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The soil sorptivity, S, and saturated hydraulic conductivity, Ks, can be estimated from the inverse analysis of a cumulative infiltration curve using the quasi-exact implicit (QEI) formulation or its corresponding 4-Terms (4T) approximation. Although these models consider the soil as homogeneous media, there is no information about how heterogeneous profiles can affect the inferred soil properties. This work analyzes the influence of layered soils on Ks and S estimates using QEI and 4T models, and designs a new procedure for treating infiltration curves measured on layered soil profiles. The Sequential Infiltration Analysis (SIA) method considers a sequence of increasing time series from the cumulative infiltration data to estimate Ks and S, and its corresponding RMSE as a function of the number of samples used. A procedure to estimate the thickness of the upper uniform soil layer from the estimated wetting front advance (WFA) is also reported. The SIA method was applied on: (i) synthetic homogeneous profiles of loam soil and six layered profiles involving a 1, 2 and 3 cm thickness loam layer over silty or sandy loam soils, respectively, (ii) stratified laboratory soil columns, and (iii) 20 experimental infiltrations performed in a semiarid region of North-Eastern Spain.

Similar results were found between QEI and 4T models for all cases. Erroneous estimates of Ks and S were observed when the total infiltration time series was considered for the analysis, regardless of the presence of soil layering. In opposite, estimates improved when the SIA method was applied to the layered systems. The SIA method exploits the fact that the RMSE increases when the wetting front reaches the interface between the soil layers. Such increase allows: (i) detection of the soil heterogeneity, (ii) determination of the infiltration time, to, required for the wetting front to reach the lower layer, and, (iii) accurate estimates of the upper layer Ks and S along with its thickness. Laboratory experiments on layered soils and field measurements demonstrated that the SIA method could be satisfactorily applied on different curves with contrasting shapes and magnitudes. Although soil layering encountered on most field samplings restricted the treatment of the observed infiltrations to short-medium times, the SIA method allowed robust estimates of Ks and S. These results indicate that the proposed method is a promising tool for characterizing the hydraulic properties of layered and heterogeneous soil profiles.

INTRODUCTION

Measurements of the soil surface hydraulic properties is crucial to solve many hydrological engineering and environmental issues linked to soil water storage and transport in the vadose zone. The tension disc infiltrometer [START_REF] Perroux | The theory of infiltration: 4. Sorptivity and algebraic infiltration equations[END_REF] has become a popular infiltration method because of the portable and its easy in-situ applicability [START_REF] Angulo-Jaramillo | Field measurement of soil surface hydraulic properties by disc and ring infiltrometers. A review and recent developments[END_REF]. This instrument consists of a disc base attached to a water-supply reservoir and a bubbling tower to impose a negative pressure head (h) at the disc base [START_REF] Perroux | The theory of infiltration: 4. Sorptivity and algebraic infiltration equations[END_REF]. The soil hydraulic properties, sorptivity (S) and hydraulic conductivity (Ks), are commonly calculated from the cumulative water-infiltration curve measured with the disc infiltrometer. To this end, methods based on the transient state data analysis can be employed.

The main advantage of the transient methods, compared to water steady-state based procedures [START_REF] Ankeny | Simple field method determining unsaturated hydraulic conductivity[END_REF][START_REF] Lassabatere | Beerkan estimation of soil transfer parameters though infiltration experiments -BEST[END_REF], is that they allow shorter experiments, which involves smaller sampled soil volumes, and hence a more homogeneous soil and initial water content profile [START_REF] Angulo-Jaramillo | Field measurement of soil surface hydraulic properties by disc and ring infiltrometers. A review and recent developments[END_REF].

Among the different water transient models, the quasi-exact implicit (QEI) analytical formulation of Haverkamp et al. (1994) has become one of the most popular methods to estimate the soil hydraulic properties (e.g., [START_REF] Lassabatere | Numerical evaluation of a set of analytical infiltration equations[END_REF][START_REF] Latorre | Estimate of soil hydraulic properties from disc infiltrometer three-dimensional infiltration curve. Numerical analysis and field application[END_REF][START_REF] Fernandez-Galvez | A general Beerkan Estimation of Soil Transfer parameters method predicting hydraulic parameters of any unimodal water retention and hydraulic conductivity Jarvis[END_REF]. The Haverkamp et al. (1994) model was extended to 3D disc infiltrometer measurements by Smettem et al. (1994) involving the following input parameters: Ks, S, the radius of the disc, rd, the β and γ constants, and the initial and final volumetric water contents, θi and θs (Haverkamp et al., 1994;Smettem et al., 1994). The β shape parameter is related to the soil diffusivity, D(θ), and the soil hydraulic conductivity functions. The constant γ is related to the effect of the disk radius and gravity as well as the approximate estimation of sorptivity (Haverkamp et al., 1994, Smettem et al., 1994). Under regular conditions, a constant β and γ values of 0.6 and 0.75, respectively, are employed [START_REF] Angulo-Jaramillo | Beerkan Estimation of Soil Transfer parameters (BEST) across soils and scales[END_REF][START_REF] Lassabatere | Numerical evaluation of a set of analytical infiltration equations[END_REF][START_REF] Latorre | Influence of the β parameter of the Haverkamp model on the transient soil water infiltration curve[END_REF][START_REF] Moret-Fernández | Three-and four-term approximate expansions of Haverkamp formulation to estimate soil hydraulic properties from disc infiltrometer measurements[END_REF]. In order to simplify the mathematics reducing the number of input variables, [START_REF] Lassabatere | Beerkan estimation of soil transfer parameters though infiltration experiments -BEST[END_REF] proposed packing Δθ, rd and γ into the 𝐴 = 𝛾 𝑟 𝑑 (𝜃 𝑠 -𝜃 𝑖 ) term.

Given that direct formulations are more convenient than complex implicit equations, Haverkamp et al. (1994) proposed the simplified two-Terms (2T) approximation for their quasi-exact implicit (QEI) formulation. However, such an approximation remains valid only for short to intermediate infiltration times. Although this simplified model has been largely employed for characterizing soils [START_REF] Angulo-Jaramillo | Field measurement of soil surface hydraulic properties by disc and ring infiltrometers. A review and recent developments[END_REF][START_REF] Lassabatere | Beerkan estimation of soil transfer parameters though infiltration experiments -BEST[END_REF][START_REF] Moret-Fernández | Malleable disc base for direct infiltration measurements using the tension infiltrometry technique[END_REF], its reduced temporal validity makes its use uncertain. To solve this limitation, Latorre et al. (2105) determined the soil hydraulic properties form the inverse analysis of the QEI model, instead of using approximations like in BEST methods [START_REF] Lassabatere | Beerkan estimation of soil transfer parameters though infiltration experiments -BEST[END_REF], Yilmaz et al., 2010, and Bagarello et al., 2014). On their track, [START_REF] Fernandez-Galvez | A general Beerkan Estimation of Soil Transfer parameters method predicting hydraulic parameters of any unimodal water retention and hydraulic conductivity Jarvis[END_REF] compute a new version of BEST that makes use of the QEI formulation. However, such formulation is implicit and could lead to numerical indetermination while slowing down the inversion procedure. Given those difficulties, [START_REF] Moret-Fernández | Three-and four-term approximate expansions of Haverkamp formulation to estimate soil hydraulic properties from disc infiltrometer measurements[END_REF] suggested estimating Ks and S using the three-Terms (3T) and four-Terms (4T) approximations of the QEI formulation. These expansions are more accurate than the 2T, since they incorporate more terms, and thus remain valid over larger time intervals.

Besides, the 4T model presents four degrees of freedom and thus the potential to estimate the four input variables: Ks, S, γ and β. However, [START_REF] Moret-Fernández | Three-and four-term approximate expansions of Haverkamp formulation to estimate soil hydraulic properties from disc infiltrometer measurements[END_REF] Most models developed for water infiltration consider isotropic and homogeneous porous media. This means that soil hydraulic properties and initial water content are considered uniform in all directions. However, soil heterogeneity in the field is more the rule than the exception and this may strongly impact cumulative infiltrations (Iovino et al., 2017;[START_REF] Lassabatere | Effect of the settlement of sediments on water infiltration in two urban infiltration basins[END_REF][START_REF] Lassabatere | New analytical model for cumulative infiltration into dualpermeability soils[END_REF][START_REF] Angulo-Jaramillo | Beerkan Estimation of Soil Transfer parameters (BEST) across soils and scales[END_REF]. For instance, double-slope infiltration curves may be obtained in case of hydrophobicity [START_REF] Lassabatere | Beerkan multi-runs for characterizing water infiltration and spatial variability of soil hydraulic properties across scales[END_REF] or infiltration curves with extra-concavity may be obtained due to soil sealing and the concomitancy of several layers [START_REF] Di Prima | Laboratory testing of Beerkan infiltration experiments for assessing the role of soil sealing on water infiltration[END_REF]. In these cases, the application of models based on soil uniformity can result in erroneous estimates of the soil hydraulic properties [START_REF] Angulo-Jaramillo | Beerkan Estimation of Soil Transfer parameters (BEST) across soils and scales[END_REF].

Given the scarce information on the application of inverting methods developed for uniform soils to non-uniform and layered soils, the objective of this work is to study the influence of layered profiles on Ks and S estimates obtained by fitting QEI, or its approximate expansions, to infiltration data. The second objective is the development of a procedure for an appropriate characterization of the soil hydraulic properties of the upper soil layer and to approximate its thickness. To this end, both the QEI and 4T models were fitted to infiltration curves obtained (experimentally or numerically) in homogenous and layered soil profiles. The procedure implements a sequential analysis of the infiltration data series by fitting the model to an increasing number of samples and reporting the evolution of the quality of the fit or the RMSE.

The best fit, characterized by the minimum RMSE, identifies the values of Ks and S from the upper layer, and provides the optimum infiltration time from which the thickness of the upper layer is also estimated. The new method, referred to as SIA for Sequential Infiltration Analysis, was validated using numerically generated data, laboratory experiments with homogeneous and layered soil profiles, and also real field data.

THEORY

Cumulative infiltration curve equations

The 3D cumulative infiltration, 𝐼 3𝐷 , model (QEI) for disc infiltrometer measurements corresponding to a zero water pressure head imposed at the soil surface (i.e., saturated conditions) can be described as follows (Haverkamp et al., 1994;Smettem et al. 1994):

𝐼 3𝐷 = 𝐼 1𝐷 + 𝐴 𝑡 (1a) 𝐴 = 𝛾𝑆 2 𝑟 𝑑 (𝜃 𝑠 -𝜃 𝑖 ) (1b)
where t is time (T), rd is the radius of the disc (L), S is the sorptivity (L T -0.5 ), and γ is a proportionality constant that accounts for the correction of the wetting front shape (Smettem et al., 1994). The A parameter, as originally defined by [START_REF] Lassabatere | Beerkan estimation of soil transfer parameters though infiltration experiments -BEST[END_REF], quantifies the capillarity-driven lateral water flux [START_REF] Lassabatere | Beerkan estimation of soil transfer parameters though infiltration experiments -BEST[END_REF]; and 𝐼 1𝐷 denotes the 1D cumulative infiltration curve that can be modeled using the QEI formulation developed by Haverkamp et al. (1994):

2(𝐾 𝑠 -𝐾 𝑖 ) 2 𝑆 2 𝑡 = 2 1-𝛽 (𝐾 𝑠 -𝐾 𝑖 )(𝐼 1𝐷 -𝐾 𝑖 𝑡) 𝑆 2 - 1 1-𝛽 𝑙𝑛 [ 1 𝛽 𝑒𝑥𝑝(2𝛽(𝐾 𝑠 -𝐾 𝑖 )(𝐼 1𝐷 -𝐾 𝑖 𝑡)/𝑆 2 ) + 𝛽-1 𝛽 ] (2)
where Ks and Ki (L T -1 ) are the hydraulic conductivity values corresponding to saturation, θs, and initial, θi, volumetric water content (L 3 L -3 ), respectively, and β is the integral shape parameter. For regular working conditions, β varies between 0.6 and 1.7 [START_REF] Lassabatere | Numerical evaluation of a set of analytical infiltration equations[END_REF] and γ between 0.6 and 0.8 (Haverkamp et al., 1994).

The cumulative 3D infiltration curve can be also approximated with power series in t 1/2 (Fig. 1) as proposed by Haverkmap et al. (1994):

𝐼 3𝐷 (𝑡) = 𝑐 1 𝑡 1 2 + 𝑐 2 𝑡 + 𝑐 3 𝑡 3 2 + 𝑐 4 𝑡 2 + 𝑐 5 𝑡 5 2 + ⋯ (3)
where ci (L T -i/2 ) are coefficients that depend on the soil hydraulic properties and the initial conditions. The application of Taylor series to the 3D QEI up to fourth order in powers of t 1/2 results in the following 4T approximation [START_REF] Moret-Fernández | Three-and four-term approximate expansions of Haverkamp formulation to estimate soil hydraulic properties from disc infiltrometer measurements[END_REF]:

𝐼 3𝐷_4𝑇 (𝑡) = 𝑆𝑡 1 2 + ( 2-𝛽 3 𝐾 𝑠 + 𝐴𝑆 2 ) 𝑡 + 𝐾 𝑠 2 9𝑆 (𝛽 2 -𝛽 + 1)𝑡 3 2 + 2(𝛽 -2)(𝛽1) (1-2𝛽) 135 𝐾 𝑠 3 𝑆 2 𝑡 2 (4)
Given that we have four unknown parameters (S, Ks, β and A), on one hand, and that four coefficients (𝑐 𝑖 ) 𝑖∈{1..4} are involved in the 4T approximate expansion, on the other, the inverse analysis can potentially determine the four unknowns. However, Moret-Fernández et al.

(2020) demonstrated that the A and β parameters need to be fixed a priori for the case of water infiltration curve measured with the addition of a contact sand layer (such addition aims to improve the contact between the infiltration device and the soil). Given that inverting infiltration data for soil layered profile remains tricky, in the following, we defined a new method to analyze soilfor layered profiles.

Sequential infiltration analysis (SIA) and soil surface layer thickness estimate

Using both QEI and 4T models, the new procedure involves the analysis of a sequence of increasing time series from the cumulative infiltration data. The SIA procedure estimates S and Ks by fitting QEI or 4T to increasing time series and computes the RMSE as a function of the number of samples. The optimal infiltration time, to, is identified by the minimum RMSE, and its corresponding inversion provides the estimates of Ks and S. A total of 30 increasing times ranged from 50s to the total available infiltration data were considered. The inverse analysis with 4T (Eq. 7) was performed using a nonlinear (weighted) least-square method that incorporates the Levenberg-Marquardt optimization algorithm. The procedure was implemented into a function that returns a vector of (weighted) residuals whose sum square is minimized [START_REF] More | The Levenberg-Marquardt algorithm: implementation and theory[END_REF][START_REF] Bates | Nonlinear Regression Analysis and Its Applications[END_REF][START_REF] Bates | Dynamic soil water repellency and infiltration in postwildfire soils[END_REF]. To this end, the R (R version 3.5.0. The R Foundation for Statistical Computing) software was employed. For the QEI model, the global inverse analysis proposed by [START_REF] Latorre | Estimate of soil hydraulic properties from disc infiltrometer three-dimensional infiltration curve. Numerical analysis and field application[END_REF] was used. In this case, S and Ks were estimated by minimizing an objective function that represents the difference between the implicit model (Eq. 1) and the experimental cumulative infiltration data. To this end, a brute-force search (Horst and Romeijn, 2002) was employed, enumerating all possible candidates of the hydraulic parameters to a certain precision and selecting the best result. In all cases, γ and β values were fixed at their recommended values, 0.75 and 0.6 respectively.

The thickness of the soil surface layer was defined as the position of the wetting front advance (WFA) at time to. The position of the wetting front was calculated as [START_REF] Lassabatere | Numerical evaluation of a set of analytical infiltration equations[END_REF]:

𝑊𝐹𝐴 = 𝐼 1𝐷 (𝑡 0 ) 𝜃 𝑠 -𝜃 𝑖 (5)
where I1D(t0) is calculated according to:

𝐼 1𝐷 (𝑡 0 ) = 𝑆𝑡 0 1 2 + ( 2-𝛽 3 𝐾 𝑠 ) 𝑡 0 + 𝐾 𝑠 2 9𝑆 (𝛽 2 -𝛽 + 1)𝑡 0 3 2 + 2(𝛽 -2)(𝛽1) (1-2𝛽) 135 𝐾 𝑠 3 𝑆 2 𝑡 0 2 (6)
using the previously optimized Ks, S and β = 0.6.

MATERIAL AND METHODS

Validation of SIA method with synthetic soils (numerically generated data)

The infiltration curves were simulated with HYDRUS-3D model (Šimunek et al., 1999).

The van Genuchten (1980) model was selected for water retention curves and the Mualem's model (1976) for the unsaturated hydraulic conductivity defined for sandyloam, loam and silt soils [START_REF] Carsel | Developing joint probability distributions of soil water retention characteristics[END_REF] (Table 1). The soil volume was discretized as a cylinder (25 cm in radius and 25 cm depth), covering the axisymmetric plane with a 2D rectangular mesh of 100 x 900 cells. A disc infiltrometer of 10 cm in radius was represented by a fixed water pressure boundary with a value of 0 cm. A null pressure head was considered as bottom boundary. The initial soil water content corresponded to its residual water content. The synthetic data was computed for 2000 s, which corresponds to a regular experimental infiltration. In addition, we checked that this time was enough for the wetting front did not reach the lower layer. No contact sand layer was defined. More details about the cumulative infiltration curves generation can be found in [START_REF] Latorre | Estimate of soil hydraulic properties from disc infiltrometer three-dimensional infiltration curve. Numerical analysis and field application[END_REF]. The simulations (Fig. 2) were performed on a homogeneous loam (L) soil and layered soil profiles consisting on a 1, 2, and 3 cm thickness loam soil followed by a sandy loam (L-SL) or silt (L-Si) synthetic soil, respectively. The s and i needed to estimate the soil hydraulic parameters are summarized in Table 1. The application of the SIA method leads to the results reported in Table 2 and that will be discussed in the Results section.

Laboratory experiments

Five laboratory infiltration experiments were conducted on different soil columns. The first experiments consisted on three 15 cm depth and 30 cm diameter soil columns homogeneously packed with sand (80 μm mean size particle), 2-mm sieved loam (28, 47, 25 and 1.2 % of sand, silt, clay and organic carbon, respectively) and loam clay soils (20, 50, 30 and 2.0 % of sand, silt, clay and organic carbon, respectively). The remaining experiments consisted on 30 cm diameter columns made with a 3 cm thickness upper layer of sand and loam soil, followed by a 5 cm thickness clay loam layer (Fig. 3).

An infiltration curve was measured in each soil column using a 10 cm diameter [START_REF] Perroux | The theory of infiltration: 4. Sorptivity and algebraic infiltration equations[END_REF] model tension disc infiltrometer. All the infiltration experiments are considered to be 3D with no impact of the edges of the columns on the lateral expansion of the infiltration bulb. All measurements were performed at soil saturation conditions at surface. The water infiltration was monitored with ±35.2 cm differential pressure transducer (Microswitch, Honeywell) at 1 s of time interval. Infiltration measurements continued between 60 seconds and 1400 s. The initial and saturated soil water contents of the upper layer were measured with the core method (Grossman and Reinsch, 2002). Similarly, as described in the previous section, S, Ks and to were estimated with the SIA procedure using both 4T and QEI models. A constant β and γ equal to 0.6 and 0.75 together with the actual disc radius and the measured 𝛥𝜃 (Table 3) were employed. The RMSE and the WFAs were calculated as described in the previous section. Negative Ks obtained from the inverse analysis were omitted and fixed to 10 -5 mm s -1 .

Field measurements

The infiltration measurements were performed on agro-pastoral fields located in the municipality of Mediana de Aragón (M1) (41º25′N, 0º44′W), in the Zaragoza province of Aragón (NE Spain). Average annual temperature and precipitation are 14.9 ºC and 350 mm yr -1 , respectively. The lithology in the area is mainly gypsum outcrops. Soils are Leptosols in the hills and Gypsisols in the flat-bottomed valleys [START_REF] Navas | The pattern of gypsum transport in the Ebro river network[END_REF]. These are poorly developed soils, with a sandy loam to loam texture, high gypsum (between 680 and 940 g kg -1 ) and low organic matter (between 9 to 48 g kg -1 ) contents [START_REF] Navas | The pattern of gypsum transport in the Ebro river network[END_REF]. Field infiltrations were performed on bare (R1) and soils with plants (R2) in fields with soil with low (L) and medium (M) grazing intensity.

A 50 mm in diameter and 50 mm in height undisturbed soil cores were sampled close to the infiltration points. The θs was measured by saturating the soil core, and subsequently drying it at 50 ºC during 48 h. The initial volumetric water content (θi) was measured with a DeltaT water content probe. One replication for θs and θi was performed per sampling site. A 10 cm diameter disc infiltrometer was employed. A thin layer (< 1 cm thick) of commercial sand (80-160 μm grain size) was placed between base disc and soil surface. The duration of the experiments varied between 500 and 1800 s, depending on the time needed to reach steady state infiltration conditions. A total of 20 cumulative infiltration curves were recorded. The influence of the contact sand layer (tsand) on Ks and S estimates was removed using the procedure developed by [START_REF] Latorre | Estimate of soil hydraulic properties from disc infiltrometer three-dimensional infiltration curve. Numerical analysis and field application[END_REF]. This consists of a layered flow model that assumes that water does not infiltrate into the soil until the sand layer is completely saturated.

The sand effect is considered as a gap, in time and volume, before water infiltrates into the soil. The contact sand layer effect is removed by finding the sand infiltration time (and its corresponding water volume) and shifting the experimental data to the origin. The maximum infiltration time due to the sand wetting layer was fixed to 10 s. Consequently, for modeling with the SIA method, we no longer considered the sandy layer. Only the soil layering, if any, is expected to have an effect on the cumulative infiltration curves.

The SIA method was then used, as described for the synthetic soils analysis, to provide S, Ks, to, RMSE and WFA. Both 4T and QEI models were considered for the application of the SIA method on the field measurements.

RESULTS AND DISCUSSION

Results for the synthetic soils (numerically generated data)

Except for the first infiltration times, S and Ks estimates for the homogeneous loam soil (L) using 4T were constant along the whole duration of the experiment (Fig. 4). The initial divergences could be attributed to the large tension difference at the beginning of the experiment, which changes from -10 -3 to -10 7 cm, and affects the numerical stability of the simulated cumulative infiltrations. Apart from this initial variation, the estimates remain constant along the experiment. This result indicates that, under homogeneous soil conditions, the considered infiltration time does not affect the predictions of the hydraulic parameters.

Meanwhile, a slight decrease of RMSE was noticed with increasing time for the homogeneous synthetic loam column. This is due to the fact that the difference between the synthetic and simulated curves is divided by the total number of data-points. In addition, the RMSE change with increasing analyzed time resulted in an indicator of the soil heterogeneity, with no significant variations in the absence of soil layering. The RMSE represents the difference between the measured data and the theoretical curve, which is consistent with the hypothesis of a homogeneous soil. Consequently, the sudden increase of the RMSE is expected in the presence of soil layering from the time when the infiltration bulb reaches the layers interface and both curves (experimental and theoretical) begin to differ.

In heterogeneous or layered soil profiles, the RMSE increased at the time (to) when the infiltration bulb reaches the lower soil layer (Fig. 4b). From time to, S and Ks started to deviate from their theoretical values (Fig. 4c andd). Thus, these results indicate that the SIA method using 4T detects the soil heterogeneity and identifies the maximum time (to) to be considered for accurate estimations of S and Ks of the upper soil layer. In contrast, erroneous hydraulic properties were reported when infiltration times larger than to are employed (Fig. 4c andd).

For example, this is the case of the L1cm+Si soil, where long time analysis resulted in smaller Ks values. In this case, the significant decrease of Ks from to, should be attributed to the extraconcavity of the infiltration curve promoted by the less permeable deeper soil layer [START_REF] Di Prima | Laboratory testing of Beerkan infiltration experiments for assessing the role of soil sealing on water infiltration[END_REF], which forces the model to reduce Ks to minimum threshold of 10 -5 mm s -1 defined in the optimization. For the L1cm+SL synthetic soil, erroneous Ks estimates would be also obtained if, for instance, long-time infiltration values were considered. In this respect, the extra-convexity promoted by the more permeable deeper soil layer, makes Ks decreasing to the minimum threshold of 10 -5 mm s -1 just after to, to later stabilize Ks at a value close that defined for SL (Table 1). These results indicate that Ks evolution from to contains valuable information about the permeability of the deeper soil layer. In conclusion, these results indicate that the infiltration time is an important factor to estimate the soil hydraulic properties of heterogeneous soil profiles. The SIA method using the 4T model was an efficient tool to detect soil homogeneity and to estimate S and Ks from the upper layer of heterogeneous soils.

Overall, good estimates of soil hydraulic properties were obtained when the SIA method, using either 4T or QEI, was applied to the homogeneous synthetic loam soil (Table 2 versus Table 1). In this case, the relative difference between theoretical and the optimized S and Ks (Ks in log scale) were 0.45% and 3.17%, respectively. Similar results were reported by [START_REF] Latorre | Estimate of soil hydraulic properties from disc infiltrometer three-dimensional infiltration curve. Numerical analysis and field application[END_REF] and [START_REF] Moret-Fernández | Three-and four-term approximate expansions of Haverkamp formulation to estimate soil hydraulic properties from disc infiltrometer measurements[END_REF]. Except for the synthetic soil profiles with the thinnest top soil layer (L1cm+SL and L1cm+Si), the S and Ks estimates with QEI and 4T also agreed with their theoretical values (Table 2 versus Table 1). These results indicate that accurate estimations of S and Ks require a minimum thickness of soil depth. The similarity of the estimations using the QEI and 4T expansion in heterogeneous profiles (Table 2) corroborates the 4T expansion was accurate enough for a proper estimation of the soil hydraulic properties. This is an interesting result since the complexity of the [START_REF] Latorre | Estimate of soil hydraulic properties from disc infiltrometer three-dimensional infiltration curve. Numerical analysis and field application[END_REF] procedure may restrict its use when the SIA method is applied on a large dataset of infiltration measurements. This problem, however, vanishes using the 4T model, for which the simpler equation allows fast and affordable analyses.

The numerical results also show that the prediction of the thickness of the upper soil layer is quite accurate. Indeed, the calculated wetting front advance (WFA), were significantly correlated to the real values of the top layer thickness (y = 0.94x + 0.36, R² = 0.97, p < 0.0001) (Table 2). These results indicate that the thickness of the upper soil layer can be estimated from the sequential analysis of the cumulative infiltration curve, using both QEI and 4T models.

Laboratory experiments

The soil hydraulic properties estimated in the laboratory soil columns are summarized in Table 3. As observed in synthetic homogenous soil (Fig. 4a), the decrease of RMSE with time observed in the uniform loam soil is also present in the uniform laboratory loam (Fig. 5a). The soil uniformity is also corroborated by the almost constant Ks and S values estimated along the whole infiltration time. The WFA calculated for the loam and clay loam soils (Table 3) were close to the 4.2 -4.4 cm thickness of the wetted soil bulb measured in both soils at the end of the experiment.

A different behavior was observed in the stratified soil columns. The minimum RMSE found with the SIA method indicated a change of soil layer at time to, corresponding to the minimum RMSE value (Fig. 5b andc). The smaller to observed in the sand+clay loam (S+CL) column (Fig. 5c) may be related to the significant higher Ks and S of the sand (Table 3), which accelerated the infiltration that reaches the lower layer in less time. However, although the two columns presented an absolute minimum of the RMSE, the Ks behavior after time to was different in the two experiments. The large variability of Ks around its optimal value observed in loam soil+clay loam (L+CL) column (Fig. 5b) indicates that the model cannot fit the experimental curve, probably due to the extra concavity observed at large times. The change of soil layer, however, was more evident in the S+CL profile (Fig. 5c), where much contrasted Ks and S values were obtained (Table 3). In this case, the smaller Ks and S of the clay loam soil generated an infiltration curve with a shift in its slope and shape, and with a significant decrease in Ks with time.

Overall, the similarity of Ks and S estimates between the homogeneous loam and sand columns, on one hand, and the layered profiles, on the other, (Table 3), indicates that the method was robust and pointed at accurate estimates of the hydraulic properties in all the cases. Overall, the thickness of the upper soil layer predicted from WFA values was close to their actual value (Table 3). As observed in the synthetic soils, these results indicate the SIA method allowed estimating the thickness of the upper soil layer. The robust relationship between Ks and S estimates obtained with QEI and 4T models (y = 1.013x + 0.022; R² = 0.9091; p < 0.0001), is in line with previous results and indicates that 4T model is accurate to estimate the soil hydraulic properties.

Field measurements

Overall, the field soils presented a sandy loam texture, high amount of gypsum (73%) and low organic matter content (1.66%). A great variability of types and shapes of infiltration curves was observed from field experiments (Fig. 6). Given the different types of cumulative infiltration curves described by [START_REF] Angulo-Jaramillo | Beerkan Estimation of Soil Transfer parameters (BEST) across soils and scales[END_REF], four main types were analyzed:

(i) a regular (Fig. 7a), (ii) extra-concavity (Fig. 7b), (iii) double-slope infiltration curve previously checked that it was affected by water repellency phenomena (Fig. 7c), and (iv) infiltration showing some irregularities at early times (Fig. 7d).

In the first case (M1M2R2, Fig. 7a), a standard curve corresponding to a homogeneous soil, where the RMSE decreased along all the experiment (> 600 s), with its corresponding estimates reported in Table 4. Other indicators corroborating the homogeneity of this soil were the stability of S and Ks estimates and the almost constant time for the contact sand layer, tsand.

These results suggest that the soil profile at the place of this infiltration curve was homogeneous. The thickness of the corresponding soil layer was 4.3 cm (Table 4).

In the second example (M1L5R1, Fig. 7b), although a preliminary visual analysis might suggest a behavior similar to the previous curve, the sequential analysis evidenced the existence of a non-uniform soil profile within the measured infiltration time. The decreasing behavior of the infiltration rate, which corresponds to a kind of extra-concavity defined by [START_REF] Angulo-Jaramillo | Beerkan Estimation of Soil Transfer parameters (BEST) across soils and scales[END_REF], was similar to that observed in the L1cm+Si synthetic soil (Fig. 4b) and also in the stratified laboratory soil columns (Fig. 5b andc). The minimum RMSE was located around 170 s (to), time from which the RMSE increased to the end of the infiltration. Other indicator of the existence of a layered profile was the decrease of Ks and the large variation of tsand from to. This large tsand variation is due to the model had to adapt the tsand value to find the best fitting for the heterogeneous profile. On the other hand, the decrease of Ks over time would indicate that the profile presented a less permeable deeper layer [START_REF] Di Prima | Laboratory testing of Beerkan infiltration experiments for assessing the role of soil sealing on water infiltration[END_REF]. Although less evident, these changes were also manifested in S, whose values kept almost constant until to (170 s) before increasing. In this case, the thickness of the top soil layer was 1.4 cm (Table 4). Thus, the sequential analysis of the infiltration curve suggested the existence of a heterogeneous profile with a less permeable deeper layer.

A different behavior was depicted in Figure 7c (M1L3R1), where an inflection point was observed around 150 s. This behavior was due to water repellence phenomenon [START_REF] Moret-Fernández | Estimation of the soil hydraulic properties from the transient infiltration curve measured on soils affected by water repellency[END_REF], as previously experimentally checked with the water drop penetration time (WDPT) test (Watson and Letey, 1970). When water infiltrates into hydrophobic soils, the water advance during the early phase of wetting is impeded owing to hydrophobic surface films on soil particles (Jarvis et al., 2008). However, once the hydrophobic layer is overcome (to), the infiltration rise promoted a significant increase of RMSE and Ks, and a decrease of S.

An important increase of tsand was also observed just after the inflection point. Although water repellency, and hence the inflection point, can be visually detected [START_REF] Angulo-Jaramillo | Beerkan Estimation of Soil Transfer parameters (BEST) across soils and scales[END_REF], the minimum RMSE located with the SIA procedure allowed a more objective determination of to and, hence, more accurate estimates of S and Ks. The average thickness of the top soil layer measured from WFA was around 1.2 cm (Table 4).

In the last example (M1M2R1, Fig. 7d), a curve with an unclear behavior is presented. In this case, if the determination of to is only based on the absolute RMSE minimum, a to around 210 s was obtained (discontinuous vertical line). However, a more detailed analysis indicated that after the absolute RMSE minimum there is another local minimum that coincides with more stable tsand, S and Ks values. Since the dispersion of all variables with time was relatively small, in this case we would suggest omitting the initial times (grey points in Fig. 5d) and analyze the remaining infiltration section. In this case, to increased up to 680 s (Table 4) and the corresponding WFA was about 3.4 cm. All these examples demonstrated that the SIA method can be applied to real experimental data and should be considered when accurate estimates of hydraulic properties are required.

Overall, similar S, Ks, to, α, n and WFA values were obtained with both QEI and 4T models (Table 4). The robust relationships between the hydraulic parameters estimated with both models (Table 5) indicates that hydraulic properties could be indistinctly estimated with QEI or 4T models. The small differences between both models could be explained by the different time increment employed to remove the effect of the contact sand layer [START_REF] Latorre | Estimate of soil hydraulic properties from disc infiltrometer three-dimensional infiltration curve. Numerical analysis and field application[END_REF]: 0.5 vs. 0.1 s for QEI and 4T, respectively. Preliminary analyses of synthetic soils with sand layer using the same time increment (0.1 s) confirmed not significant differences between QEI and 4T only attributed to the different employed optimization algorithms. The larger time interval used in QEI is the result of a compromise between computation time and accuracy.

That is to say, shorted time intervals would result in excessively long calculation times.

However, the simpler and faster analysis of the 4T model allowed reducing this time interval, which might result in better estimates of the hydraulic properties. These results suggest that the 4T expansion is a robust alternative to estimate the soil hydraulic properties from the inverse analysis of a cumulative infiltration curve within a large range of infiltration times.

The S and Ks estimated from the measured infiltration curves ranged between 0.07 to 0.60 mm s -0.5 and 1.8 10 -3 to 3.72 10 -2 mm s -1 , respectively. Over the 20 experimental infiltrations, only 3 measurements presented a to equal to the total measured infiltration time (≈600 s); 25 % of the analyzed curves presented to > 400 s and 200 < to < 400, respectively, and 50% a to < 200 s. These results would indicate that for the most cases the hydraulic properties were estimated from short to medium infiltration times. For the 70% of the studied soils, the estimated upper soil layer was thinner than 2 cm, and only three soils presented a uniform upper layer wider than 4 cm. These results suggest that, overall, the analyzed soils presented a thin upper layer, which could probably correspond with the soil surface crust.

. CONCLUSIONS

This work presents a procedure to analyze the infiltration curves measured on layered soil profiles. This new method, referred as SIA, Sequential Infiltration Analysis, consists of analyzing infiltration curves at increasing time intervals, and calculating the corresponding Ks, S and the RMSE characterizing the quality of the fit. To this end, both QEI and 4T models were employed. A procedure to estimate the wetting front advance (WFA) or the thickness of the upper uniform soil layer from the infiltration analysis was also presented. The procedure, which was applied on synthetic layered profiles and experimental soils, showed that erroneous estimates of Ks and S were obtained when the inverse analysis was applied to the whole infiltration curve obtained for heterogeneous profiles. This limitation, however, vanished using the SIA procedure, which allowed satisfactory estimates of to, Ks, S and the corresponding WFA for very different types of infiltration curves. However, because the SIA method sequentially analyzes the series of infiltrations, results only correspond to the upper soil layer, which can be considered homogeneous. This hypothesis implies a limitation of the method when the thickness of the upper layer is very thin. On the other hand, since the results also show that some of the properties of the deepest soil layers are also contained in the infiltration curve, it opens the possibility to advance in the method improvement to obtain additional information of the total soil profile from the analysis of the complete infiltration curve. In most experimental soils, only short to medium infiltration times could be analyzed, and the thickness of the upper homogeneous soil layer ranged between 1 and 5 cm. In conclusion, these results showed that great care must be taken when calculating the soil hydraulic properties from the inversion of the measured infiltration curves, questioning the possibility that anomalous curves cannot be analyzed accurately. On the other hand, although similar results were obtained with both QEI and 4T models, the simpler and faster analysis allowed by 4T suggests that this expansion can be a robust alternative to be implemented in the SIA method for the estimation of the Ks and S of the top layer of layered soil profiles 

  demonstrated that the inversion was affected by equifinality and non-uniqueness due to the small contribution of the fourth term to the bulk infiltration. Consequently, constant A= 𝛾 𝑟 𝑑 (𝜃 𝑠 -𝜃 𝑖 ) and β values are required in the inverse analysis of experimental infiltration curves measured with contact sand layer. As a corollary, because of γ and β values are strongly linked, unrealistic hydraulic properties values could be obtained.
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Table 1 .

 1 Initial, θi, residual, θr, and final, θs, soil volumetric water contents, sorptivity, S (Eq. 8), saturated hydraulic conductivity, Ks, α and n parameters of van Genuchten (1980) model of synthetic sandyloam, loam and silt soils.

	Soil	θs	θi, θr,	α	n	Ks	S *
		cm 3 cm -3	cm 3 cm -3	mm -3		mm s -1	mm s -0.5
	Sandyloam	0.41	0.065	0.75	1.89	1.23 10 -2	0.635
	Loam	0.43	0.078	0.36	1.56	2.88 10 -3	0.367
	Silt	0.46	0.034	0.16	1.37	6.94 10 -4	0.238
	*Moret-Fernández et al. (2017)					

Table 2 .

 2 Soil sorptivity, S, saturated hydraulic conductivity, Ks, optimal time for the best optimization, to, and wetting front advance, WFA, estimated with QEI and 4T expansion for the synthetic soils of Table1.

	Soil		QEI				4T		
		S	Ks	to	WFA	S	Ks	to	WFA
		mm s -0.5	mm s -1	s	cm	mm s -0.5	mm s -1	s	Cm
	L	0.369	0.0023	1800	4.79	0.370	0.0024	1800	4.82
	L1cm + SL	0.340	0.0035	100	0.99	0.366	0.0034	100	1.06
	L2cm + SL	0.370	0.0023	250	1.70	0.370	0.0024	250	1.70
	L3cm + SL	0.370	0.0023	600	2.68	0.370	0.0023	650	2.80
	L1cm + Si	0.370	0.0033	100	1.07	0.364	0.0033	150	1.30
	L2cm + Si	0.367	0.0026	300	1.86	0.368	0.0025	350	2.02
	L3cm + Si	0.368	0.0023	600	2.67	0.369	0.0023	700	2.89

Table 3 .

 3 Measured initial/residual (θi / θr) and saturated volumetric water content (θs) total infiltration time (tt) and optimum infiltration time (to), sorptivity (S) and saturated hydraulic conductivity (Ks), and estimated wetting front advance (WFA) values calculated with QEI and 4T model.

	QEI	4T
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