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ABSTRACT. Knowledge of soil hydraulic conductivity is indispensable due to its application in studies of 

soil water dynamics, water balance, and irrigation management in crops that directly affect water and soil 

conservation. The objective of this study was to propose two alternatives for determining unsaturated 

hydraulic conductivity using existing methodologies in the literature based on the variation in soil moisture 

and water storage monitored using a moisture sensor in a drainage lysimeter and under field conditions. 

Two experiments were conducted, one in a drainage lysimeter and the other in the field at Embrapa Cassava 

and Fruit Farming, Cruz das Almas, Bahia State, Brazil. A comparison of moisture and storage variation 

between the proposed methodologies was carried out based on statistical coefficients. The methods based 

on moisture and storage variation in a layer estimated the unsaturated hydraulic conductivity with good 

accuracy compared to Hillel’s method. Hydraulic conductivity showed greater variation in the initial phase 

of water redistribution in the soil, either in the lysimeter test or in the field application after irrigation. The 

proposed methods based on moisture and storage variation can be applied to studies on soil water dynamics 

in the soil moisture profile using soil water sensors. 
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Introduction 

Unsaturated hydraulic conductivity (K(θ)) is a property of great importance for studies on soil water 

dynamics aiming at practical aspects such as the soil–water–plant relationship, which are very useful in 

irrigation water management, drainage, modeling of hydro-agricultural processes, and modeling of water 

movement in watersheds. Unsaturated hydraulic conductivity can be determined or estimated using direct 

and indirect methods. The direct method known as the instantaneous profile method for the determination 

of K(θ) under field conditions was proposed by Hillel et al. (1972), whose method is based on the process of 

internal drainage with the absence of flow on the soil surface. The application of this method consists of 

measuring soil moisture profiles with sensors that do not destroy the site’s structure and measuring the matric 

potential in these profiles directly with tensiometers to determine the potential gradient. The internal soil 

drainage process is slowed down over time, and the values of soil water storage, potential, and soil moisture 

(θ) can be explained mathematically by a linear function (Reichardt & Timm, 2022). Other authors have used 

the instantaneous profile of Hillel et al. (1972) to evaluate saturated hydraulic conductivity (Ghiberto & 

Moraes, 2011; Libardi et al., 1980).  

Among the indirect methods, several are determined using data obtained in the laboratory from the soil 

water retention curve fitted using the van Genuchten (1980) model. Several approximations for estimating 

unsaturated hydraulic conductivity have been found in the literature (Karim et al., 2011; Lo et al., 2013; 

Rudiyanto et al., 2020; Usowicz et al., 2024). Other models predict unsaturated hydraulic conductivity, 

including EMFX-K (Wang et al., 2017) and fractal-based models (Alfaro Soto et al., 2017). 

Hydraulic conductivity estimation methods predict values using daily scales (Ghanbarian & Hunt, 2017). 

However, research on soil water dynamics on short time scales, applied, for example, in water flow, have the 

potential to generate erroneous estimates that can compromise the accuracy of soil water balance estimates 
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(Sousa, 2011). Working with drainage lysimeters using the instantaneous profile method, Silva and Coelho 

(2014) obtained estimates of percolation at a time scale of less than 24 h. Although there are methods in the 

literature for determining the hydraulic conductivity of unsaturated soil, methods based on simpler 

measurements, such as soil moisture, present themselves as good alternatives, given the easy access and 

availability of equipment for determining soil moisture directly.  

The present study presents an approach for determining the unsaturated hydraulic conductivity based on 

the water flow defined by the Darcy–Buckingham equation. Equation 1 (Reichardt & Timm, 2022) represents 

the general form of unsaturated hydraulic conductivity, a function of water flow in the soil at a given time 

from a change in the total water potential at two points at a distance z from each other. 

𝐾(𝜃)𝑧 =
∫

𝜕𝜃

𝜕𝑡
𝑑𝑧

𝑧
0

(
𝜕𝐻

𝜕𝑧
)

𝑧

            (1) 

where θ is the soil water content (cm³ cm−3); t is time; H is the total water potential; and z is depth.  
The numerator of Equation 1 refers to the water flow in the 0–z profile, which represents only the vertical 

flow under the conditions of Hillel’s internal drainage method, with the soil surface covered. The present 

study used this methodology proposed by Hillel et al. (1972), with two propositions to determine the function 

of unsaturated hydraulic conductivity, adding the possibility of determining K(θ) below the root zone even 

under unsaturated conditions with localized irrigation. The propositions consider that hydraulic conductivity 

can be estimated from soil moisture monitoring profiles consisting of moisture sensor grids with a 

representative number of sensors, according to Silva and Coelho (2013), who worked with drainage lysimeters 

with sandy clay soil and found that time-domain reflectometry (TDR) probes are sufficient to estimate 

percolation in the profile. When evaluating K(θ) under unsaturated field conditions in the presence of crops, 

the sensors should be positioned in a soil profile grid at an effective root system depth and below it, making 

it possible to monitor drainage losses below the root zone.  

Thus, in addition to TDR probes, other indirect soil moisture meters can be used, such as frequency domain 

reflectometry (FDR) probes, including capacitance probes, tensiometers, neutron probes, and other indirect 

moisture sensors, which may or may not be coupled to an automatic data acquisition system. Thus, it is 

possible to select sensors with smaller acquisition costs, considering the number that will make up the 

sampling points of the profile. Flow calculation need to be delimited in a soil profile with at least two points 

of soil moisture monitoring, zi and zi+1, so the flow is the variation of the average moisture of the two depths 

or layers (Δz = zi+1 − zi) at time 2 (ti+1) and 1 (ti) over the variation of elapsed time (Equation 2).  

𝑞 =
𝜃𝛥𝑧

𝑡𝑗
−𝜃𝛥𝑧

𝑡𝑗+1

𝛥𝑡
× 𝛥𝑧           (2) 

where water flow (mm h−1); Δz is the depth of the soil layer (mm); Δt is the time variation between moisture 

readings (hours); 𝜃tj is the average soil moisture calculated at time j (m³ m−3); and 𝜃tj+1 is the average soil 

moisture calculated at time j+1 (m³ m-³) or Equation 3: 

θ∆z
tj

 =  
θi+θi+1

2
            (3) 

Another way to evaluate the flow is to calculate the water depth stored at the 0−z depth of the soil, which 

is used in the estimation of unsaturated hydraulic conductivity using the instantaneous profile. In this 

proposal, the variation in water storage in the zi–zi+1 layer of the soil profile is obtained from storage in zi 

(Equation 4) and zi+1 (Equation 5) at time tj and from storage in zi (Equation 6) and zi+1 (Equation 7) at time tj+1. 

The water flow (q) that passes through a given depth can be estimated by the difference between the storage 

differences in the zi–zi+1 layer in the interval tj–tj+1 (Equation 8). Hydraulic conductivity was estimated by 

dividing the flow by the hydraulic gradient. 
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where Stj zi is the soil water storage in layer 0–zi (mm) at time tj (h); θ is the soil moisture (cm3 cm−3) at times 

tj and tj+1; and q is the water flow in the soil layer (mm h−1). 

The advantage of this approach is the applicability under conditions used in the instantaneous profile 

method (Hillel et al., 1972) and under unsaturated conditions, including in the presence of the crop, in which 

case the approximation is applied to the layer below the effective root zone. In this layer, water absorption by 

plants and capillary rise due to evaporation on the soil surface is disregarded; that is, vertical flow is assumed 

to be only subject to gravitational gradients. 

In both flow propositions, potentials are calculated from the soil moisture data at each depth with the 

fitted parameters from the van Genuchten (1980) model (Tables 1, 2, and 3) by Equation 9 for the zi and zi+1 

depths, which are the limits of the soil profile layers evaluated. 

h =

[(
θs−θr
θ−θr

)

1
m

−1]

1
n

α
            (9) 

where θ is the volumetric moisture (cm3 cm−3); h is the matric (cm H2O); θr and θs are the residual and 

saturation volumetric moisture (cm3 cm−3); and α, m, and n are model fitting parameters.  

The potential gradient is calculated at time tj and tj+1 for depths zi and zi+1 (Equations 10, 11, and 12). 

hzi =  
hzi

tj
+hzi

tj+1

2
            (10) 

hzi+1 =  
hzi+1

tj
+hzi+1

tj+1

2
           (11) 

ΔH =
hzi−hzi+1

zi−zi+1
            (12) 

where ΔH is the potential gradient; and h is the soil water potential (cm H2O). 

The unsaturated hydraulic conductivity K(θ) is obtained by the Darcy–Buckingham equation by dividing 

the flow of water that passes through layer zi–zi+1 by the hydraulic gradient ΔH. Equations 13 and 14. 

𝑞 = −𝐾(𝜃)
𝛥𝐻

𝛥𝑧
            (13) 

𝐾(𝜃) =
𝑞

𝛥𝐻
            (14) 

Thus, the present study aimed to propose an approximation for determining the unsaturated hydraulic 

conductivity based on (i) the variation in the soil moisture content in the discretization of soil layers and (ii) 

the variation in storage in the soil profile. 

Material and methods 

Characterization of experiments 

The study was carried out in the experimental area (12º48' S; 39º06' W; 225 m) at Embrapa Cassava and 

Fruits in Cruz das Almas, Bahia State, Brazil, in two experiments, one in a drainage lysimeter and the other 

in an experimental area, both with banana crops.  

The lysimeter was filled with sandy clay soil, which showed the following attributes and physical 

characteristics in the 0.20–0.40 m layer: bulk density (BD), 1.41 g cm−3; sand content, 514 g kg−1; silt content, 

101 g kg−1; and clay content, 385 g kg−1. In the 0.40–0.60 m layer, the values were as follows: BD, 1.46 (g cm−3); 

sand content, 476 g kg−1; silt content, 99 g kg−1; and clay content, 425 g kg−1. In the 0.60–0.80 m layer, the 

values were as follows: BD, 1.34 (g cm−3); sand content, 514 g kg−1; silt content, 71 g kg−1; and clay content, 

415 g kg−1 (Teixeira et al., 2017). Soil water retention of the lysimeter for different tensions and van 

Genuchten’s model parameters are presented in Table 1.  

In the 0–0.20 m layer, the classification of the soil under field conditions was sandy clay loam with the 

following physical characteristics: total sand, 571 g kg−1; silt, 103 g kg−1; clay, 290 g kg−1; and BD, 1.65 g cm-³. 

In the 0.40–0.70 m layer, the characteristics were as follows: total sand, 600 g kg−1; silt, 77 g kg−1; clay, 323 g 
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kg−1; and BD, 1.43 g cm-3 (Teixeira et al., 2017). The values of water retention in the soil and the parameters 

of van Genuchten’s (1980) model are presented in Table 2. 

Table 1. Soil moisture (cm³ cm−3) in the lysimeter for the different tensions in sandy clay soil to obtain the parameters of van 

Genuchten’s (1980) model. Source: Conceição et al. (2017). 

Soil layer (m) Tension (KPa) 

 0 10 33 100 300 1500 

0.20-0.40 0.351 0.26 0.22 0.21 0.20 0.19 

0.40-0.60 0.483 0.27 0.23 0.21 0.19 0.19 

0.60-0.80 0.420 0.27 0.22 0.20 0.18 0.18 

van Genuchten’s (1980) model parameters 

Soil layer (m) Θr (cm3 cm-3) Θs (cm3 cm-3) a (cm-1) n M = 1-1/n 

0.20-0.40 0.198 0.483 0.105 2.338 0.5723 

0.40-0.60 0.179 0.483 0.201 1.811 0.4479 

0.60-0.80 0.189 0.456 0.128 1.841 0.4569 

 

Table 2. Soil moisture (cm3 cm−3) in the field for the different tensions in sandy clay soil to obtain the parameters of van Genuchten’s 

(1980) model in the experimental area. 

Soil layer (m) Tension (KPa) 

 0 10 33 100 300 1500 

0.00-0.40 0.389 0.218 0.200 0.174 0.160 0.151 

0.40-0.70 0.419 0.189 0.183 0.159 0.1405 0.132 

van Genuchten’s (1980) model parameters 

Soil layer (m) Θs Θr a n M = 1-1/n 

0.00-0.40 0.389 0.147 1.994 4.645 0.7840 

0.40-0.70 0.420 0.132 3.988 2.523 0.6037 

 

Tests to determine hydraulic conductivity in the lysimeter and in the field 

Soil moisture collection was performed continuously using a lysimeter with an automatic data acquisition 

system every 20 min. and a TDR100 reflectometer connected to a datalogger and multiplexers. Three-rod 

probes, 0.10 m long each, were installed within the soil profiles, representing two-dimensional planes, with 

horizontal distances of 0.20, 0.40, 0.60, and 0.80 m from the center of the lysimeter and at depths of 0.20, 

0.40, 0.60, and 0.80 m, totaling 16 sensors per grid. Tensiometers were installed at depths of 0.10, 0.30, 0.50, 

and 0.70 m to determine the matric potential (Equation 9). The TDR calibration curve for the soil of the 

experiment followed the methodology described by Silva and Coelho (2013) (Equation 15). 

θ = 6E − 5Ka3 − 0.0032Ka2 + 0.0631Ka − 0.242 R² = 0.980      (15) 

where θ is the soil moisture (cm3 cm−3); and Ka is the soil dielectric constant. 

At the beginning of the experiment, an internal water redistribution test was conducted in the soil without 

plants using the lysimeter (Hillel et al., 1972). Saturation was performed until a hydraulic head of 0.05 m was 

maintained on the surface of the soil and then covered with plastic tarpaulin to prevent water evaporation. 

Then, the test was carried out with moisture readings every 20 min. using the automatic data acquisition 

system and the collection of drained water volumes according to the methodology described by Conceição 

et al. (2017) to determine the k(θ) function. The methods of k(θ) determination with the flow obtained by the 

moisture difference in the Δz layer and with the flow obtained by the storage difference in the same layer were 

employed using an instantaneous profile test. 

Unsaturated hydraulic conductivity was determined using a lysimeter cultivated with the ‘Prata Gorutuba’ 

banana. Soil moisture was collected between two irrigation events with a one-day interval. The data were 

used to generate the k(θ) functions, which were applied separately for depths of 0.40–0.60 and 0.60–0.80 m. 

Irrigation was performed by micro-sprinklers with a fixed flow rate of 56 L h−1, with 3 sprinklers on each side 

of the plant and a Christiansen’s uniformity coefficient of 89%.  

Unsaturated hydraulic conductivity was determined in an area cultivated with banana cv ‘BRS Princesa’ in 

a 2.50 × 2.50 m spacing. Irrigation was applied by a drip system with three emitters per plant with a flow rate 

of 4.0 L h−1 and by a micro-sprinkler with a flow rate of 64 L h−1 positioned in the middle of four plants in an 

irrigation line between two plant rows. The distribution uniformity coefficient was of 90%. Water replacement 
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was based on the maximum reference evapotranspiration (ETo) according to Allen et al. (2006), obtained from 

an automatic weather station located in the experimental area. 

Unsaturated hydraulic conductivity in the field was determined in 48-h intervals between two irrigation 

events in drip- and micro-sprinkler-irrigated treatments in soil covered with banana straw. In the calculation 

of the flow by storage differences, it was assumed that no evaporation occurred in the covered soil, only losses 

due to water extraction from the soil by plant roots in the 0.0–0.60 m layer and losses due to deep drainage 

outside the root system in the 0.60–0.80 m layer (Santos et al., 2016). TDR probes were installed in soil profiles 

in the planting row between two plants for the drip irrigation system and between the plant and the micro-

sprinkler for the micro-sprinkler system. The distances from the plant were 0.25, 0.5, 0.75, and 1.0 m, and 

depths were 0.20, 0.40, 0.60, and 0.80 m, totaling 16 units. The calibration curve of the TDR probe for the soil 

of the area corresponded to a 3rd degree polynomial equation, with R² = 0.9916 (Equation 16). 

θ = 5.65E − 5Ka3 − 0.0035160Ka2 + 0.0804390Ka − 0.4327136      (16) 

Soil moisture was monitored during the field experiment by a TDR equipment connected to a datalogger 

in an automatic data collection system, with an average reading every 15 min. 

Unsaturated hydraulic conductivity was estimated using the flow obtained by the moisture difference 

during a time, flow by moisture storage difference, and van Genuchten’s model methods. The depths 

considered for the flow determined by moisture difference (Equations 2 and 3) and by van Genuchten’s model 

were 0.40–0.60 and 0.60–80 m, which were outside the region of greater water extraction by the roots 

(Sant’ana et al., 2012; Santos et al., 2016). The flow obtained by the storage difference (Equations 4 and 8) 

corresponded to the depths of 0.0–0.60 and 0.0–0.80 m.  

The hydraulic conductivity of the soil in the lysimeter was determined following the method described by 

Hillel et al. (1972), applied to the data of an internal water redistribution test in the drainage lysimeter, in the 

absence of cultivation. In the redistribution test, the hydraulic conductivity was determined separately at 

depths of 0.20–0.40 and 0.40–0.60 m. Equations 2 and 3 were used to determine the K(θ) functions by the 

variation in moisture in the zi−zi+1 layer, as described in the proposition. (Equations 4 and 8) were used to 

determine the K(θ) functions by the storage variation in the zi–zi+1 layer.  

Evaluation of unsaturated hydraulic conductivity using the propositions to obtain water flow by 

average moisture and water storage in the soil 

Unsaturated hydraulic conductivity estimates were validated by the propositions soil moisture variation (Δθ), 

soil water storage variation (ΔS), and hydraulic conductivity estimated following the method described by Hillel et 

al. (1972). K(θ) functions resulting from Hillel’s method and from the propositions obtained during the internal 

water redistribution test in the soil were applied to the moisture data measured during the banana cultivation in 

the lysimeter in a total of four replicates, within the moisture ranges for which the functions were fitted.  

The unsaturated hydraulic conductivity estimates obtained by the propositions were compared between 

themselves by the following statistical indicators: (i) root mean squared error (RMSE), (ii) mean absolute error 

(MAE), and (iii) standard deviation of squared error (SDSE) according to Equations 17 and 19, respectively, 

and by the Student’s t-test. 

𝑅𝑀𝑆𝐸 =⥂ √
1

𝑛
∑ (𝑂𝑖 − 𝐸𝑒)2𝑛

𝑖=1           (17) 

𝑀𝐴𝐸 =
1

𝑛
∑ (𝑂𝑖 − 𝐸𝑒)2𝑛

𝑖=1            (18) 

𝑆𝐷𝑆𝐸 = √∑
(𝑂𝑖−𝐸𝑒)2

𝑛−2

𝑛
𝑖=1            (19) 

where Oi is the value estimated by the instantaneous profile method; and Ee is the value estimated by the 

methods for obtaining the flow. 

The validated propositions were used both in the soil of the lysimeter and in the unsaturated and covered 

soil of the field under drip and micro-sprinkler irrigation conditions. 

Evaluation of unsaturated hydraulic conductivity by van Genuchten’s method 

Unsaturated hydraulic conductivity was also determined with van Genuchten’s (1980) model from the fitted 

parameters of the model for evaluation in comparison to the model of Hillel et al. (1972) (Equations 20 and 21). 
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K(θ) = Ks ⋅ θe
0.5 [1 − (1 − θe

1/m
)

m
]

2

         (20) 

𝜃𝑒 =
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
            (21) 

where θe is the effective saturation (cm3 cm−3); θr is the residual moisture (cm3 cm−3); θs is the saturation 

moisture (cm3 cm−3); and θ is the soil moisture (cm3 cm−3). 

Van Genuchten’s method was applied to soil moisture data from the lysimeter and the field used in the 

application of the Δθ and ΔS methods during the cultivation season to check the proximity of the proposed 

methodologies and van Genuchten’s method in relation to the method of Hillel et al. (1972). The comparison 

was also carried out based on RMSE, MAE, and SDSE.  

Results and discussion 

K(θ) by moisture variation (Δθ) and storage variation (ΔS) in soil profile layers with a drainage 

lysimeter 

The propositions for estimating the unsaturated hydraulic conductivity, K(θ), showed satisfactory 

performance compared to the method described by Hillel et al. (1972) in the test of the internal redistribution 

of water in the soil. 

The soil-moisture variation method led to RMSE, SDSE, and MAE values of 0.32 mm h−1, 0.41 mm h−1, and 10.1%, 

respectively, within the 0.20–0.40 m layer. The K(θ) estimate by the moisture variation in the layer showed a small 

error, with RMSE, SDSE, and MAE values of 0.27 mm h−1, 0.34 mm h−1, and 7.0%, respectively. Considering the 

storage variation method, the differences were more significant, with an MAE of 26.82% (Table 3). 

Table 3. Evaluation of the estimate of hydraulic conductivity (mm h−1) in drainage lysimeters from the methods determining soil 

moisture variation (Δθ) and soil water storage variation (ΔS) in relation to the method of Hillel et al. (1972) at depths of 0.20–0.40 and 

0.40–0.60 m. 

Methods 0.20-0.40 0.40-0.60 

Means RMSE SDSE MAE Means RMSE SDSE MAE 

Hillel 0.65 - - - 0.5 - - - 

Δθ 0.50 0.32 0.41 10.06 0.38 0.27 0.34 7.03 

ΔS - - - - 1.12 0.52 0.73 26.82 

Means of hydraulic conductivity (mm h−1); root mean squared error (RMSE) (mm h−1), mean absolute error (MAE) (%), and standard deviation of squared 

error (SDSE) (mm h−1). 

The coefficients shown by the proposed methods can be applied to determine K(θ). However, the 

differences in K(θ) compared to the method of Hillel et al. (1972), which was considered the standard, can be 

attributed to variations in the volumetric water content of the soil, as observed by Ghiberto and Moraes 

(2011). When using different methods to estimate hydraulic conductivity, these authors observed that 

variations in soil moisture alter the parameters of the K(θ) functions and that the methods had limitations 

close to saturation moisture. Variations in the measurement of soil moisture using different instruments 

cause discrepancies in the K(θ) values, as observed by Teixeira et al. (2005). 

Validation of the estimation of unsaturated hydraulic conductivity using a lysimeter 

The statistical indicators obtained in the validation of the methods based on moisture variation and 

storage variation in the soil layer show good prediction of K(θ) for moisture ranges within which the 

equation was generated (Table 4). The evaluation coefficients RMSE, SDSE, and MAE in the moisture 

variation method were 0.08 mm h−1, 0.09 mm h−1, and 0.60%, respectively. For the estimation of K(θ) 

using the storage variation method, there was a greater error with RMSE, SDSE, and MAE values of 0.11 

mm h−1, 0.12 mm h−1, and 1.22%, respectively.  

The methods proposed for the determination of K(θ) provided results significantly different from those 

obtained with Hillel’s method according to the t-test (Table 4), which was expected and corroborates the 

results of Ghiberto and Moraes (2011). Using the Willmott et al. (2012) index agreement, these authors 

observed that flow-based (Libardi et al., 1980) and moisture-based (Libardi et al., 1980) methods had 

limitations in the estimation of K(θ) compared to Hillel’s method. However, Willmott’s index indicates the 

proximity of the estimates, which is justified by the fact that both methods are direct, in agreement with Silva 

and Coelho (2014), who observed similar estimates using the method of Libardi et al. (1980). 
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Table 4. Validation of the estimation of unsaturated hydraulic conductivity from the equations of the internal redistribution of water 

in the soil test using the methods of soil moisture variation (Δθ) and water storage variation (ΔS) in the soil compared to the method 

described by Hillel et al. (1972). 

Methods 0.40-0.60 cm 

Means* RMSE SDSE MAE 

Δθ 0.32 a 0.08 0.09 0.60 

ΔS 0.13 c 0.11 0.12 1.22 

Hillel 0.24 b - - - 
*Means followed by the same letter in the column do not differ from each other by the t-test at a 5% probability level. Means of hydraulic conductivity (mm 

h−1); root mean squared error (RMSE) (mm h−1); mean absolute error (MAE) (%); and standard deviation of squared error (SDSE) (mm h−1). 

Propositions for K(θ) determination by moisture variation and storage variation in layers of the soil 

profile under irrigated cultivation conditions 

The indicators for evaluating the accuracy of K(θ) determination by the proposed methods in the field with 

banana cultivation showed a greater inconsistency at the 0.40–0.60 m depth (Table 5). In this case, van 

Genuchten’s method showed the greatest difference from Hillel’s method, with RMSE, SDSE, and MAE values 

of 0.67 mm h−1, 0.87 mm h−1, and 45.10%, respectively. 

Table 5. Evaluation of unsaturated hydraulic conductivity using the methods of soil moisture variation (Δθ), soil water storage 

variation (ΔS), and van Genuchten’s method (VG) in comparison to the method of Hillel et al. (1972) during banana cultivation in a 

drainage lysimeter between two irrigation events. 

Methods 0.40-0.60 m 0.60-0.40 m 

Means RMSE SDSE MAE Means RMSE SDSE MAE 

Δθ  0.82 0.22 0.22 4.91 0.32 0.08 0.09 0.62 

VG 0.18 0.67 0.87 45.10 0.17 0.30 0.35 9.26 

ΔS - - - - 0.31 0.00 0.00 0.00 

Hillel 0.74 - - - 0.31 - - - 

Means of hydraulic conductivity (mm h−1); root mean squared error (RMSE) (mm h−1); mean absolute error (MAE) (%); and standard deviation of squared 

error (SDSE) (mm h−1). 

In the 0.60–0.80 m layer, except for van Genuchten’s method, the indicators of accuracy of the 

propositions showed better consistency of these propositions with the method of Hillel et al. (1972), 

especially the storage variation method, whose indicators did not differ from those of the method 

considered as a reference (Table 5). 

The evaluation indicators were similar to those observed by Alfaro Soto et al. (2017) for hydraulic 

conductivity estimation from fractal-based models based on soil pore structure, with low RMSE values 

compared to the model by Brooks and Corey (1964). The proximity in the validation among the proposed 

methods (Table 5), based on the methodology presented by Reichardt and Timm (2022), is probably due to 

the similarity to the method of Hillel et al. (1972). The smaller difference between the propositions and Hillel’s 

method in the 0.60–0.80 m layer may be because the chances of water extraction by the roots and upward 

flow due to evaporation on the soil surface are minimal in this layer. Thus, the predominance of vertical flow 

due to gravitational gradients allows for better performance of the propositions since they use the same 

principles as Hillel’s method. 

The observed values are estimates resulting from the K(θ) functions determined by the proposed 

methodologies, Δθ (Figure 1A), ΔS (Figure 1B), and van Genuchten’s model (VG) during the banana cultivation 

period in the lysimeter. For the 0.40–0.60 m layer, the two propositions had similar values only for the lowest 

moisture contents, and the estimates became more distant from each other as the soil moisture content 

increased.  

For the 0.60–0.80 m soil layer, the estimates under field conditions were similar for the lowest moisture 

contents using the 3 methods (Figure 1B); however, the propositions based on moisture variation and water 

storage variation in a layer showed similar behaviors, with a higher K(θ) estimate for the moisture variation 

over the entire range of soil moisture. 

Application of the proposed methods for determining hydraulic conductivity in field data during the 

banana cycle 

The evaluation indicators obtained in the determination of hydraulic conductivity by the two propositions, 

Δθ and ΔS, for the 0.40–0.60 m depth (Table 6) under field conditions and drip irrigation show a greater 
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discrepancy between van Genuchten’s method and the proposition based on storage variation. In the 0.60–

0.80 m layer, the smallest discrepancy occurred between the proposition based on storage variation and van 

Genuchten’s method, with RMSE, SDSE, and MAE values of 0.63 mm h−1, 0.73 mm h−1, and 16.65%, 

respectively, under drip irrigation and soil covered with banana straw.  

 

Figure 1. Estimated values of unsaturated soil hydraulic conductivity in the lysimeter determined by the soil moisture variation (Δθ) 

and van Genuchten’s method (VG) for the 0.40–0.60 m depth (A) and Δθ, VG (moisture variation), and storage variation (ΔS) for the 

0.60–0.80 m depth (B) during the banana cultivation cycle between two irrigation events. 

Table 6. Comparison indices of unsaturated hydraulic conductivity determined by the methods of soil moisture variation (Δθ), soil water 

storage variation (ΔS), and the van Genuchten’s method (VG) during banana cultivation in the field between two irrigation events. 

 Indices Drip 

 0.40-0.60 m 0.60-0.80 m 

Δθx VG ΔSxVG ΔθxΔS Δθx VG ΔSxVG ΔθxΔS 

RMSE 0.47 0.24 0.48 0.45 0.63 0.52 

SDSE 0.51 0.26 0.54 0.51 0.73 0.60 

MAE 22.37 5.56 26.09 19.85 16.65 19.85 

Micro-sprinkler 

RMSE 0.39 0.06 0.48 0.13 0.54 0.42 

SDSE 0.42 0.07 0.55 0.15 0.60 0.47 

MAE 15.16 0.36 23.89 1.73 29.05 17.96 

Root mean squared error (RMSE) (mm h−1); mean absolute error (MAE) (%); and standard deviation of squared error (SDSE) (mm h−1). 

The greatest differences between the moisture variation and water-storage variation propositions also 

occurred in the 0.40–0.60 m layer (Table 6), whereas the differences between the water storage proposition 

and van Genuchten’s method under micro-sprinkler irrigation were greater in the 0.60–0.80 m layer. However, 

the differences were smaller than the ones observed under the drip irrigation conditions, indicating a difference in 

the estimation of unsaturated hydraulic conductivity by the same methods in the same soil under different 

irrigation conditions for water application. When working with the method proposed to improve the estimates of 

hydraulic conductivity by van Genuchten, Terleev et al. (2017) also observed this pattern. 

The values of K(θ) estimated by the approaches based on moisture and storage variation and on van 

Genuchten’s method (Figure 2A–D) showed similar behavior for the lower soil moisture. The differences 

increased with the increase in the soil water content. This behavior was also observed in the validation of the 

propositions within the lysimeter. A more significant variation in the estimates was observed for the micro-

sprinkler irrigation system (Figure 2C and D).  

The differences between van Genuchten’s method and the proposed ones were expected (Hmadi et al., 

2015; Mohammadi et al., 2014; Wang et al., 2017). The two proposed forms are based on the direct method of 

Hillel et al. (1972), while van Genuchten’s model is an indirect method that depends on soil water retention 

curve data obtained in the laboratory from small samples of the physical–hydraulic attributes of the soil 

profile. The saturation moisture (θ0) and residual moisture (θr) are determined in the laboratory, unlike direct 

methods. In this case, it is necessary to wait to choose θ0. The selection of different times implies different 

K(θ) values in the initial phase of the redistribution process (Ghiberto & Moraes, 2011; Gonçalves & Libardi, 

2013; Libardi & Melo Filho, 2006; Reichardt & Timm, 2022; Silva & Coelho, 2014).  
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Figure 2. Estimated values of unsaturated soil hydraulic conductivity in the field by the methods of moisture variation, storage 

variation, and van Genuchten (VG) at two depths: 0.40–0.60 m (A) and 0.60–0.80 m (B) using the drip irrigation system and 0.40–0.60 

m (C) and 0.60–0.80 m (D) using the micro-sprinkler irrigation system. 

According to Reichardt and Timm (2022), each variation in soil moisture represents a change in hydraulic 

conductivity. Gallage et al. (2013) stated that hydraulic conductivity is directly related to the volumetric 

fraction of the pore space available for liquid flow, which is directly described by the volumetric water content 

and the degree of saturation. 

The type of instrument influenced the dispersion among the methods for estimating hydraulic 

conductivity during the initial phase of the redistribution process (Ghiberto & Moraes, 2011). There is 

variability in the estimation of hydraulic conductivity K(h) by indirect models at a given tension (Reichardt 

et al., 1998), as reported by Adhanom et al. (2012), who observed a coefficient of variation of 137% for a 

tension of 3 kPa, applying indirect methods in the prediction of k(h). 

Conclusion 

The methods for obtaining water flow by moisture variation and by soil water storage variation in a layer 

estimated the unsaturated hydraulic conductivity with good accuracy compared to Hillel’s method. Hydraulic 

conductivity showed greater variation in the initial phase of water redistribution in the soil, both in the 

lysimeter test and in field application after irrigation. The approximation for estimating the unsaturated 

hydraulic conductivity by the propositions based on moisture and storage variation to determine the water 

flow in the porous medium is an alternative that can be applied in studies on soil water dynamics of the soil 

moisture profile formed by sensors. 

Data availability 

Not applicable. 
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