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Abstract

:

The hydrological cycle is strongly affected by climate changes causing extreme weather events with long drought periods and heavy rainfall events. To predict the hydrological functioning of Tunisian catchments, modelling is an essential tool to estimate the consequences on water resources and to test the sustainability of the different land uses. Soil physical properties describing water flow are essential to feed the models and must therefore be determined all over the watershed. A simple but robust ring infiltration method combined with particle size distribution (PSD) analysis (BEST method) was used to evaluate and derive the retention properties and the hydraulic conductivities. Physically based and statistical pedotransfer functions based on PSD were compared to test their potential use for different types of Tunisian soils. The functional sensitivity of these parameters was assessed by employing the Hydrus-1D software (PC Progress, Prague, Czech Republic) for water balance computations. This evaluation process involved testing the responsiveness and accuracy of the parameters in simulating various water balance components within the model. The evaluation of soil hydraulic parameters across the three used models highlighted significant variations, demonstrating distinct characteristics in each model. While notable differences were evident overall, intriguing similarities emerged, particularly regarding saturated hydraulic conductivity between BEST and Rosetta, and the shape parameter (n) between Arya–Paris and Rosetta. These parallels indicate shared hydraulic properties among the models, underscoring areas of agreement amid their diverse results. Significant differences were shown for scale parameter  α  for the various methods employed. Marginal differences in evaporation and drainage were observed between the BEST and Arya–Paris methods, with Rosetta distinctly highlighting a disparity between physically based models and statistical models.
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1. Introduction


Amongst the different soil hydraulic parameters, saturated hydraulic conductivity (  K s  ) is a chief parameter; it has a direct influence on infiltration rate. It is often used to estimate the partitioning of rainfall between infiltration and surface flow [1], thus impacting the runoff regime and soil erosion during high-intensity rainfall events [2,3]. During the initial stage of infiltration in dry soils, water flow is primarily influenced by sorptivity, which represents the capacity of a porous medium to absorb water by capillarity and which plays a crucial role in the overall infiltration process, as highlighted in studies by Lassabatere et al. [4,5]. Therefore, the soil water retention properties relating water pressure head h to volumetric water content   θ ( h )   are also of great importance for hydrological modeling. Typically, soil hydraulic properties, particularly saturated hydraulic conductivity (  K s  ), exhibit significant spatial heterogeneity [6,7,8]. It is reported to have the greatest statistical variability among different soil hydrological properties [9,10,11,12,13,14] and can be induced by many factors such as soil texture, structure, organic matter content, hydrophobicity, and compaction [15,16]. These factors interact in complex ways, resulting in spatial variability in saturated hydraulic conductivity across different soil types and landscapes with varying intensities across different scales [17,18,19]. According to Libohova et al. [20], the success of predictions when modelling hydrological processes depends on the accurate representation of the spatial and temporal variability of soil hydrological attributes and the main external factors [9,21] such as soil water dynamics which is mainly influenced by the natural and anthropogenic processes predominantly at the surface layer [10,22,23,24,25,26,27]. One can explore various approaches to determine soil hydraulic conductivity. Broadly, these methods fall into three categories: laboratory-based, field-based, and empirical techniques [28]. Laboratory and field methods typically offer higher accuracy, albeit at the expense of time and cost. Conversely, empirical methods are known for their swiftness and simplicity. To circumvent the laborious and time-intensive process of measuring unsaturated soil properties [29], pedotransfer functions (PTFs) are increasingly employed [30,31]. PTFs are invaluable tools in soil science, offering a means to predict soil hydraulic properties through easily obtainable soil characteristics [32,33]. These properties play a pivotal role in optimizing water management across various scales, from catchment to continental modelling [34]. While significant aspects regarding the importance and use of soil hydraulic parameters through PTFs have been revealed, controversies persist regarding the accuracy of PTFs in predicting soil hydraulic parameters. Discrepancies between measured values and those predicted by PTFs raise questions about the reliability of these methods. Also, ambiguities surround the variability in predictions made by different PTFs, indicating inconsistencies in estimating soil hydraulic properties across diverse soil types and conditions. Addressing these issues is essential to enhance the reliability and applicability of PTFs in determining soil hydraulic parameters effectively.



Two areas are chosen, one in the northern region and the other in the central region of Tunisia. They both hold significant agronomical and hydrological importance within the country’s strategic planning. They also highlight the challenges of managing water resources sustainably in semi-arid regions and play a vital role in intensive irrigated vegetable and fruit production. They offer valuable insights into agronomical practices, water management strategies, and sustainable development initiatives crucial for Tunisia’s overall agricultural and hydrological planning. PTFs provide a cost-effective and straightforward method to estimate soil hydraulic properties, thereby enhancing water management efficiency for agricultural practices.



These functions establish a link between desired soil hydraulic parameters and readily available soil properties using a soil hydraulic model [35,36]. Developed and validated across diverse soil types and conditions, PTFs enable estimation in varied contexts [37]. Recent research has focused on evaluating and improving PTFs for specific soil types and conditions, but there has also been a growing interest in a new category of methods that adopt a hybrid approach, incorporating both empirical models and experimental data [38,39,40]. Additionally, efforts have been made to develop ensemble pedotransfer functions to derive hydraulic properties for different soil types. These advancements in PTFs contribute to developing more accurate and reliable soil hydraulic property estimates, ultimately improving water management strategies and decision-making processes. Pedotransfer functions are mostly based on empirical relationships derived from databases like UNSODA [41] or ROSETTA [42] relating saturated hydraulic conductivity and retention properties to soil texture [28,43,44,45]. Conversely, physically based models that establish connection between particle size distribution and pore size distribution are widely developed [46,47,48]. Comparison of different evaluation methods of soil water parameters with PTFs or other methods often consists in field or laboratory experiments to compare the actual values of these parameters and evaluate them in relation to a reference method [49]. Nevertheless, few of them address the problem of the final use of these parameters [33,50,51]. This study aims to evaluate the functional sensitivity of the method employed to derive soil hydraulic properties in the northern and central regions of Tunisia. In addition to merely evaluating these functions through different methods, we also consider their actual impact on water flow evaluation under specific climate conditions. This assessment involves computing the water balance using HYDRUS-1D [52].




2. Materials and Methods


2.1. Study Area


This study is part of a wider regional research program about water management in Mediterranean agricultural hydro-systems (PRIMA, ALTOS). It is located in two distinct Tunisian watersheds in Cap Bon and in Central Tunisia (Figure 1). The study area is classified under the Köppen climate classification system as a region with a Mediterranean semi-arid climate, typically denoted by the code “Csa”. This classification indicates that the area experiences hot, dry summers accompanied by mild, humid winters, reflecting the characteristic seasonal patterns of temperature and precipitation found in Mediterranean climates [53]. The Lebna watershed is located in the northern part of the Cap Bon (36°53′00.0″ N 10°58′00.0″ E) and covers an area of 210   km 2  . The area presents Alfisols, Entisols, and Vertisols. The area’s climate is characterized by a rainfall below 500 mm per year and an evaporative demand of around 1200 mm. The watershed experiences a wet regime at higher altitudes with rainfall exceeding 700 mm per year, transitioning to a semi-arid climate downstream where precipitation levels drop below 500 mm annually. The vegetation cover in the Lebna watershed consists of scrubland and forest in the central part, hilly reliefs with a mix of crops and rangelands, and flat areas with annual crops and orchards downstream. The vegetation types in this watershed contribute to soil conservation and ecosystem services. The watershed extends from the Jebel Abderrahmane to the Korba Laguna which is represented by a mountainous and hilly landscape upslope and a flat plain near the mouth. The Kamech watershed is a 2.63   km 2   sub-catchment of the Lebna watershed (36°52′48.0″ N 10°52′48.0″ E) and has been monitored since 2004 as part of the OMERE Mediterranean Observatory for Land and Water [54].



The upstream part of the Merguellil watershed is located in central Tunisia (35°34′02.3″ N 9°44′06.4″ E) and is characterized by high space and temporal rainfall variability and high evaporation rates. Annual means vary between 300 mm in the plain and 500 mm in the highest parts. The annual mean temperature is 19.6 °C, with a maximum of 48 °C in August and a minimum of −2 °C in January. The mean annual potential evapotranspiration is 1430 mm/year with a maximum of 1600 mm/year. The upstream basin has a surface area of 1200   km 2  . Half of it is cultivated with annual crops (wheat) and trees (olive and almond). Grazing lands cover 30 per cent, forests 19 per cent, and urban areas 1 per cent. The altitude of the upstream Merguellil watershed varies between 200 and 1200 m, with an average of about 500 m. The watershed is delimited by a succession of djebels (mountainous ridges), and the El Haouareb dam is anchored in two lateral djebels (Aïn El Rhorab and El Haouareb). The area is affected by various environmental issues. It experiences a continuous decline in the water table due to over-exploitation and faces an accentuation of the water deficit because of climate change and the presence of numerous illegal boreholes and poor soil management [55].




2.2. Experimental Design


This study was conducted in both watersheds covering several soil types belonging to different soil textural classes as depicted in Figure 2.



The soil hydraulic properties were estimated in 31 locations (3 replications) with three different methods. Arya–Paris and Rosetta are mainly based on the analysis of particle size distribution (PSD) and bulk density [28]. For the BEST method [38,39,40], the PSD analysis is complemented by an in situ single-ring infiltration experiment (Beerkan) to more accurately derive hydraulic conductivity. The soil hydraulic parameters issued from the different methods were later submitted to statistical analysis to determine whether there was any significant difference between them. These obtained parameters served as inputs for HYDRUS-1D which takes into consideration the main weather condition boundaries: experimental rainfall and reference evapotranspiration (  E  T 0   ) data collected in Kamech station used to simulate the water flows. At this step, the statistical analysis serves to show whether the determined soil hydraulic parameters with different methods have any impact on the final results issued from the simulation. For each measure, a soil sample was taken for particle size distribution analysis and another sample was taken for bulk density determination. Water initial content was also measured for each measurement location. The principal inputs and outputs, as well as the methods used, are represented in Figure 3.




2.3. Estimation of Soil Hydraulic Properties


Water flow in the vadose zone is well described by Richards’ equation [56] which, for 1D vertical flow, is


    ∂ θ   ∂ t   =  ∂  ∂ t    K  ( θ )     ∂ h   ∂ z   + 1   − S  



(1)




where   K ( θ )   is the unsaturated hydraulic conductivity,  θ  is the volumetric water content, h is the water pressure head, S is the sink term representing the root water uptake. In order to solve this equation, the basic unsaturated soil properties need to be determined, namely the retention curve and the hydraulic conductivity described, respectively, by van Genuchten functions [57],


   S e  =   1 +   ( α h )  n    − m   =   θ −  θ r     θ s  −  θ r     



(2)




and


  K  ( θ )  =  K s  ·    S e   l    1 −   1 −    S e    1 / m    m   2   



(3)




where   S e   [–] is the effective saturation,  θ  [   L 3  ·  L  − 3    ] is the volumetric water content,   θ r   and   θ s   are the residual at saturated water content, n [–] and m [–] are shape parameters,  α  [  L  − 1   ] is the scale parameter,   K s   [  L ·  T  − 1    ] is the saturated hydraulic conductivity and l [–] is an empirical parameter usually set to 1/2. Parameter m is a function of parameter n:


  m = 1 − k / n  








where k is an integer usually chosen to be 1 for Mualem conditions [58] or sometimes 2 for Burdine conditions [59]. However, hydraulic conductivity is also often described by the Brooks and Corey [60] expression:


  K  ( θ )  =  K s  ·    S e   η   



(4)




where  η  is an empirical shape parameter.




2.4. The Empirical Method: ROSETTA


One of the most common methods to derive soil hydraulic properties is to use pedotransfer functions (PTFs). They represent empirical models based on large soil databases to estimate soil hydraulic properties for common and easily available soil information such as soil texture and bulk density. We opted for the Rosetta model [61], a widely recognized and commonly employed tool for estimating soil hydraulic parameters. This model is seamlessly integrated into the HYDRUS software (PC Progress, Prague, Czech Republic) [52]. The code relies on artificial neural network analysis combined with a bootstrap re-sampling method. This combination enables the estimation of van Genuchten water retention parameters [57], saturated hydraulic conductivity (  K s  ), and their associated uncertainties. For every soil sample, we incorporated (i) textural information encompassing sand, silt, and clay content as well as (ii) bulk density data (  ρ b  ).




2.5. The Arya and Paris (AP) Model


The original Arya and Paris (AP) model [46], partly physically based, computes soil water retention curves using soil particle size distribution (PSD) data by leveraging the similarities between these two functions according to the following relationships:


   r i  =  R i      2 · e ·  n i  1 −  α i     3    1 / 2    



(5)




where each average pore radius   r i   [L] can be derived from the corresponding mean particle radius   R i   [L] taking into account void ratio e of the undisturbed soil [-] (A1) in Appendix A,   n i   is the equivalent number [-] of spherical particles in the ith particle size fraction, and   α i   is a scale factor [-] (A2). Note that   α i   and   n i   are different from  α  and n of Equation (2). For each pore radius   r i  , the corresponding pressure head   h i   [L] is derived from the Young–Laplace equation (for hydrophilic conditions):


   h i  =   2 · σ    r i  ·  ρ w  · g    



(6)




where  σ  is water surface tension [  M ·  T  − 2    ],   ρ w   is the density of water [  M ·  L  − 3    ], and g is the acceleration of gravity [  L ·  T  − 2    ].



The corresponding volumetric water content   θ i   [   L 3  ·  L  − 3    ] can be calculated from PSD, porosity  Φ  [   L 3  ·  L  − 3    ], and the ratio of measured saturated water content to total porosity   S w   [-] by summation of the water-filled pore volume:


   θ i  = Φ ·  S w   ∑  j = 1   j = i    w j   ;  i = 1 , 2 , … , n  



(7)




where   w j   is the mass fraction of particles [M] in the jth particle size fraction.



It was improved by adding the computation of hydraulic conductivity   K s   [  L ·  T  − 1    ] assuming that soil pores can be represented by equivalent capillary tubes and that the water flow rate is a function of pore size according to the following equation [47]:


  K  (  θ i  )  =  1  A b    ∑  j = 1   j = i   c ·  r j x   N  p j    



(8)




where   A b   is the cross-sectional area of the sample given by    A b  =   ( 1 /  ρ b  )   2 / 3    , and c and x are two empirical parameters determined experimentally with average values of 3.034 and 3.602, respectively [47].   N  p i    is the number of pores in the ith pore fraction, exposed in the cross-sectional area, given by    N  p i   =  [  A b  ·  S w   ( 1 −  ρ b  /  ρ s  )  ·  w i  ]  / π  r i 2   .



The summation in Equation (8) for   i = n   yields the value of saturated hydraulic conductivity,   K s  . The computations for obtaining retention data and saturated hydraulic conductivity were carried out in a straightforward spreadsheet, where the significant van Genuchten parameters ( α , n,   K s  ) were determined.




2.6. The BEST Method


The BEST model hinges on a two-fold experimental approach, encompassing an in situ single-ring infiltration experiment, soil bulk density, initial water content, and particle size distribution (PSD) analysis. The infiltration experiment is conducted using a single cylinder with a 10 cm radius, which is inserted into the soil surface at a depth of 1 cm to prevent lateral loss. The 3D axisymmetric infiltration was executed under zero pressure head conditions, achieved through incremental additions of small amounts (200   cm 3  ) of water. This approach ensured that the ponding pressure head never surpassed 1 cm. Time was recorded upon the full infiltration of each added water volume, after which a new volume was introduced. It has been demonstrated that minor fluctuations in ponding pressure had no significant impact on the infiltration rate [62]. In the current scenario, the surface pressure head can be regarded as negligible. The infiltration experiment was carried out until reaching a constant infiltration rate. To ensure the attainment of these conditions, fifteen to twenty volumes of water were introduced into the infiltration ring. Soil water content was measured before (  θ 0  ) and after (  θ s  ) the infiltration experiment with a HydroSense II Handheld Soil Moisture Sensor (Campbell Scientific). Additionally, a cylindrical soil sample was collected to determine the bulk density (  ρ b  ). Multiple infiltration experiments, ranging in number from two to three, were conducted at each location. Particle size distribution (PSD) was determined using the classical sieving and sedimentation method [55]. The data underwent analysis using the BEST-Slope algorithm [40] to determine parameters characterizing both the retention curves and hydraulic conductivity functions. The van Genuchten formulation (Equation (2)) was employed for retention curves, while the Brooks and Corey relationship (Equation (4)) was used for hydraulic conductivity. The method, as outlined Lassabatere et al. [40], relies on the application of Burdine conditions (  m = 1 − 2 / n  ). As described hereafter, an additional fitting procedure was therefore necessary to obtain parameters suitable for Mualem conditions, enabling their use with HYDRUS-1D. A theoretical retention curve for discrete   θ ( h )   values was generated using Equation (2) under Burdine conditions, utilizing the parameters derived from BEST. Subsequently, new parameters were estimated by fitting the same equation while considering Mualem conditions to the previously generated   θ ( h )   values. This was achieved through a non-linear least squares function implemented in R.




2.7. Water Flow Modelling


Water flow simulation into the unsaturated soil was accomplished by solving Richards’ equation (Equation (1)) using HYDRUS-1D [52]. This model employs a numerical solving scheme based on the finite element method. The domain we chose covered a 1 m deep homogeneous soil profile, divided into 300 sections. The initial pressure head conditions across the soil profile were uniformly set to field capacity, and the lower boundary conditions were selected to align with free drainage. The upper boundary conditions were determined based on actual weather measurements, incorporating daily rainfall and reference evapotranspiration (  ET 0  ) data collected at the OMERE observatory’s experimental station in Kamech. A three-year time series, spanning from January 2004 to December 2006 and featuring representative rainfall events, was chosen for numerical simulation (Figure 4). In addition to calculating the evolution of pressure head and water content in the soil profile, various components of the water balance were also calculated, including surface infiltration rate, evaporation rate, drainage rate, and runoff. The cumulative values for these components at the end of the simulation were then compared for each method.




2.8. Data Analysis


The soil hydraulic parameters and the various components of the water balance obtained through the three methods (BEST, Arya–Paris, and Rosetta) were compared using non-parametric statistical tests conducted with R-commander version 2.9-2, a platform-independent basic statistics graphical user interface for R [63]. The Friedman rank sum test was selected to assess the parameters and water balance components and ascertain the significance of differences between the methods. It provides a robust method for detecting differences between groups without making assumptions about the underlying distribution of the data. After calculating the test statistic (  χ 2  ), which measures the variability in ranks between groups and determines the degrees of freedom, the p-value is computed using the chi-squared distribution. For p-values less than 0.05, the null hypothesis is rejected, meaning the groups are significantly different.



For the water flow components, the statistical analysis was performed at four different periods during the numerical simulation: at the first quarter (Q1), at half time (Q2), at three- quarters of the period (Q3), and at the end of the simulation period (Q4).





3. Results


3.1. The Soil Hydraulic Parameters


The main hydraulic van Genuchten parameters were determined for all three models and depicted in Figure 5. Notably distinct values for each parameter were obtained from each method. For both A-P and R methods, shape parameter  α  values were almost systematically lower than those for the B method, with a very low dispersion for the R method. On the other hand, parameter n was overestimated with A-P and R methods. With the A-P model, saturated hydraulic conductivity   K s   is significantly lower than with the BEST and Rosetta models. The comparison of the median value and the distribution in the dataset for each parameter was conducted among the three methods, as depicted in Figure 5. Notably, for parameter  α , a distinct value was observed for each method (Figure 5). The BEST method exhibited the highest value (  M  e  α  ( B )      = 0.257   cm  − 1   ) along with the widest dispersion, while the Rosetta method displayed the lowest value (  M  e  α  ( R )      = 0.022   cm  − 1   ) with a notably moderate dispersion and the Arya–Paris model showed an intermediate value (  M  e  α  ( A − P )      = 0.109   cm  − 1   ) and dispersion. The value for shape parameter n determined with the BEST method was significantly different (  M  e  n  ( B )      = 1.18) from the one determined with Arya–Paris and Rosetta (  M  e  n  ( A − P )      = 1.152 and   M  e  n  ( R )      = 1.48, respectively). Hydraulic conductivity   M  e  K s     value was quite similar for BEST and Rosetta methods (  M  e  K  s  ( B )       = 135 and   M  e  K  s  ( R )       = 190   cm ·  d  − 1    , respectively), whereas it was significantly lower for the A-P model (  M  e  K  s  ( A − P )       = 60   cm ·  d  − 1    )   .



Statistical analysis included the computation of   χ 2   and p-values for pairwise Friedman rank sum tests (Table 1). The results unequivocally indicated significant differences in shape parameter  α  for each method under consideration.



Regarding saturated hydraulic conductivity, the BEST method and Rosetta exhibited no significant differences. In contrast, the A–P method differed significantly from both the BEST and Rosetta methods. These findings are summarized in Table 1.



It is also worth noting that despite utilizing the same particle size distribution data, the three models produced distinct scale parameters  α  and exhibited markedly different retention curves (Figure 6). This underscores the significance of the distinct treatments incorporated in each method. Notably, the BEST method diverged from the other two.



Modelling Results


The soil water parameters for each soil sample, computed using three distinct methods, were utilized as input in the HYDRUS-1D model. This model was employed to calculate water flow using the same weather conditions (Figure 4). An example of the development of the cumulative water flow components calculated during the simulated period is shown in Figure 7. While diverse trends were recorded for certain components like evaporation and drainage, the computed infiltration and runoff exhibited a consistent similarity across each model. Additionally, the runoff was extremely low to nil. The pattern of infiltration flow remained consistent regardless of the model used to determine the soil hydraulic parameters.



In evaluating the entire set of soil samples, only the final values at the end of the simulation period were considered to assess differences between the models. As drainage is treated as a negative value, the absolute drainage values calculated for both Rosetta and A-P models generally appear lower (less negative) than those computed for BEST (Figure 8). Notably, the Rosetta model produced the lowest absolute drainage values. However, Rosetta was unique in generating non-zero runoff values (Figure 8b). The infiltration pattern remained consistent across all models (see Figure 8c). Conversely, evaporation values were highest for Rosetta and, along with the A-P model, generally exceeded those computed with BEST.



The distribution of values for various water flow components, as illustrated in the box plot of Figure 8, clearly demonstrates the coherence between the results obtained with the BEST method and the A-P method, particularly for drainage and evaporation flows. In contrast, the Rosetta method exhibits a distinct behavior characterized by higher evaporation values and lower drainage. However, other water flow components, namely infiltration and runoff, appear unaffected by the method used for determining soil hydraulic parameters.



Statistical parameters   χ 2   and p-values presented in Table 2 confirm that the results for drainage and evaporation with the Rosetta method significantly differ from those obtained with the BEST and A-P methods. These parameters were computed for various periods during the simulation: Q1 at the first quarter, Q2 at half time, Q3 at three-quarters of the time, and Q4 at the end of the simulation. They consistently affirmed that the observed trend persists throughout the entire investigation period.






4. Discussion


The soil hydraulic parameters assessed for each model exhibited discernible variations, with notable distinctions observed across the board. However, certain similarities emerged, particularly in the case of the saturated hydraulic conductivity (  K s  ) between BEST and Rosetta and the shape parameter (n) between A-P and Rosetta. It is noteworthy that the scale parameter ( α ), which governs the retention curve, typically reflects the pore size distribution and is closely tied to pore air entry pressure [64]. Considering the variability of soil texture, the extremely low dispersion of scale parameter  α  obtained using the Rosetta method raises significant concerns regarding its accuracy. This unexpected result suggests that the Rosetta method may not adequately capture the inherent heterogeneity of soil pore structures, which could impact the overall reliability of the model’s predictions. The fact that the same set of PSD generates different SWRC underscores the significance of the distinct treatments incorporated in each method. Specifically, the BEST method diverged from the other two, as it incorporated experimental infiltration data that contributed to the determination of scale parameter  α . Shape parameter n was determined strictly with particle size distribution for the three models and still showed a different value for the BEST method. In this method, the shape of the particle size distribution curve was assumed to be directly related to the shape parameter of pore size (i.e., the pressure head) distribution [40]. The Rosetta method yielded shape parameter n exhibiting significantly lower dispersion compared to the other two methods, suggesting a pronounced similarity among the retention curves obtained using this approach. Saturated hydraulic conductivity (i) is based on an experimental infiltration experiment in the BEST method, (ii) relies on statistical relationships based on data extracted from an important database and (iii) is partly physically based, involving empirical functions and stringent hypothesis about the pore shape and water flow [47].



It is important to note that, given the absence of reference values for soil hydraulic properties to serve as a benchmark for comparison, at this stage, no specific model can definitively be considered superior to the others. It is also important to notice that the assessment of saturated hydraulic conductivity, even when derived from infiltration experiments (BEST), consistently surpassed the intensity of daily rainfall. The measurement of the rainfall at a daily time scale is therefore questionable, especially in Mediterranean areas where high-intensity rain events of 20 to 30 mm/h can happen during a short period.



The determination of soil hydraulic parameters is not the ultimate objective when studying the water balance at a watershed scale. When predicting soil hydraulic properties at a small scale, the focus is on understanding soil behaviour within small aggregates with intra-aggregate pore systems. This level of analysis allows for detailed insights into the soil’s hydraulic properties at a micro-level. However, challenges arise when extrapolating these findings to larger scales. Soil water retention curve (SWRC) data are often available at small scales, limiting their direct applicability to larger-scale hydrological assessments. Their prediction of the saturated hydraulic conductivity can be influenced by the measurement scale. As the scale increases, the accuracy of prediction from parameters like textural data and bulk density may decrease (Figure 6), highlighting the importance of considering scale effects in soil hydraulic parameter estimations. Various pedotransfer functions have been tested to estimate soil hydraulic parameters. Evaluations have focused on analyzing errors between measured values and PTF-predicted properties, emphasizing the importance of assessing the performance and reliability of PTFs in predicting soil hydraulic parameters accurately. Therefore, it was crucial to assess the functional sensitivity of these methods in influencing the computed water balance through the application of a popular and free one-dimensional water flow model. Following a similar approach to that of previous studies [33,50,51], where authors explored the functional sensitivity of various pedotransfer functions (PTFs), water fluxes for different scenarios were computed using HYDRUS-1D. Given the absence of field measurements in this study, comparison was exclusively conducted among the computed water balance components. The ability to predict soil hydraulic properties is crucial for comprehensive soil characterization and effective water management strategies in diverse environmental settings.



The primary findings indicate a lack of distinction in the principal water balance components, specifically infiltration and runoff. The complete daily rainfall was consistently absorbed into the soil using all three methods, resulting in the absence of runoff. This underscores a significant disparity between simulation outcomes and field observations. Importantly, this variance cannot be solely ascribed to model inefficiencies; instead, it predominantly stems from the nature of the daily rainfall data. High-intensity rainfall events that typically induce runoff are distributed over 24 h, contributing to the observed divergence. To enhance accuracy, it is crucial to make a focused effort in data collection, prioritizing the documentation of individual rain events over-relying solely on average daily values. Additionally, when dealing with high-intensity rainfall events, one must be mindful of potential numerical instability issues that may arise when modeling water flow with HYDRUS-1D, necessitating special attention in such scenarios.



The remaining water flow components, namely evaporation and drainage, are primarily influenced by capillary rise and field capacity, both intricately tied to soil retention properties. Despite notable distinctions in parameters  α  and n derived from the BEST and Arya–Paris methods, the corresponding flow components exhibit similarities between these two approaches. Conversely, the drainage values obtained from parameters derived using Rosetta are lower, while the evaporation values are higher compared to those obtained from other methods. This result is attributed to smaller scale parameter  α  values obtained with Rosetta (  M  e  α  ( R )      = 0.022), signifying superior retention properties in comparison to the other methods.



The sensitivity of soil hydraulic parameters for the three tested methods did not show the expected pronounced impact. In instances where various parameter evaluation methods were examined, the differences in the computed water balance with HYDRUS-1D did not consistently manifest substantial variations [33,50]. Conversely, other authors reported noteworthy differences and variability based on the choice of the PTF in the final water balance [51]. In an extensive study on the European soil database HYPRES [65], it was noted that simulating water balance components solely relying on pedotransfer functions (PTFs) did not yield satisfactory results, particularly at a very large scale [33]. In the context of this study, which relies on a dataset of smaller scale compared to the aforementioned studies, the sensitivity of the parameters was found to be less pronounced. In contrast to many of these studies that predominantly relied on purely pedotransfer functions (PTFs), the BEST method employed in this work incorporates experimental infiltration measurements. Consequently, it likely encompasses a broader spectrum of influential factors that govern water flow in soil, such as soil structure derived from agricultural practices, usually not considered by PTFs.




5. Conclusions


In this research, we tested three methods to evaluate soil hydraulic parameters with different kinds of PTFs: statistical (Rosetta), physically based (Arya–Paris), and physically based approach relying on an actual water infiltration experiment (BEST). They all are based on the analysis of the PSD and complementary basic parameters.



The computed soil hydraulic parameters showed significant differences for the various methods employed, particularly for scale parameter  α . There was no apparent correlation among the results from different methods, illustrating their independence. But no specific method could be deemed superior to another. Unfortunately, the modeling procedure was also generally ineffective and lacked discriminatory power in evaluating the efficiency of the different methods for key water balance components, specifically infiltration and runoff. Therefore, the primary challenge to address lies in the utilization of daily rainfall data, which are averaged over 24 h. This approach tends to obscure actual rain events, including those with high intensity. A water flow model like HYDRUS-1D, which relies on deterministic water flow computations, encounters, therefore, difficulties in accurately simulating the observed runoff in the field. Consequently, it was unable to evaluate the reliability of the various methods employed for assessing soil hydraulic parameters.



The secondary components, such as evaporation and drainage, displayed marginal differences between the BEST and Arya–Paris methods, while Rosetta distinctly outlined a disparity between physically based models and statistical models. Although it is not possible to establish a hierarchical classification, the modelling results demonstrate different behaviors depending on whether the parameters were derived from physically based methods or purely statistical approaches.



In future research, it is advisable to prioritize the collection of high-frequency rainfall data or to conduct numerical simulations utilizing theoretical rainfall values that incorporate exceptional events. By doing so, the infiltration capacity of the soil, as determined by various models, can be thoroughly tested and evaluated. To accurately assess the effectiveness of the different methods, it is essential to compare water flow calculations with field measurements, ensuring the reliability and applicability of the modelling approaches for real-world scenarios.
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Appendix A


Appendix A.1


The void ratio e of Equation (5) is defined as


  e =  (  ρ s  −  ρ b  )  /  ρ b   



(A1)




where   ρ b   and   ρ s   are the particle density and the bulk density, respectively.



The scaling parameter   α i   of Equation (5) is


   α i  = log  N i  / log  n i   



(A2)







Here,   N i   denotes the scaled number of hypothetical spherical particles with radius   R i   needed to trace the tortuous pore length contributed by   n i   natural particles in the actual sample. It can be deduced from an empirical relationship that relies on particle size distribution (PSD):


  log  N i  = a + b · log  (  w i  /  R i 3  )   



(A3)









 





Table A1. Parameters a and b of Equation (A3) for four textural classes [47].
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	Textural Class
	a
	b
	    r 2    





	Sand
	−2.478
	1.490
	0.882



	Sandy loam
	−3.398
	1.773
	0.952



	Loam
	−1.681
	1.395
	0.936



	Clay
	−2.600
	1.305
	0.954
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Figure 1. Location of the study area. 
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Figure 2. Soil samples in the soil texture triangle. 
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Figure 3. Experimental design plan. PSD is particle size distribution and   E  T 0    is reference evapotranspiration. 
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Figure 4. Daily rainfall and reference evapotranspiration   ET 0   measured in Kamech weather station, used for modelling in HYDRUS-1D. 
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Figure 5. The van Genuchten parameters determined for different methods. (a) Scale parameter  α , (b) shape parameter n, (c) saturated hydraulic conductivity   K s   for the different soil samples. 
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Figure 6. Examples of retention curves obtained with the different methods, for silty clay soil (full lines) and sandy soil (dotted lines). 
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Figure 7. Example of water flow modelling result obtained with HYDRUS−1D for 3 years. 
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Figure 8. Results for cumulative (a) evaporation, (b) runoff, (c) infiltration and (d) drainage for the different soil samples. 
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Table 1. Statistical results for Friedman rank sum test:   χ 2   and p-value.






Table 1. Statistical results for Friedman rank sum test:   χ 2   and p-value.





	Parameter
	Methods
	    χ 2    
	p-Value





	  α  
	AP–B
	9.32
	2.26   ×   10  − 3    



	  α  
	B–R
	31
	2.58   ×   10  − 8    



	  α  
	AP–R
	20.16
	7.12   ×   10  − 6    



	   K s   
	AP–B
	20.16
	7.12   ×   10  − 6    



	   K s   
	B–R
	2.61
	0.11



	   K s   
	AP–R
	27.13
	1.90   ×   10  − 7    



	n
	AP–B
	31
	2.58   ×   10  − 8    



	n
	B–R
	23.52
	1.24   ×   10  − 6    



	n
	AP–R
	2.61
	0.11










 





Table 2. Statistical results for the Friedman rank sum test of the water flow components, indicating   χ 2   and p-values at various simulation periods: Q1 at the first quarter, Q2 at half time, Q3 at three-quarters of the period, and Q4 at the end of the simulation period.
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Q1

	

	
Q2

	

	
Q3

	

	
Q4

	




	

	
   χ 2   

	
  p  

	
   χ 2   

	
  p  

	
   χ 2   

	
  p  

	
   χ 2   

	
  p  






	
Drainage




	
B–R

	
20.16

	
7.1   ×   10  − 6    

	
7.26

	
0.01

	
7.26

	
0.01

	
20.16

	
7.1   ×   10  − 6    




	
B–AP

	
0.29

	
0.59

	
0.29

	
0.59

	
0.032

	
0.86

	
0.29

	
0.59




	
R–AP

	
27.13

	
2   ×   10  − 7    

	
27.13

	
1.9   ×   10  − 7    

	
23.52

	
1.9   ×   10  − 7    

	
27.13

	
1.9   ×   10  − 7    




	
Infiltration




	
B–R

	
0.2

	
0.66

	
6.4

	
0.01

	
5.44

	
0.02

	
0.2

	
0.66




	
B–AP

	
4.5

	
0.03

	
0.07

	
0.8

	
0.33

	
0.56

	
3.57

	
0.06




	
R–AP

	
4.5

	
0.03

	
11

	
9.1   ×   10  − 4    

	
7

	
0.01

	
7

	
8.15   ×   10  − 3    




	
Runoff




	
B–R

	
0.33

	
0.56

	
0.5

	
0.48

	
0.5

	
0.48

	
0.143

	
0.705




	
B–AP

	
0

	
1

	
1

	
0.32

	
1

	
0.32

	
2

	
0.16




	
R–AP

	
0.33

	
0.56

	
0

	
1

	
0

	
1

	
0

	
1




	
Evaporation




	
B–R

	
20.16

	
7.1   ×   10  − 6    

	
20.16

	
7.1   ×   10  − 6    

	
20.16

	
7.1   ×   10  − 6    

	
20.16

	
7.1   ×   10  − 6    




	
B–AP

	
0.29

	
0.59

	
0.29

	
0.59

	
0.29

	
0.59

	
0.29

	
0.59




	
R–AP

	
27.13

	
1.9   ×   10  − 7    

	
27.13

	
1.9   ×   10  − 7    

	
27.13

	
1.9   ×   10  − 7    

	
27.13

	
1.9   ×   10  − 7    
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