly different depending on whether it is obtained by absorption or desorption (hysteresis phenomenon) [9].



The complexity of the phenomenon of absorption—and, therefore, of soil water availability—explains the great variety and types of water potential sensors present in the literature. As a result, there is no unequivocal—and even less universal—proposal for classifying these devices, at least to the best of our knowledge. Tentatively, and according to their principle of operation, we propose to group them into four large families: (i) tensiometers, (ii) capacitive sensors, (iii) heat dissipation sensors, and (iv) resistance blocks (see details below).



In this paper, a comprehensive laboratory evaluation—accuracy and variability—of ten of the world’s leading commercial water potential sensors is carried out. To the best of our knowledge, no such broad and comprehensive comparative evaluation of these devices has been carried out to date. It is worth mentioning the recent work by Jackisch et al. [12] in which the field performance of numerous water potential sensors is discussed; however, this assessment is basically limited to examining the consistency of measurements through cross-correlation analysis between the different devices. In fact, those authors clarify that the correlation value does not reflect per se the performance or reliability of the sensors studied.




2. Materials and Methods


2.1. Water Potential Sensors: Description and Setup


The sensors selected for the present investigation belong to four main families whose descriptions and operation principles are briefly explained below (Figure 1).



Tensiometers. A tensiometer device consists of a water reservoir, a porous ceramic capsule, and a vacuum gauge. When the tensiometer has been installed at the desired depth, the energy of the water inside the tensiometer is balanced with that of the surrounding soil. As the soil dries out, it draws more water from the reservoir through the porous capsule, creating a negative pressure (vacuum) inside the reservoir measured by the vacuum gauge [13,14,15].



Capacitive sensors. Capacitive sensors are composed of a porous ceramic with a known humidity vs. water potential ratio. A sensor that measures the water content of the ceramic is housed inside the ceramic. When the sensor is placed in the soil, the suction on the porous ceramic is balanced with the surrounding soil. In this way, the moisture content of the ceramic is measured and by means of the calibration curve (moisture vs. water potential ratio), the suction is inferred [9,13,14,16].



Heat dissipation sensors. Heat dissipation sensors consist of a heating element and a thermocouple placed inside a porous ceramic. An electric current pulse is sent and the thermocouple measures the temperature rise. The magnitude of the temperature rise varies with the amount of water in the porous ceramic, which changes as the soil becomes wetter and drier. The water potential of the soil is determined by applying a regression equation [13,14,16,17].



Resistance blocks. Resistance blocks consist of a pair of electrodes embedded in a porous block, which is buried. The electrical resistance between the electrodes of the porous block is proportional to its water content, which is, in turn, related to the water potential of the surrounding soil. As the soil, and thus the porous block, dries out, the electrical resistance decreases [14,18,19].



Then, 10 pairs of sensor models were selected so that each of the 4 sensor families was represented by at least one of these pairs (Figure 1).



Setup. The Teros 21, Teros 21 Gen 2, and Tensiomark capacitive sensors as well as the Teros 32 tensiometer were connected according to the SDI-12 protocol following the corresponding user manual [20,21,22,23]. This is a communications protocol that allows a sensor via a microprocessor to transfer measurement data to a datalogger. Normally, the sensor records a reading, the microprocessor performs calculations based on the raw sensor reading and transforms the reading into user-intelligible units—in this case, kPa and for the Tensiomark, pF—and finally, via the SDI-12 protocol, transfers the measurements to the datalogger [24]. The rest of the sensors were connected in analog form, so for the transformation of the raw reading, the transformation equations provided in each sensor manual were used [25,26,27,28,29]. In all sensors, the raw unit used was millivolt (mV), except for the heat dissipation sensor in which case the unit to transform was temperature difference (∆T, °C) [30].



It is important to mention that, in the case of the heat dissipation sensor (model 229-L), by applying the formula indicated in the manual [30] erroneous values were obtained; therefore, following the proposal of Reder et al. [31], a mathematical adjustment was made. This is why the results obtained with the 229-L sensor would be affected by this calibration and, therefore, this adjustment will have an impact on the comparison with the rest of the sensors under study.



Finally, it should be noted that, at the beginning of this research, the feasibility of all sensors was verified by testing their performance in air and water.



Tests were carried out with the selected sensors in order to evaluate (i) the accuracy of the readings and (ii) the variability (repeatability and reproducibility) in the readings.




2.2. Test 1: Sensor Accuracy Evaluation


2.2.1. Soils


The sensors were evaluated using two contrasting soils (Table 1). Both soils were sieved at 2 mm.



Treatments and replicates. From the combination of 10 sensors and 2 soils, 20 treatments were defined, plus the control treatment (see below). The experiments—a combination of sensors and soils—were repeated twice, each repetition with a different sensor unit. In the case of the Teros 21 Gen 2 sensor (Figure 1), only one unit was available, so the same sensor unit was used in the repetitions.




2.2.2. Experimentation


The evaluation of each of the commercial sensors was carried out in the laboratory in a volume of soil (bulk density = 1.16 g·cm−3) contained in a stainless steel mesh cylinder (Figure 2), in the center of which the sensor was housed. The following technical and operational criteria were taken into account in the selection of this container.



The container is meshed so that the evaporative demand is homogeneous over its entire surface, thus ensuring a uniform variation in soil moisture content during the experiment (see below). Greater homogeneity in water content is also possible owing to the cylindrical shape of the container since the distance from its center (where the sensor is located) to any point on its periphery is constant. Furthermore, the choice of the cylinder dimensions (Figure 2) took into account the dimensions of the sensors and their radius of action (approximately 2 to 3 cm).



Determination of reference values (control treatment). In order to compare the readings recorded by the sensors during the experiment (see below), it was necessary to establish reference suction values at different moisture contents in both soils, i.e., to determine, for each soil, its corresponding SWRC (in desorption). Then, during the experiment, in order to estimate the suction value in the soil at a given moment, it would be sufficient to measure the moisture content of the soil in order to infer the suction value from it.



The SWRCs of each soil were determined by using Richard’s Pressure Plates, as this is a more or less direct—and relatively simple and inexpensive considering the resources available—method of measuring suction at different degrees of humidity. By using these pressure plates, it is possible to apply positive pressure directly on the soil samples, unlike in commercial sensors where the suction reading would be somehow affected or conditioned by the presence of a certain synthetic porous material—specific to the sensor—in intimate contact with the soil. A clear example of the latter is the porous porcelain capsule of the tensiometers that conditions—due to its permeability—the movement of water from the water reservoir to the soil. It should be noted that the porous plate in Richard’s pot is basically a mere support for the soil samples; it also ensures that continuous water drainage from the soil sample is maintained during the measurement process.



The operating principle of this technique is, therefore, based on the injection of compressed air at a pressure equivalent to the water potential to be determined. When the pressure is applied, the ceramic plate allows the water extracted from the samples to drain through a collector until the equilibrium state is reached (the samples stop draining). The process ends with the weighing of the samples and their subsequent drying. In this way, and by weight difference, the water content of the sample is determined [32].



The soil for the determination of the SWRC was sieved at 2 mm and compacted to a bulk density of 1.16 g·cm−3; this treatment was also performed on the fill soil of the experimental cylinders (see above). In addition, the SWRC of each soil (Soil 1 and Soil 2, Table 1) was defined from 0 to 200 kPa as this is the range of interest for agronomic applications (e.g., for irrigation purposes). Water available to plants is mainly present at suctions below 100–150 kPa and, in addition, most conventional sensors (especially tensiometers) stop working (due to cavitation) at 100 kPa.



Experimental design. Each experiment was carried out inside a large climatic chamber housing the different treatments (Figure 3), i.e., 10 meshed cylinders, each containing soil and a given sensor, plus an extra control cylinder (see below for more details on the latter).



In each case, the soil was brought to saturation (via capillary action). It was then forced to dry (desorption) under controlled conditions. Drying was carried out in a chamber where both humidity and ambient temperature could be controlled in order to establish a specific drying rate. Since each sensor has a certain response time (not indicated by the manufacturer) the drying time was adjusted to that which would be more or less expected in the upper layer of an agricultural soil, in situ. For example, a drying rate that could be expected in the first 10 cm of the soil profile in field conditions with a maize crop, in a month of high evapotranspiration, is 1.5 L·m−3·h−1 [33]. Preliminary tests determined that this rate of variation in moisture content was approximately reached at a relative humidity of 80% and a temperature of 10 °C.



Inside the climate chamber, the sensor for each treatment was connected to a datalogger, which allowed automatic data recording throughout the experiment.



The chamber also housed a cylinder containing only soil (control treatment, mentioned above) subjected to the same drying conditions as the other treatments. By weighing differences (precision of 0.01 g) of this cylinder, it was possible to determine the moisture content of the soil at a given moment. And with these data, the corresponding suction value (reference value, see above) could be inferred from the SWRC of the soil in question.



Experimental protocol. The experiment started with saturated soil (0 kPa). Approximately every hour, the suction value measured by each sensor and the weight of the control treatment were recorded to determine the moisture content. This was carried out until approximately 200 kPa was reached.



Data analysis. The sensors were evaluated using the dimensionless Nash Sutcliffe Efficiency Index (NSE) (Equation (1)), the root mean square error (RMSE) (Equation (2)), and the percent bias (PBIAS) (Equation (3)) analysis methods:
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where Oi and Pi represent the sample (sample size n) containing the observations and the model/reference value estimates, respectively, and Ō is the mean of the observed values.



The NSE efficiency is a normalized statistic that determines the relative magnitude of the residual variance (reference value) compared with the variance in the measured data (value obtained by the sensor) [34]. In other words, it provides a measure of the goodness of fit of the calculated model between the measured (sensor) and expected (reference value) values. It is an index whose value ranges from −∞ to 1, where NSE = 1 indicates a perfect model fit. Values of NSE greater than 0.50 [35] or 0.65 [36] are often used as a threshold showing a satisfactory result between observed and simulated values.



In the present research, the less restrictive criterion defined by Moriasi et al. [35] was used, in which the following goodness-of-fit evaluation criteria were established: (i) very good: 0.75 < SES ≤ 1.00, (ii) good: 0.65 < SES ≤ 0.75, (iii) satisfactory: 0.50 < SES ≤ 0.65, and (iv) unsatisfactory: SES ≤ 0.50.



Therefore, statistical hypothesis testing for model adequacy was applied using the FITEVAL v1.0 software [36] based on the NSE of the potential (kPa) measured by each sensor. The hypothesis test allows identifying the significance (p-value) of the model performance that exceeds a minimum desirable efficiency threshold (NSE ≥ 0.50) [35].



On the other hand, the RMSE allows quantifying the prediction error of the sensors in kPa, while the PBIAS measures the average tendency of the simulated values (reference value) to be higher or lower than the observed values (potential measured by each sensor), expressed as a percentage. The optimal PBIAS value is 0.0 and low values indicate an accurate simulation of the model. Positive values reflect a model underestimation bias and negative values reflect a model overestimation bias [37].



In general, the soil water potential values recommended for different crops are based both on the experience of professionals in the sector, consultants, or suppliers and on the scientific literature [38]. Most of the research carried out for the determination of the optimum water potential for the different crops [39,40,41,42] shows a wide range of soil potential threshold values. The latter suggests that site-specific factors influence the development of different crops [43]. This is why, for the present investigation, average values found in the literature have been taken into account, establishing two suction ranges for which the 3 indices (NSE, RMSE, and PBIAS) will be calculated: (i) 0–100 kPa: range of interest for vegetable and cereal cultivation and (ii) 0–200 kPa: range of interest for hydrological research.





2.3. Test 2: Variability (Repeatability and Reproducibility) in Readings


A second test was carried out in which the variability in the readings recorded on each sensor model was quantified by determining the repeatability and reproducibility indices [44].



Parameter repeatability refers to the ability of a sensor to provide identical readings when the measurement conditions are kept constant. Reproducibility, on the other hand, refers to the similarity of measurements made under different conditions [45,46,47]. In this research, reproducibility refers to the variability in recordings between homologous pairs of the same type of sensor.



The test was carried out in sand—a more homogeneous medium than soil—and 18 experimental sensors (9 models × 2 homologous units) were evaluated simultaneously. It is recalled that, due to the fact that only one unit of the Teros 21 Gen 2 sensor was available, this model could not be evaluated in the second part of the experiment. The experiment was repeated 3 times in order to obtain enough iterations for a more robust statistical analysis.



Experimental design. For the experiments, two 60 × 40 × 30 cm plastic containers (Figure 4) were used, supported at their corners on small blocks, so that the containers were about 5 cm above the floor to facilitate subsequent drainage (see below). For the latter, in addition, the bottom of the container was perforated with small holes and covered with a thin porous cloth. The containers were then completely filled with sand. Each pair of sensors was then carefully inserted into the sand, keeping a minimum separation of about 10 cm between each sensor and between the sensors and the container edge.



The experiment was started with the sand at saturation (0 kPa) and forced drying—with continuous aeration via a small fan—at a drying rate of ~0.3 L·m−3·h−1. During the test, moisture was measured using 4 volumetric content probes (two in each container). Measurements were taken from each pair of sensors every 24 h for 45 days.



In this second test, it was also necessary to define the SWRC of the sand in order to subsequently, through the moisture readings taken by the 4 probes, be able to infer the corresponding suction value. Unlike Test 1, on this occasion, the retention curve was obtained using the Hyprop instrument (Munich, Germany) [48,49].



The entire experiment, from the filling of the containers onwards, was repeated twice, thus having 3 repetitions in total.



The variability in the suction recordings (repeatability) in the 3 repetitions was determined at 10 pre-set suction/moisture recording points, distributed more or less homogeneously over a suction range from 0 kPa to 180 kPa. In each repetition, each suction–moisture recording point was located, in the respective database, through the average moisture values measured for the 4 moisture sensors, resorting, if necessary, to linear interpolation of moisture values, considering the experimental error inherent to this mathematical operation to be negligible.



Data analysis. The determination of repeatability and reproducibility was carried out by means of an ANOVA [46,50,51]. An ANOVA test was performed for each suction–moisture level, with a significance level of 95%. In this way, the readings recorded by the two homolog units of each sensor for a given suction–moisture level were compared. Also, from the ANOVA test, the variability parameters associated with repeatability (Equation (4)) and reproducibility (Equation (5)) were defined [52]:
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where σrepeatability and σreproducibility are the variability indicators corresponding to repeatability and reproducibility, respectively; MSEii is the mean squared error between measurements of the same sensor; MSij is the mean squared error between measurements of the two homolog units of the same sensor; and n is the number of observations.



The overall variability associated with the sensor will then be:


    σ   s e n s o r   =      σ   2     r e p e a t a b i l i t y +       σ   2     r e p r o d u c i b i l i t y       
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The percentages of the repeatability and reproducibility variabilities with respect to the total variability are expressed as:
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3. Results and Discussion


3.1. Description of Water Retention Curves


In the following, the SWRCs obtained with the different sensors and the reference one (control treatment) are presented for both Soil 1 and Soil 2 (Figure 5).



The different curves have a certain parallelism with the reference curve, mainly those corresponding to the heat dissipation sensor and the capacitive ones (Figure 5(a1,c)). In fact, with the exception of the Tensiomark model (Figure 5(c4)), the curves of these two families practically overlap with the reference curve in the suction range from 20 kPa to 150 kPa. The tensiometers—especially in Soil 1—(Figure 5b) show similar behavior to the one just described, but the recording is interrupted—via cavitation—at suction rates of 70–90 kPa [15].



With the exception of the tensiometers Teros 32 and Tensio 153e (Figure 5(b1,b2)), at suctions below 20 kPa (gravitating water), a marked air entry zone is observed in the respective SWRCs, i.e., where the moisture content value remains at saturation within this suction range. This is due to the presence of a more or less high population of occluded or non-functional pores in the porous matrix of the respective sensors, at these low suctions [53]. In contrast, the resistance block and the capacitive ones—with the exception of Teros 21—not only do not show an air entry zone but even register an abrupt drop in moisture content at very low suctions (below 5 kPa), suggesting the existence of a large and functional pore population.



In the case of the heat dissipation sensor, a small plateau is also observed for the same reasons explained above [17,31].




3.2. Observed Suction Values vs. Reference Value


A clearer way to analyze the performance (reading accuracy) of each sensor in the two study soils is to compare—for different moisture contents—the suction value measured by the device (observed suction) with respect to the corresponding reference value (Figure 6).



In general, the response of the different sensor families was different depending on the suction range (Figure 6).



At suction close to saturation (<20 kPa), only the tensiometer family showed sensitivity, especially the Teros 32 and Tensio 153e models (Figure 6(b1,b2)).



On the other hand, the tensiometers show little or no sensitivity at suctions above approximately 100 kPa (Figure 6b) when cavitation of the tensiometers occurs (see above); while the other tensiometers (capacitive, heat dissipation, and resistance block) are insensitive at suctions below 20 kPa (Figure 6a,c). For example, in the case of the Teros 21 and Teros 21 Gen 2 capacitive sensor, this lack of sensitivity at low suction is due to the fact that the ceramic part of the sensor takes time to start draining the water inside, and the sensor response is not immediate [22]. Similarly, in the work of Malazian et al. [54], which evaluated the overall performance of the MPS-1 sensor, one of the models prior to the Teros 21, data below 30 kPa were discarded because all the sensor units tested started to respond only after exceeding this suction.



Although the heat dissipation sensor and especially the capacitive sensors—unlike the tensiometers—are sensitive to suction above 100 kPa; they underestimate the suction by more than 15% (Figure 6(a1,c)).



On the other hand, between 20 and 100 kPa the capacitive sensors underestimated the suction (Figure 5b), except for the Teros 21 and Teros 21 Gen 2 models, which had a good suction estimation. In contrast, the tensiometers, the heat dissipation sensor, and especially the resistance block overestimated the suction records.



It should be noted that due to a malfunction of the Teros 32 tensiometer (unit 1) during the experimentation on Soil 2, the records from this unit were discarded.




3.3. Statistical Analysis


The results obtained in the calculation of the NSE, RMSE, and PBIAS indices for the different suction ranges selected (0–100 kPa and 0–200 kPa) in both soils are shown below (Table 2 and Table 3).



Tensiometers were the only family sensitive to suctions below 20 kPa, making them of particular interest for application in, for example, drip-irrigated crops and small vegetable cultivation [39,42,55].



It is observed that most of the sensors evaluated were not equally accurate in their recordings in both soils. Only the heat dissipation sensor (229-L) and the Teros 21 Gen 2 capacitive sensor performed very well to well (mean NSE values > 0.9) in both soils, especially between 0–100 kPa; at suction rates of 0–200 kPa, the respective RMSE values of these sensors are almost double those recorded by the same sensors in the lower suction range (0–100 kPa) (Table 2 and Table 3, and Figure 6). However, it should be noted that the bias (PBIAS) in the measurements was much lower—less than half—in the heat dissipation sensor (229-L) than in the capacitive Teros 21 Gen 2. The capacitive Tensiomark also showed little sensitivity to soil type, at least at suction rates below 100 kPa, but with lower accuracy than the two previous sensors (229-L and Teros 21 Gen 2), although equally remarkable (mean NSE values of 0.7–0.8). However, the accuracy of the Tensiomark sensor would be higher for suction not exceeding around 80 kPa, as the sensor starts to cavitate at this threshold (Figure 6). In addition, the 229-L and Teros 21 Gen 2 sensors would have even higher accuracy if we omitted the suction values where they showed no response at all in their readings: 0–20 kPa (Figure 6).



The high sensitivity to soil type shown by the remaining sensors—especially the tensiometer family—is remarkable; for example, the LT tensiometer model showed a mean NSE value of 0.75 or 0.4 and a bias (PBIAS) of +16 or +50, in Soil 1 and Soil 2, respectively (Table 2 and Table 3).



It should be recalled that in this experiment the 229-L heat dissipation sensor had to be calibrated in the laboratory (see above), which would explain, to some extent as just shown, its high accuracy in the measurements in both soils. It was not overlooked, therefore, that those sensors that showed a very satisfactory behavior only in one of the soils analyzed—e.g., the capacitive EQ3 and Tensiomark, Table 2 and Table 3—would also improve their reliability after an ad hoc calibration. Jackisch et al. [12], studying the performance of different water potential sensors in an experimental plot, observed in general a significant inconsistency in the measurements, thus recommending a better calibration of the devices. Similarly, Irmak and Haman [56] concluded that the accuracy of the Watermark granular matrix sensor in sandy soils could be greatly improved through ad hoc calibration equations.




3.4. Repeatability and Reproducibility Indices


The repeatability and reproducibility results obtained for each sensor model evaluated—from saturation (0 kPa) to 180 kPa—are shown in Figure 7.



First, we provide some clarifications for the correct interpretation of this figure. The marker (X), besides indicating the value of the overall sensor variability (σ sensor, Equation (6)) at the different suctions, indicates—when it is highlighted in bold—that at that suction value, both units of the same sensor showed significant differences in readings; therefore, they would not have behaved as homologous units. Second, the area below and above the filled line shows, respectively, on the left ordinate, the percentage of repeatability (Equation (7)) and reproducibility (Equation (8)) that, at each suction, make up the total variability in the sensor.



The ANOVA test showed, in general, a high similarity between the values recorded by each pair of homologous sensors over the entire suction range analyzed. Only the 229 L heat dissipation sensor (Figure 7(a1)) and the Tensiomark capacitive sensor (Figure 7(c3)) showed disparity of readings between pairs of homologous sensors at certain suction rates; the disparity of readings between the pair of sensors in the resistance block was not considered relevant, as it only occurred at saturation (0 kPa) (Figure 7(a2)). It is striking that the disparity between pairs of homologous units of the first two sensors mentioned (229-L and Tensiomark) occurred even at suction values where the sensors had (very) accurate recording values, e.g., sensor 229-L at suction values between 120–180 kPa (Table 2 and Table 3). In contrast, it is not surprising that the latter sensor showed the same disparity between homologous units at suctions below 20 kPa as this sensor was, precisely, very insensitive in its readings at these low suctions (see above, Figure 6(a1)).



If we take into account the aforementioned similarity of readings evidenced by most of the homologs of the different sensors, it is not surprising that the total variability in each sensor was due especially to the intrinsic variability in each device (repeatability), rather than, precisely, to the variability among homologous units (reproducibility). More precisely, and, analyzing only the pairs of similar—statistically speaking—sensors, the total variability in the sensors was 75–80% due to repeatability (Figure 7). These results are in agreement with those obtained by González-Teruel et al. [52] who—when evaluating a low-cost soil moisture sensor—determined repeatability values over 75%.



The dispersion of values due to repeatability—i.e., the intrinsic variability in the sensors—could be partly compensated in the field by increasing the number of devices per unit area, without considering the spatial variability in the moisture content/suction of the different soils.



Regarding the overall sensor variability (σ Sensor), most of the devices showed an increase in this dispersion parameter with increasing suction (Figure 7). As the material (sand) containing the sensors dries out (an increase in suction), the sand grains tend to separate since being inert particles their cohesion is only determined by the traction of the capillary forces in unsaturation; thus, the intimate contact of the sensor with the surrounding sand—an indispensable condition for optimal functioning of the sensor—would be gradually limited. It should be noted that this phenomenon would not be (very) different in natural soil—a non-inert material—where the aforementioned contact would also be compromised by the possible appearance of (small) cracks, especially in expansible materials (e.g., Soil 1). These results are in line with what is expected in this type of experiment. For example, in the study by González-Teruel et al. [52], the overall variability in the moisture sensor analyzed acquired minimum values when the soil was at high moisture values.





4. Conclusions


The main water potential sensors in use worldwide were evaluated in laboratory conditions in typical agricultural soils of Navarre (Spain). Previously, the large number of existing sensors on the market was classified according to defined operating principles with our own criteria: (i) tensiometers, (ii) capacitive, (iii) heat dissipation, and (iv) resistance block.



The response in terms of accuracy and dispersion of values of the different groups or families of sensors was different according to the suction range considered.



The findings provide information for agricultural and irrigation purposes that could be useful in selecting the most suitable sensor according to different soil types and the specific soil water requirements of different crops. In the agronomically important suction range between 0–100 kPa—which corresponds to available water for plants—the heat dissipation sensor showed the best performance, albeit after an ad hoc calibration. Capacitive sensors have also been shown to be the most accurate. In both families, recordings could be extended to at least 150–200 kPa with approximately the same accuracy, which is interesting for relative water-tolerant deficiency crops—e.g., some grains and seed crops—but also for scientific research. Moreover, these sensors performed similarly in the soils under study—medium to fine textures—and their use would be particularly recommended in sites with different dominant soil types.



In general, the dispersion in readings observed for all sensors evaluated was mainly due (75–80%) to intrinsic sensor variability (repeatability). This should be taken into account when defining the number of devices (replicates) to be installed in the field.



Some sensors, notably the resistance block sensor, would be significantly improved with ad hoc model settings rather than the general ones provided by the manufacturer, although such calibration would be rather difficult to carry out for a conventional user.



In future experiments, it would be useful to quantify the minimum reading time (response time) required by each sensor for a correct reading. For example, a sensor that needs the moisture content to remain constant for a long time to generate a reliable reading would not be suitable for use in surface soil horizons subjected to a high evapotranspiration rate. Moreover, future research is needed to evaluate the sensor performance in field conditions.



A more accurate assessment than the present one could be carried out using data as reference values (suction values for different moisture contents) obtained from Tempe cells instead of from pressure plates.







Author Contributions


Conceptualization, R.G., M.Á.C.-B. and I.V.; methodology, R.G. and A.A.-L.; validation, M.Á.C.-B. and I.V.; formal analysis, R.G. and A.A.-L.; investigation, A.A.-L.; resources, R.G., M.Á.C.-B., I.V. and A.A.-L.; writing—original draft preparation, A.A.-L. and R.G.; writing—review and editing, R.G., M.Á.C.-B., I.V. and A.A.-L.; supervision, R.G. and M.Á.C.-B. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by funding from the Ministerio de Economía y Competitividad (Government of Spain) via Research Project CGL2015-64284-C2-1-R and PID2020-112908RB-I00 funded by MCIN/AEI/10.13039/501100011033/FEDER “Una manera de hacer Europa”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Blackmore, S. Precision Farming: An Introduction. Outlook Agric. 1994, 23, 275–280. [Google Scholar] [CrossRef]

	



Elijah, O.; Rahman, T.A.; Orikumhi, I.; Leow, C.Y.; Hindia, M.N. An Overview of Internet of Things (IoT) and Data Analytics in Agriculture: Benefits and Challenges. IEEE Internet Things J. 2018, 5, 3758–3773. [Google Scholar] [CrossRef]

	



Friha, O.; Ferrag, M.A.; Shu, L.; Maglaras, L.; Wang, X. Internet of Things for the Future of Smart Agriculture: A Comprehensive Survey of Emerging Technologies. IEEE/CAA J. Autom. Sin. 2021, 8, 718–752. [Google Scholar] [CrossRef]

	



Fares, A.; Alva, A.K. Evaluation of Capacitance Probes for Optimal Irrigation of Citrus through Soil Moisture Monitoring in an Entisol Profile. Irrig. Sci. 2000, 19, 57–64. [Google Scholar] [CrossRef]

	



Muñoz-Carpena, R. Field Devices For Monitoring Soil Water Content; University of Florida George A Smathers Libraries: Gainesville, FL, USA, 2007. [Google Scholar]

	



Nolz, R.; Kammerer, G.; Cepuder, P. Calibrating Soil Water Potential Sensors Integrated into a Wireless Monitoring Network. Agric. Water Manag. 2013, 116, 12–20. [Google Scholar] [CrossRef]

	



Mzezewa, J.; Gwata, E.T.; van Rensburg, L.D. Yield and Seasonal Water Productivity of Sunflower as Affected by Tillage and Cropping Systems under Dryland Conditions in the Limpopo Province of South Africa. Agric. Water Manag. 2011, 98, 1641–1648. [Google Scholar] [CrossRef]

	



Kizito, F.; Campbell, C.S.; Campbell, G.S.; Cobos, D.R.; Teare, B.L.; Carter, B.; Hopmans, J.W. Frequency, Electrical Conductivity and Temperature Analysis of a Low-Cost Capacitance Soil Moisture Sensor. J. Hydrol. 2008, 352, 367–378. [Google Scholar] [CrossRef]

	



Hillel, D. Enviromental Soil Physics; Academic Press: San Diego, CA, USA, 1998. [Google Scholar]

	



Dane, J.H.; Hopmans, J.W. Water Retention and Storage. In Methods of Soil Analysis. Part 4—Physical Methods; SSSA: Madison, WI, USA, 2002; pp. 671–673. [Google Scholar]

	



Klute, A. Water Retention: Laboratory Methods. In Methods of Soil Analysis: Part 1 Physical and Mineralogical Methods; Klute, A., Ed.; ASA and SSSA: Madison, WI, USA, 1986; pp. 635–662. [Google Scholar]

	



Jackisch, C.; Germer, K.; Graeff, T.; Andrä, I.; Schulz, K.; Schiedung, M.; Haller-Jans, J.; Schneider, J.; Jaquemotte, J.; Helmer, P.; et al. Soil Moisture and Matric Potential—An Open Field Comparison of Sensor Systems. Earth Syst. Sci. Data 2020, 12, 683–697. [Google Scholar] [CrossRef]

	



Bittelli, M. Measuring Soil Water Potential for Water Management in Agriculture: A Review. Sustainability 2010, 2, 1226–1251. [Google Scholar] [CrossRef]

	



Susha Lekshmi, S.U.; Singh, D.N.; Shojaei Baghini, M. A Critical Review of Soil Moisture Measurement. Meas. J. Int. Meas. Confed. 2014, 54, 92–105. [Google Scholar] [CrossRef]

	



Young, M.H.; Sisson, J. Tensiometry. In Methods of Soil Analysis. Part 4—Physical Methods; Soil Science Society of America, Inc.: Madison, WI, USA, 2002. [Google Scholar]

	



Robinson, D.A.; Campbell, C.S.; Hopmans, J.W.; Hornbuckle, B.K.; Jones, S.B.; Knight, R.; Ogden, F.; Selker, J.; Wendroth, O. Soil Moisture Measurement for Ecological and Hydrological Watershed-Scale Observatories: A Review. Vadose Zone J. 2008, 7, 358–389. [Google Scholar] [CrossRef]

	



Scanlon, B.R.; Andraski, B.J.; Bilskie, J. 3.2.4 Miscellaneous Methods for Measuring Matric or Water Potential. In Methods of Soil Analysis: Part 4 Physical Methods; Soil Science Society of America, Inc.: Madison, WI, USA, 2002; pp. 643–669. [Google Scholar]

	



Campbell, G.S.; Campbell, C.S. Water Content and Potential, Measurement. In Encyclopedia of Soils in the Environment; Hillel, D., Hatfield, J.L., Powlson, D.S., Rosenzweig, C., Scow, K.M., Singer, M.J., Sparks, D.L., Eds.; Amsterdam: Ugstergeist, The Netherlands, 2005; pp. 253–257. ISBN 978-0-12-348530-4. [Google Scholar]

	



Centeno, A.; Baeza, P.; Lissarrague, J.R. Relationship between Soil and Plant Water Status in Wine Grapes under Various Water Deficit Regimes. Horttechnology 2010, 20, 585–593. [Google Scholar] [CrossRef]

	



METER Group. Teros 32; METER Group: Pullman, WA, USA, 2020. [Google Scholar]

	



METER Group. Teros 21 Gen 1; METER Group: Pullman, WA, USA, 2019. [Google Scholar]

	



METER Group. Teros 21 GEN 2; METER Group: Pullman, WA, USA, 2019. [Google Scholar]

	



EcoTech. Manual for Installation and Use of Tensiomarks; EcoTech: Lancaster, PA, USA, 2014. [Google Scholar]

	



METER Environment SDI-12: Everything You Need to Know to Be Successful. Available online: https://publications.metergroup.com/Sales%20and%20Support/METER%20Environment/Website%20Articles/sdi-12-everything-need-know-successful.pdf (accessed on 26 October 2023).

	



Delta-T Devis Ltd. User Manual for the EQ3 Equitensiometer; Delta-T Devis Ltd.: Plano, TX, USA, 2014. [Google Scholar]

	



Irrometer. IRROMETER Tensiometers Model–SR; Irrometer: Riverside, CA, USA, 2018. [Google Scholar]

	



Irrometer. IRROMETER Tensiometers Model–LT; Irrometer: Riverside, CA, USA, 2018. [Google Scholar]

	



Tensio 153e—Pressure Transducer Tensiometer. Available online: https://ugt-online.de/en/solutions/tensio-153e-pressure-transducer-tensiometer/ (accessed on 26 October 2023).

	



Irrometer. WATERMARK Soil Moisture Sensor—MODEL 200SS; Irrometer: Riverside, CA, USA, 2019. [Google Scholar]

	



Campbell Scientific Spain, S.L. 229 Heat Dissipation Matric Water Potential Sensor: Instruction Manual; Campbell Scientific: Barcelona, Spain, 2006. [Google Scholar]

	



Reder, A.; Rianna, G.; Pagano, L. Calibration of TDRs and Heat Dissipation Probes in Pyroclastic Soils. Procedia Earth Planet. Sci. 2014, 9, 171–179. [Google Scholar] [CrossRef]

	



Dirksen, C. Soil Physics Measurements; Catena Verlag: Reiskirchen, Germany, 1999; ISBN 3923381433. [Google Scholar]

	



Gomes de Andrade, J.; Pacheco, J.; Carlesso, R.; Trois, C.; Knies, A.E. Pérdidas de Agua Por Evaporación En Maíz Con Siembra Convencional y Directa Para Diferentes Niveles de Cobertura Muerta. I. Resultados Experimentales. Cienc. Técnicas Agropecu. 2011, 20, 60–64. [Google Scholar]

	



Nash, J.E.; Sutcliffe, J.V. River Flow Forecasting through Conceptual Models Part I—A Discussion of Principle. J. Hydrol. 1970, 10, 282–290. [Google Scholar] [CrossRef]

	



Moriasi, D.N.; Arnold, J.G.; Van Liew, M.W.; Bingner, R.L.; Harmel, R.D.; Veith, T.L. Model Evaluation Guidelines for Systematic Quantification of Accuracy in Watershed Simulations. Trans. ASABE 2007, 50, 885–900. [Google Scholar] [CrossRef]

	



Ritter, A.; Muñoz-Carpena, R. Performance Evaluation of Hydrological Models: Statistical Significance for Reducing Subjectivity in Goodness-of-Fit Assessments. J. Hydrol. 2013, 480, 33–45. [Google Scholar] [CrossRef]

	



Gupta, H.V.; Sorooshian, S.; Yapo, P.O. Status of Automatic Calibration for Hydrologic Models: Comparison With Multilevel Expert Calibration. J. Hydrol. Eng. 1999, 4, 135–143. [Google Scholar] [CrossRef]

	



Thompson, R.B.; Gallardo, M.; Valdez, L.C.; Fernández, M.D. Using Plant Water Status to Define Threshold Values for Irrigation Management of Vegetable Crops Using Soil Moisture Sensors. Agric. Water Manag. 2007, 88, 147–158. [Google Scholar] [CrossRef]

	



Shock, C.C.; Wang, F.X. Soil Water Tension, a Powerful Measurement for Productivity and Stewardship. HortScience 2011, 46, 178–185. [Google Scholar] [CrossRef]

	



Lemay, I.; Caron, J.; Dorais, M.; Pepin, S. Defining Irrigation Set Points Based on Substrate Properties for Variable Irrigation and Constant Matric Potential Devices in Greenhouse Tomato. HortScience 2012, 47, 1141–1152. [Google Scholar] [CrossRef]

	



Létourneau, G.; Caron, J.; Anderson, L.; Cormier, J. Matric Potential-Based Irrigation Management of Field-Grown Strawberry: Effects on Yield and Water Use Efficiency. Agric. Water Manag. 2015, 161, 102–113. [Google Scholar] [CrossRef]

	



Kloss, S.; Schütze, N.; Schmidhalter, U. Evaluation of Very High Soil-Water Tension Threshold Values in Sensor-Based Deficit Irrigation Systems. J. Irrig. Drain. Eng. 2014, 140, A4014003. [Google Scholar] [CrossRef]

	



Contreras, J.I.; Alonso, F.; Cánovas, G.; Baeza, R. Irrigation Management of Greenhouse Zucchini with Different Soil Matric Potential Level. Agronomic and Environmental Effects. Agric. Water Manag. 2017, 183, 26–34. [Google Scholar] [CrossRef]

	



Burdick, R.K.; Borror, C.M.; Montgomery, D.C. A Review of Methods for Measurement Systems Capability Analysis. J. Qual. Technol. 2003, 35, 342–354. [Google Scholar] [CrossRef]

	



Quaglino, M.; Pagura, J.; Dianda, D.; Lupachini, E. Estudio de Sistemas de Medida Con Ensayos Destructivos. Una Aplicación Sobre Tiempos de Producción. SaberEs 2010, 2, 59–72. [Google Scholar] [CrossRef]

	



Rosenbaum, U.; Huisman, J.A.; Weuthen, A.; Vereecken, H.; Bogena, H.R. Sensor-to-Sensor Variability of the ECH2O EC-5, TE, and 5TE Sensors in Dielectric Liquids. Vadose Zone J. 2010, 9, 181–186. [Google Scholar] [CrossRef]

	



Tsai, P. Variable Gauge Repeatability and Reproducibility Study Using the Analysis of Variance Method. Qual. Eng. 1988, 1, 107–115. [Google Scholar] [CrossRef]

	



Schindler, U.; Durner, W.; von Unold, G.; Mueller, L.; Wieland, R. The Evaporation Method: Extending the Measurement Range of Soil Hydraulic Properties Using the Air-Entry Pressure of the Ceramic Cup. J. Plant Nutr. Soil Sci. 2010, 173, 563–572. [Google Scholar] [CrossRef]

	



Aldaz-Lusarreta, A.; Giménez, R.; Campo-Bescós, M.A.; Arregui, L.M.; Virto, I. Effects of Innovative Long-Term Soil and Crop Management on Topsoil Properties of a Mediterranean Soil Based on Detailed Water Retention Curves. Soil 2022, 8, 655–671. [Google Scholar] [CrossRef]

	



Llamosa, L.E.; Meza Contreras, L.G.; Botero, M. Estudio de Repetibilidad y Reproducibilidad Utilizando El Método de Promedios y Rangos Para El Aseguramiento de La Calidad de Los Resultados de Calibración de Acuerdo Con La Norma Técnica NTCISO/IEC17025. Sci. Technol. 2007, 1, 455–460. [Google Scholar]

	



Montgomery, D.C. Introduction to Statistical Quality Control, 5th ed.; John Wiley & Sons, Inc.: New York, NY, USA, 2005. [Google Scholar]

	



González-Teruel, J.D.; Torres-Sánchez, R.; Blaya-Ros, P.J.; Toledo-Moreo, A.B.; Jiménez-Buendía, M.; Soto-Valles, F. Design and Calibration of a Low-Cost SDI-12 Soil Moisture Sensor. Sensors 2019, 19, 491. [Google Scholar] [CrossRef]

	



Kosugi, K.; Hopmans, J.W.; Dane, J.H. Parametric Models. In Methods of Soil Analysis. Part 4—Physical Methods; Dane, J.H., Clarke Topp, G., Eds.; SSSA: Madison, WI, USA, 2002; pp. 739–757. [Google Scholar]

	



Malazian, A.; Hartsough, P.; Kamai, T.; Campbell, G.S.; Cobos, D.R.; Hopmans, J.W. Evaluation of MPS-1 Soil Water Potential Sensor. J. Hydrol. 2011, 402, 126–134. [Google Scholar] [CrossRef]

	



Savva, A.P.; Frenken, K. Irrigation Manual Module 4 Crop Water Requirements and Irrigation Scheduling; Water Resources Development and Management Officers FAO Sub-Regional Office for East and Southern Africa: Harare, Zimbabwe, 2002. [Google Scholar]

	



Irmak, S.; Haman, D.Z. Performance of the Watermark. Granular Matrix Sensor in Sandy Soils. Appl. Eng. Agric. 2001, 17, 787. [Google Scholar] [CrossRef]








[image: Sensors 23 09255 g001] 





Figure 1. Classification, model, and measurement range of each commercial water potential sensor evaluated. 






Figure 1. Classification, model, and measurement range of each commercial water potential sensor evaluated.



[image: Sensors 23 09255 g001]







[image: Sensors 23 09255 g002] 





Figure 2. Stainless steel meshed cylinder used for sensor evaluation. 






Figure 2. Stainless steel meshed cylinder used for sensor evaluation.



[image: Sensors 23 09255 g002]







[image: Sensors 23 09255 g003] 





Figure 3. Cylinders used in the experiment (see Figure 2)—each one housing a specific sensor—placed inside the climatic chamber. Note: image prior to the placement of the control cylinder (explanation in the text). 






Figure 3. Cylinders used in the experiment (see Figure 2)—each one housing a specific sensor—placed inside the climatic chamber. Note: image prior to the placement of the control cylinder (explanation in the text).



[image: Sensors 23 09255 g003]







[image: Sensors 23 09255 g004] 





Figure 4. Experimental setup for the repeatability and reproducibility study (Test 2). In two plastic containers (60 × 40 × 30 cm) with sand, the different pairs of homologous sensors were inserted together with humidity probes (see more details in the text). 
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Figure 5. Soil moisture (volumetric water content, %) versus soil matric potential (suction, kPa) of the evaluated sensors (grouped according to operating principle criterion, Figure 1) in each soil (Soil 1 and Soil 1, Table 1). SWRC Soil 1 and SWRC Soil 2: reference water retention curves for Soil 1 and 2, respectively. Rep. I and Rep. II: repetition 1 and repetition 2, respectively. 
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Figure 6. Soil matric potential measured for each type of sensor (Figure 1) versus soil matric potential observed (reference values) in Soil 1 and Soil 2. Rep. I and Rep. II: repetition 1 and repetition 2, respectively. 
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[image: Sensors 23 09255 g006]







[image: Sensors 23 09255 g007] 





Figure 7. Repeatability (pink) (Equation (7)) and reproducibility (blue) (Equation (8)) (percentages) versus soil matric potential measured (suction, kPa) for each evaluated sensor (Figure 1). σ sensor: the overall variability in the sensor (raw values) (see Equation (6)). The X marker in each graph indicates the overall variability in the sensor where the significant differences (p < 0.05) are marked in bold. ∆T: temperature difference; mV: millivolt; pF: Log10 hPa. 
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Table 1. Physico-chemical properties of the two soils used in the experiment.
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	Soil 1
	Soil 2





	Sand (Coarse) (%)
	7.2
	17.3



	Sand (Fine) (%)
	21.8
	29.3



	Silt (%)
	39.4
	39.4



	Clay (%)
	31.7
	14.0



	Texture (USDA)
	Clay loam
	Loam



	pH
	8.1
	7.7



	EC (μS-cm)−1
	176.0
	484.0



	Organic matter content (%)
	2.0
	1.9



	Carbonates (%)
	20.6
	40.3



	CIC (Cmol-Kg−1)
	1.7
	1.1










 





Table 2. Value of the NSE, RMSE, and PBIAS indices obtained in Soil 1 for each experimental sensor. The RMSE index is in kPa.
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Tensiometers

	
Model SR

	
0.59

[0.32–0.79]

	

	
16.40

[10.15–24.81]

	

	
+6.9%

	




	
Model LT

	
0.75

[0.64–0.87]

	

	
11.93

[8.35–17.74]

	

	
+15.85%

	




	
Teros 32

	
0.84

[0.79–0.90]

	

	
14.39

[8.08–20.50]

	

	
−7.3%

	




	
Tensio 153e

	
0.60

[0.06–0.85]

	

	
16.21

[10.38–21.19]

	

	
+39.8%

	




	
Capacitive Sensors

	
Tensiomark

	
0.81

[0.65–0.89]

	
0.85

[0.78–0.90]

	
11.19

[9.33–14.76]

	
20.30

[11.99–28.49]

	
−32.0%

	
−29.1%




	
Teros 21

Gen 2

	
0.79

[0.61–0.86]

	
0.84

[0.77–0.89]

	
11.60

[9.69–14.06]

	
17.74

[11.97–23.84]

	
−26.6%

	
−19.1%




	
Teros 21

	
0.95

[0.92–0.96]

	
0.90

[0.88–0.94]

	
5.73

[4.48–7.74]

	
16.18

[8.13–23.89]

	
No

	
−13.6%




	
EQ-3

	
0.61

[0.33–0.81]

	
0.51

[0.23–0.74]

	
15.84

[10.49–24.46]

	
36.10

[19.74–53.01]

	
−45.7%

	


+50.7%






	
Electrical

Resistance Sensor

	
Watermark Model 200SS

	
−8.47

[−18.09–0.09]

	
−1.83

[−11.40–0.44]

	
83.28

[35.62–18.68]

	
85.58

[40.15–20.64]

	
+197.5%

	
+134.2%




	
Heat

Dissipation

Sensor

	
229-L

	
0.86

[0.76–0.93]

	
0.93

[0.88–0.95]

	
9.59

[7.01–12.63]

	
13.44

[9.57–17.85]

	
+11.5%

	
No




	

	
Suction

Ranges

	
0–100 kPa

	
0–200 kPa

	
0–100 kPa

	
0–200 kPa

	
0–100 kPa

	
0–200 kPa




	

	

	
NSE

	
RMSE

	
PBIAS











 





Table 3. Value of the NSE, RMSE, and PBIAS indices obtained in Soil 2 for each experimental sensor. The RMSE index is in kPa.
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Tensiometers

	
Model SR

	
0.42

[−0.49–0.72]

	

	
17.68

[15.85–20.18]

	

	
+69.4%

	




	
Model LT

	
0.38

[−0.53–0.64]

	

	
18.33

[13.66–23.00]

	

	
+50.3%

	




	
Teros 32

	
−1.12

[−10.27–0.74]

	

	
31.32

[15.31–44.02]

	

	
+107.2%

	




	
Tensio 153e

	
−0.66

[−5.28–0.61]

	

	
27.22

[16.89–37.80]

	

	
+98.1%

	




	
Capacitive Sensors

	
Tensiomark

	
0.67

[0.48–0.89]

	
0.38

[0.14–0.68]

	
13.36

[6.60–21.68]

	
40.12

[19.20–61.11]

	
No

	
−32.6%




	
Teros 21

Gen 2

	
0.91

[0.84–0.93]

	
0.92

[0.85–0.97]

	
7.02

[5.30–9.17]

	
14.84

[7.39–23.59]

	
−25.3%

	
−23.4%




	
Teros 21

	
0.68

[0.50–0.91]

	
0.60

[0.32–0.88]

	
13.18

[5.78–21.94]

	
32.19

[14.21–52.13]

	
No

	
−23.7%




	
EQ-3

	
0.78

[0.29–0.93]

	
−0.01

[−0.84–0.71]

	
10.81

[5.83–16.44]

	
51.12

[20.98–86.98]

	
+22.4%

	
+21.5%




	
Electrical

Resistance Sensor

	
Watermark Model 200SS

	
0.81

[0.18–0.87]

	
0.75

[0.68–0.95]

	
7.42

[4.96–12.03]

	
28.25

[8.18–44.19]

	
−17.6%

	
−33.1%




	
Heat

Dissipation

Sensor

	
229-L

	
0.96

[0.88–0.98]

	
0.956

[0.93–0.98]

	
4.77

[3.31–6.33]

	
10.48

[6.20–15.82]

	
+6.4%

	
No




	

	
Suction

Ranges

	
0–100 kPa

	
0–200 kPa

	
0–100 kPa

	
0–200 kPa

	
0–100 kPa

	
0–200 kPa




	

	

	
NSE

	
RMSE

	
PBIAS
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