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Abstract

:

Evaluation and modeling of soil water infiltration are essential to all aspects of water resources management and the design of hydraulic structures. Nonetheless, research focused on experimental studies of infiltration rates in arid and semi-arid regions under unknown boundary conditions remains minimal. This paper investigates the characteristics of the spatial variability of infiltration over a semi-arid rural basin of Algeria. The experiments were conducted using a portable double-ring infiltrometer filled at an equal volume of approximately 100 L of water for each of the 25 catchment locations. Soil moisture contents at the proximity of each test location were evaluated in the laboratory as per the standard NF P94–050 protocol. The experimental results are used to produce the catchment infiltration curves using three statistically fitted infiltration models, namely Horton, Kostiakov, and Philip models. The reliability of the models was assessed using four performance criteria. The statistical regressions of the fitted models suggest that the Horton model is the most suitable to assess the infiltration rate over the catchment with mean coefficients of Nash = 0.963, CC = 0.985, RMSE = 1.839 (cm/h), and Bias = 0.241. The superiority of the Horton model suggests that the initial and final infiltration rates, primarily affected by soil type, initial soil moistures, and land cover, are important predictors of the modeling process over the Madjez Ressoul catchment. The results also infer that the applicability of other models to the different types of undeveloped soils in the study area requires advanced field investigations. This finding will support the understanding of the hydrologic processes over semi-arid basins, especially in advising crop irrigation schemes and methods and managing the recurring flood and drought over the country.
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1. Introduction


Estimation and modeling of soil infiltration characteristics are fundamental to quantifying catchments’ water storage capacity, controlling and assessing runoff processes, and planning for water-crop yield and irrigation scheduling [1]. The infiltration rate is equivalent to the saturated hydraulic conductivity [2,3,4]. It is a complex soil characteristic to estimate, for it depends on multiple physical and hydrologic factors, including rainfall variability [5,6], surface and deep soil properties [7,8,9], slope morphology [10], vegetation and land use [11], and soil moisture [12,13]. Despite the importance of these factors, infiltration is independent of the quantity and intensity of rainfall when it is less than the soil infiltration rate and is conditionally associated with the initial soil water content.



Practically, reliable information about infiltration rates is difficult to obtain without in situ experiments. The many attempts to evaluate infiltration rates using permeability values from the laboratory have achieved poor results, even if combined with mass balance equations. In this context, ref. [14] reported that the prediction of infiltration rates with an infiltrometer, for catchments in central Florida, was more accurate than those obtained from laboratory permeability values. Further challenges are the inclusion of soil heterogeneity, including land use and soil vegetation covers in the spatio-temporal scale evaluation of infiltration rates (e.g., [15,16,17,18]). Owing importance of infiltration in hydrological modeling, ref. [19] studied how runoff was affected by soil properties and anthropogenic changes and concluded that modeling rainfall independently from infiltration and antecedent or initial soil moisture is complex and remains crucial in choosing the calibration strategy. Additionally, early and recent efforts to evaluate infiltration directly from field measurements indicate that variation among infiltration rates depends on slope gradients, surface characteristics, and geomorphologic angle [20,21].



Many authors assert that establishing tailored infiltration models based on regression analysis would be the simplest and most effective method to evaluate infiltration rates [22,23,24]. This is generally achieved by fitting linearly or nonlinearly field experiment measurements to well-established and widely accepted theoretical models of infiltration. Consequently, distribution graphs and parameters can be obtained based on multivariate statistical and geostatistical analyses [25]. Such studies have assessed and compared the reliability and effectiveness of new and traditional infiltration models based on standard statistical criteria [26,27,28,29]. These studies confirm that infiltration time is the most influential parameter for estimating infiltration rate [30]. Reciprocally, studies over arid and semi-arid regions have agreed that empirical and semi-empirical models have found a more significant ground for applications [31,32,33].



The Horton model was among the earliest infiltration models introduced based on the concept of infiltration-excess overland flow as a runoff-generation process [34]. Researchers proposed numerous modifications to the Horton model to account for moisture storage in lower soil [35] and intermittent rainfall during short events in dry seasons [36], as well as to calibrate it for large catchment areas [37]. Despite criticisms regarding the interrelations between the infiltration rate, amount of rainfall, and maximum infiltration capacity during a storm event [38,39,40], the Horton model is still widely adopted. It provides a generally good agreement to in situ data and can reflect the physical basics of soil as three of its parameters are measured experimentally. Reliable calibration of the model parameters determines the accuracy of the simulated infiltration rate of the models mentioned above (e.g., [41,42,43,44]). Studies also showed that using a double-ring infiltrometer for base experiments is preferred over other methods [45,46] applied three empirical infiltration models, including the Horton model, to assess the efficiency of wastewater infiltration for managing the problem of water scarcity and maintaining hydraulic infrastructure in Iranian catchments. Similarly, ref. [47] examined water retention and soil capacity using a double-ring infiltrometer and several infiltration models to improve the problem of desertification in a part of China, including for crop irrigation scheduling.



The reliability of traditional empirical and semi-empirical infiltration models was a subject of many investigations [48,49,50,51]. A particular focus has been given to the variability of infiltration rates as a function of changes in land use, as it can influence the amount of runoff and increase soil degradation. The authors of [52] found that the Kostiakov model had a higher accuracy with the lowest parameter uncertainty for predicting infiltration behavior over an Indian catchment compared to the Philip model. In contrast, ref. [53] concluded that the Philip model was more suitable than the Kostiakov model for predicting water infiltration within the inspected Nigerian humid forest catchment. On the other hand, ref. [54] stated that the choice and reliability of any infiltration model depends on the geological soil context. Their work concluded that the Kostiakov model was more reliable for predicting infiltration rates in soils derived from sandstone and alluvial soils. In contrast, the Philip model performed better for coastal plain sands. Similar conclusions with regard to the Kostiakov model have been obtained at a global scale [55], for example, in Iran [56,57], India [58], China [59], and Nigeria [60].



The authors of [61] concluded that the simulated cumulative infiltrations on sandy soil using the Kostiakov, Philip, and Horton models performed equally well and were close to field measurements. Conversely, when comparing the Philip model with Kostiakov and Horton models, ref. [27] found that the Philip model failed to provide the best simulation of infiltration data. Nonetheless, they agreed that these three models are appropriate to simulate the cumulative infiltration and depth based on field measurements. The infiltration models’ suitability and prediction accuracy are significantly influenced by the site conditions, as these models do not consider the variation of the initial water content. For instance, refs. [62,63] reported that if the aim was to estimate surface runoff to optimize irrigation projects, then the Kostiakov model is preferable to the Philip model.



The few studies on infiltration rates in Algeria were based on laboratory tests using in situ extracted soil samples [64]. The author of [65] developed a numerical model to assess infiltration in unsaturated dry soil from lab measurements using “flow line temperature” software as a black-box model. The authors of [66] focused on evaluating lateral and vertical hydraulic conductivity on soil profile or total infiltration flux on an agricultural parcel. The lack of studies highlights the practical need to characterize infiltration over semi-arid Algerian catchments. It is the first study to investigate the optimality of the models mentioned above based on in situ measurements from different types of soils over the catchment.



The most approved and extensively used in situ infiltration measurement is the double-ring infiltrometer. Numerous studies [67,68,69,70,71] concluded that it practically produces sound measurements due to its performance in reducing the effect of lateral flow. The authors of [61,71], to cite only a few, showed that the reliability to assess the robustness of empirical and semi-empirical infiltration models relies on the efficiency of the measuring method and scale of the double-ring infiltrometer. The authors of [72] pointed out that rings with large diameters (i.e., no less than 72 in for the inner ring and 216 in for the outer ring) are more robust in determining the average infiltration rate. They usually provide more accurate data for any soil and are more relevant for large-sized particles of soil.




2. Materials and Methods


2.1. Study Area


The Madjez Ressoul catchment (Figure 1) stretches southwest over a hydraulic length of about 25 km along its two main rivers, the Oued Mouya and Oued Guis. The catchment is characterized by its semi-arid climate, typically hot during summers and cold in winters, with an annual average rainfall of 635.87 mm. The daily rainfall is intermittent and can reach over 105 mm/day, whereas evapotranspiration can be as high as 7 mm/day. The catchment relief shows substantial topographic variation with elevations ranging between 70 and 930 m (evaluated from a 30 m ASTER elevation model using ArcGIS), covering 9813 hectares of extensive soil textures and heterogeneous geological formations.



For generations, agriculture in the Madjez Ressoul catchment has been the most vital social and economic activity for the local population. Agricultural activities are supported by seven hill reservoirs distributed over the entire catchment. Agricultural land represents about 83.3% of the total catchment area, for which cropped land accounts for 56.7%, irrigated land 2.7%, and forest land 23.9%. The land cover has remained one of the country’s rare natural catchments, supported by significant agriculture activities over the catchment, including dry farming, community gardening, polyculture, and arboriculture. Sedimentary rocks (i.e., clay-limestone and sandstone) and bare soils are naturally distributed over the catchment (Figure 1). The selected catchment belongs to the larger Algerian Seybous watershed and holds a national strategic position for regional water supply and irrigation.




2.2. Field Measurements and Measuring Methods


Measurements were primarily conducted at parcel levels to create a representative areal distribution of infiltration rates over the catchment. The catchment was divided into several sub-catchments, delineated according to the drainage patterns of the catchment. Five test locations (on average) were selected within each sub-catchment to comprise the largest and most dominant soil types. However, due to the complex natural reliefs, especially in high-land areas, only 25 locations were the subject of infiltration measurements (see Figure 2). The sites’ accessibility and the feasibility of experiments at the selected locations were certified using the expertise of a local geologist. The Universal Transverse Mercator (UTM) coordinates for the sampling locations are given in Table 1.



Performing experiments on a sub-catchment scale, particularly in arid and semi-arid areas, is difficult due to the prevailing micro-hydrology and flow direction effects that may act in all directions and affect macropores [73]. The experiment used a standard, locally made double-ring infiltrometer with inner and outer rings of diameters 30 cm and 60 cm, respectively (Figure 3). The outer ring is used to control the variation of the transmitted water into the soil and acts as a vertical fluid barrier to control undesired lateral flows. Both rings were equally inserted in situ at 5 cm depth using a driving plate and impact-absorbing hammer. Due to the unavailability of an automated floater, a measuring ruler was installed onto the inner ring. Water in both rings was steadily maintained at the same level. At the start of each experiment, initial infiltration rates over time were recorded. After that, repeated records of infiltration depth were performed regularly every 2 min until a steady curve of infiltration rate was reached. Depending on the soil contexts in the sub-catchment, each measurement lasted from 1 to 4.5 h. The results of initial and final infiltration levels are summarized in Table 2.



The initial soil moisture content was evaluated from a soil sample collected in the vicinity of each measurement site, according to the principles of the standard NF P94–050 elaborated in 1995, also referred to as the oven drying procedure. Under normal conditions (i.e., natural soil conditions after removing surface vegetation and avoiding plowed or contaminated fields by fertilizer), soil samples (15 cm deep) were collected in small air-tight containers before the experiment began to obtain their mass, applying a rigorous weighing balance. The collected quantity of the sample depends upon the maximum size of the particles and the wetness degree of the soil. A total of 100 g of each soil sample was then dried in an oven at a temperature of 105° C for 24 h. Dried soils are allowed to cool for 30–60 min before weighing. The temperature range was selected to be suitable for all samples: a value higher than 105° C may cause loss of chemically bound structural water, and a temperature lower than this may not cause complete water evaporation. The findings of initial water contents at the sampling sites are shown in Table 3.




2.3. Parametrization of Infiltration Models for Madjez Ressoul Catchment


As mentioned earlier, there is an ongoing debate on the most efficient models for evaluating in situ infiltration rates. Only ample and accurate field measurements could be decisive on the adequacy of one method over another. This study analyses the measured infiltration data to identify the calibration parameters of the three most commonly used infiltration models, namely the Horton, Kostiakov, and Philip models.



The Horton model [74] is a semi-empirical model used to quantify infiltration rate as an exponential decay function, assuming saturation conditions at the soil surface over time (Equation (1)). It is among the most widely tested models worldwide for engineering purposes (e.g., [75]). It is mathematically expressed as:


  f  ( t )  =  f c  +  (   f 0  −  f c   )   e  − k t    



(1)




where   f  ( t )    is the infiltration rate at time  t  in [LT−1],    f c    is the final constant infiltration capacity in [LT−1],    f 0    is the initial infiltration capacity at time   t = 0   in [LT−1], and k in [T−1] is the decay rate constant.



The Kostiakov model [76] was first proposed for the analysis of infiltration in irrigation projects. The empirical model (Equation (2)) tends to estimate infiltration rates as a decay function over time, assuming that limit of infiltration will converge to zero as time converges to infinity. It is mathematically expressed as:


  f  ( t )  = A  t  − B    



(2)




where   f  ( t )    is the infiltration rate at time  t  in [LT−1], and  A  and  B  are the unknown equation parameters representing soil infiltration characteristics, with A being a measure of the initial rate of infiltration and structural condition of the soil, and B an index of soil structural stability.



The Philip Two-term Model [77] is a physical infiltration model (Equation (3)). It was initially developed for uniform soil, where the decay infiltration rate depends on the analysis of penetrated water and the soil properties. It is mathematically expressed as:


  f  ( t )  =  1 2  S  t  − 0.5   + K  



(3)




where   f  ( t )    is the infiltration rate at time  t  in [LT−1],  S  in [LT−0.5] is the sorptivity parameter reflecting the soil absorption capacity as a function of the soil matric forces during the initial phases of the infiltration process, and  K  in [LT−1] is a constant proportional to the hydraulic conductivity.




2.4. Model Calibration and Assessment of Model Parameters


The parameters of the models were evaluated for each test location to establish a general model for the Madjez Ressoul catchment by capturing similarities among the sub-catchments. The calibration of the models was based on least square analysis. The method estimates the minimum sum of squared residuals (  S S  E i   ) between observed and simulated data using an objective equation of the form shown in (Equation (4)). Adjusted distributions of measured and calculated infiltration rates require routine assessment of parameters according to the regression lines to quantify the linear trend. After treatments, these linear fittings were taken as the first testing of observed data to consider the initial input variables of each infiltration model. Hence, parameters with the highest correlation coefficients are used to gain consistently better predictions. In the second stage, the following optimization step was carried out by comparing residuals between observed and simulated infiltration data.


  S S  E i  =   ∑   j = 1  N   (   f  O b s    (  i , j  )  −  f  s i m   ( i , j  )   ) 2   



(4)







The models’ performance and the parameters’ goodness of fit were assessed using four statistical criteria: Nash–Sutcliffe (  N a s h  ), Pearson correlation coefficient (  C C  ), Root mean square error (  R M S E  ), and Bias estimate.



The Nash–Sutcliffe coefficient (  N a s h  ) (Equation (5)) is one of the most used criteria in hydrology despite its known drawback (neglecting lower infiltration rates, while larger ones are overestimated considering that residuals are calculated as squared values).   N a s h   values range from 0–1, where a value close to 1 indicates a better fit. Practically the   N a s h   values are highly associated with the coefficient of determination (R2).


  N a s  h i  = 1 −     ∑   j = 1  N     (   f  O b s    (  i , j  )  −  f  s i m    (  i , j  )   )   2      ∑   j = 1  N  (  f  O b s    (  i , j  )  −    f  O b s    ¯   ) 2     



(5)







Pearson’s correlation coefficient (  C C  ) is based on the method of covariance (Equation (6)). It is used as a measure of the strength of linearity association between observed and simulated infiltration variables. Its values range between −1 and +1, where a value of +1 indicates a perfect positive correlation with strength equal to its absolute value.


  C  C i  =   N ( ∑  f  O b s    (  i , j  )  ×  f  s i m    (  i , j  )  ) − ( ∑  f  O b s    (  i , j  )  ) ( ∑  f  s i m    (  i , j  )  )     [ n ( ∑  f  O b s     (  i , j  )  2  ) − ( ∑  f  O b s    (  i , j  )   ) 2  ] [ n ( ∑  f  s i m     (  i , j  )  2  ) − ( ∑  f  s i m    (  i , j  )   ) 2  ]      



(6)







The Root mean square error (  R M S E  ) is a standard method commonly used as a correspondence index between observed and simulated data.   R M S E   (Equation (7)) is always positive without a defined range or thresholds, but generally, the smaller the value, the better.


  R M S  E i  =       ∑   j = 1  N  (  f  O b s    (  i , j  )  −  f  s i m    (  i , j  )   ) 2   N     



(7)







Bias analysis (  B i a s  ) provides a numerical approximation of the magnitude of uncertainty arising from error estimates. Bias estimate (Equation (8)) is evaluated by dividing the difference between observed and simulated data to the number of estimates. A value of zero indicates that the estimator is unbiased.


  B i a  s i  =     ∑   j = 1  N   (   f  O b s    (  i , j  )  −  f  s i m    (  i , j  )   )   N   



(8)




where, for the above equations,  i  is the index of the sampling sites,    j   is the index of recorded or simulated infiltration at time t,  N  the total number of recorded measurements,    f  O b s    (  i , j  )    is the jth observed (i.e., recorded) infiltration rate at site  i  in (LT−1),      f  Obs    ¯   (  i , j  )    is the mean observed infiltration rate in (LT−1),    f  s i m    (  i , j  )    is the simulated infiltration rates in (LT−1).





3. Results


3.1. Effect of Soil Texture and Soil Moisture on Infiltration Rates


The infiltration rates spread over five significant processes (Figure 4), despite distinctive variations in soil types and altitudes of the measurement sites. A mean initial infiltration rate of 32 cm/h (i.e., statistical mode 30 cm/h) was reached after nearly 2 min of operation. The lowest measured infiltration rates were at site 20 (Soil: marl-limestone; Altitude: ~400 m) and site 6 (soil: superficial formation; Altitude: ~200 m), with only half of the mean value. The two other extremes are sites 15 (Altitude: ~250 m) and P25 (Altitude: ~400 m), located within the same soil formation (i.e., marl-limestone), with 40% higher rates after 2 min. Saturation thresholds varied from 0.1–3 cm/h (i.e., with an average, median and mode of nearly 1.5 cm/h). These variations within the same soil formations also occurred within the three most predominant soils, namely, marl-limestone (0.3–3 cm/h), marl soil (0.1–2 cm/h), and superficial formations (0.3–2.5 cm/h). Different saturation limits are encountered within the same soil formations. For example, within the marl-limestone formation, sites 15, 23, and 25, the limit was 1.5 cm/h. In comparison, at sites 21 and 22, the limit was 0.3 cm/h. Whereas at sampling sites 6 and 20, the initial infiltration rates were very low (i.e., 0.5 cm/h compared to the statistical mean, median, and mode of 1). In contrast, sites within marl and superficial formations had no comparable values. These findings reveal the influence of the soil properties over the Madjez Ressoul catchment dominated by sandy stone, organic sedimentary Cretaceous, and limestone. The initial soil moisture is another factor that could have influenced the variations of initial and final infiltration rates within the same soil texture. For instance, at sampling site 2, the initial soil moisture content and initial infiltration rate were exceptionally high compared to neighboring sites 3 and 4 within the same soil. Unfortunately, the experimental setting asserts that the hydraulic relationship between soil characteristics and infiltrated rates is complex and cannot be fully developed using the chosen infiltration equations even for soils within the same structure.



As mentioned earlier in Section 2.2, the percentages of initial water contents at the sampling sites were determined for the existing soil conditions before each experiment (Table 3). As shown in Figure 5, the response times to reach the saturation limit varied from 0.4 h at site 2 to 3.6 h at site 7, with, respectively, the highest and lowest initial moisture contents of 40.06% and 8.58% (see Table 3). In contrast, a longer saturation time was observed at site 21 (of 4.3 h), characterized by a relatively high initial water content of 24.69% and an estimated infiltration capacity of 33 cm/h. It is also remarkable to notice the differences in infiltration responses at sites 15, 17, 21, and 22 of dominant sandy soil type. These sites exhibited quicker water movements than site 19 of dominant clay soil of tiny pores structure that may restrict percolation and increase overland flow.



The observed initial infiltration rates were similar for sites 1, 3, 4, 13, 18, 22, and 23 with    f 0    = 30 cm/h, and sites 7, 19, 21, and 24 with    f 0    = 33 cm/h, and sites 25 and 15 with    f 0    = 45 cm/h. Thus, initial soil moistures show dry conditions for sites with high infiltration capacities and humid conditions for sites with low infiltration capacities. It is interesting to note the distinctive responses of sites 7 and 11, which are naturally located within conglomerate formations. According to [78], the texture of sedimentary rock formations, with interconnectedness between the large overall grain size, contributes to its permeability and allows the soil to hold less water.




3.2. Performance Evaluation of Infiltration Models for Predicting Infiltration Rates


The general tendency of the simulated values by the three models compared to the overall distribution of infiltration measurements is depicted in Figure 6a,b. Although not all models performed equally at all points compared to the measured values, the overall Pearson correlation coefficients between the observed and simulated values by the Horton, Kostiakov, and Philip models were statically significant with CC values of 0.985, 0.958, and 0.968, respectively.



The reliability of the three models can be further assessed through the cross-correlations between the experimental and simulated infiltrations rates. The inter-model cross-correlations, presented in Figure 7 (at Lag k = 2 and using a 95% confidence interval shown as dashed lines), assert that the overall performances of the three models are equally good. Nonetheless, it is worth mentioning that the weakest inter-model cross-correlation was between Kostiakov and Horton, with CC = 0.88. Likewise, the maximum and minimum infiltration rates vary widely between models, ranging from 39.64–0.44 (cm/h), 46.98–1.28 (cm/h), and 44.05–1.53 (cm/h) for the Horton, Kostiakov, and Philip models, respectively. The three models’ parameters were calibrated to observed data using linear and nonlinear regression methods.



Figure 8 shows the variation of the models’ parameters evaluated for each test location. Kostiakov parameter B varies between 0.425 and 0.6 for most sites except site 2, where the maximum value of 0.89 was obtained. Similarly, Philip parameter K varies for most sites between 0.012 and 0.038 cm/h except for sites 5, 11, and 20, which have significantly higher values of 0.99, 0.743, and 0.841 cm/h, respectively. The results obtained for Kostiakov parameters A and B agree with earlier studies despite the arguments of [79] that the range of parameter B can be mathematically higher than one. Higher B values were obtained for steeper slopes and for a more significant rate of decline in soil infiltration, as shown for sites 12, 15, 21, and 24. The other asserted drawback from the results of this study is the weakness of the Kostiakov model for converging toward a final steady infiltration rate (   f c   ).



As shown in Figure 8, Horton parameter K’s values range from 1.795 (h−1) at site 6 to 6.744 (h−1) at site 2, and the Kostiakov parameter A ranges from 2.174 at site 2 to 7.29 at site 14. Nonetheless, several sites exhibit similar values. The Philip parameter S (i.e., soil sorptivity) has significantly higher variation, ranging from 4.854 cm/h−0.5 at site 20 to 6.17 cm/h−0.5 at site 6, in contrast to nearly 16 cm/h−0.5 at sites 14, 15, and 25. Nonetheless, 12 out of 25 sites exhibited equivalent sorptivity values ranging between S = 11 cm/h−0.5 and S = 13 cm/h−0.5. Table 4 summarizes the best-estimated parameters for the three infiltration models at each test location.



The performances of the three models for predicting infiltration rates at site locations were validated according to the four performance criteria (i.e., Nash–Sutcliffe (  N a s h  ), Pearson correlation coefficient (  C C  ), Root mean square error (  R M S E  ), and Bias). The variations of the four statistical coefficients for all sites are depicted in Figure 9.



Among the models, the Horton model exhibited the best fitting performance with a higher Nash and correlation coefficient and the least RMSE and Bias. Consequently, the performance of the Horton model is statistically significant for the 25 sites, with Nash values ranging from 0.856–0923 at sites 1, 2, and 7 and 0.947–0.992 for all other sites. The parameter CC ranged from 0.925–0.940 at sites 1 and 7 to 0.975–0.998 for all other sites. The RMSE varied from 2.743–3.536 at sites 1, 2, 7, 15, and 25 to 0.457–2.450 for all other sites. In contrast, the Bias estimate ranged from −0.418 at site 7 to 0.852 at site 8. The coherence of all tests supports the superior performance of the Horton model for modeling infiltration rates at the Madjez Ressoul catchment. The superiority of the Horton model suggests that soil moisture and the initial and final infiltration rates are dominant factors in modeling the infiltration processes over the Madjez Ressoul catchment. The results also infer the importance of soil properties, soil hydraulic parameters, and the infiltration measurement method as influential parameters and constraints in modeling infiltration at specific sites. Thus, the applicability of other models to the different types of undeveloped soils in the study area requires advanced field investigations. As semi-empirical models lack definite physical meaning of their parameters, sensitivity analysis to approximate errors in predictive plotting is desired.



The performance criteria of the Kostiakov and the Philip models exhibited similar variations. Except for site 2, the Nash values from both models are similar, with a maximum range difference of 0.985 and 0.969 at site 18, respectively. Similar ascertainments are drawn from the values of RMSE with distinctive differences at site 2 and considerably moderate differences for sites 12, 18, 19, and 21. Nonetheless, while the Bias estimates for the Kostiakov model are found relatively in the range of −0.7 at site 24 and 0.3 at site 20, Bias for the Philp model was chaotic for all sites and ranged from −2.3 at site 2 to 0 at site 20. Therefore, it can be concluded that the next best model for the Madjez Ressoul Catchment is the Kostiakov model, but this cannot be generalized to all sites. It is worth noting that the parameters of the Philip model were adjusted at each time during the whole period of estimation.



Moreover, although parameter S of the Philip model reflects approximately the Sorptivity of the soil, parameter K was found as not closely dependent on the infiltration rate [80,81]. The inferior ability of the Philip model to accurately express infiltration rates for Madjez Ressoul Catchment suggests that the soil structure and other hydraulic parameters are crucial factors affecting infiltration. It can be concluded that the applicability of the Philip model for the Madjez Ressoul Catchment requires further site investigations and measurements on small grids to estimate its parameters experimentally, rather than using estimates from the model. It is also clear that site 2 (i.e., a superficial formation within a dry farming zone) and site 7 (i.e., a conglomerate soil) require further site investigations.





4. Conclusions


This study investigated the application of the three most renowned infiltration models to the semi-arid Madjez Ressoul catchment in Northern Algeria. The catchment is known as one of the few remaining natural catchments with respect to the diversity of the soil cover and its non-altered land use. In situ experimental measurements were carried out to cover the aerial extent of the catchment despite the complex relief and the difficulties encountered to include the higher ridges. The initial water contents were evaluated through laboratory tests from samples taken in the vicinity of the field measurements. The qualitative performance of the three models (i.e., Philips, Kostiakov, and Horton) was evaluated based on four statistical criteria: the Nash–Sutcliffe efficiency, correlation coefficient, Root mean square error, and Bias. Assessment of the performance of the models against these criteria revealed the important effect of soil moisture, and the initial and final infiltration measurements on the superiority of the Horton model for estimating the infiltration rates of the Madjez Ressoul catchment. The Kostiakov model could be seen as a complementary alternative to assess the infiltration rate at most evaluated sites. The study suggests further investigations to include soil structure along with other hydraulic parameters to improve the estimation of the Philip parameters in arid catchments where similar soil types exhibited distinct responses.
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Figure 1. Land cover and hydrographic network of Madjez Ressoul catchment. 
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Figure 2. Type of soils and network of measurement points over Madjez Ressoul catchment. 
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Figure 3. Experimental double rings infiltrometer. 
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Figure 4. Progress of the process of infiltration rates at measuring stations (number to the left). 
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Figure 5. Inter-comparison of field infiltration rates from different models for Madjez Ressoul catchment. 
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Figure 6. (a) Overall linear dependency of observed versus simulated infiltration rates at all site locations. (b) Overall behavior of the models’ simulations compared to the overall field measurements. 
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Figure 7. Observed versus models and Inter-models cross-correlations. 
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Figure 8. Variation of the three models’ parameters and infiltration rates over Medjaz Ressoul catchment. 
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Figure 9. Validation of estimated parameters according to the variation of statistical measures. 






Figure 9. Validation of estimated parameters according to the variation of statistical measures.



[image: Water 14 01185 g009]







[image: Table] 





Table 1. UTM Coordinate system of measurement locations in Madjez Ressoul catchment.
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	N°
	X (m)
	Y (m)
	N°
	X (m)
	Y (m)





	P1
	375,425.62
	4,058,710.17
	P14
	366,337.18
	4,054,866.19



	P2
	374,496.25
	4,057,723.53
	P15
	369,589.50
	4,051,912.45



	P3
	374,533.68
	4,056,506.43
	P16
	371,186.40
	4,052,366.52



	P4
	373,893.76
	4,055,315.90
	P17
	371,897.50
	4,049,519.69



	P5
	372,720.30
	4,054,656.09
	P18
	370,680.00
	4,047,361.72



	P6
	371,720.73
	4,054,348.72
	P19
	368,502.03
	4,047,109.89



	P7
	369,870.38
	4,053,866.53
	P20
	366,831.31
	4,048,601.47



	P8
	368,255.99
	4,054,208.03
	P21
	365,040.89
	4,048,188.93



	P9
	367,492.01
	4,054,096.72
	P22
	368,495.87
	4,050,579.35



	P10
	366,726.87
	4,054,144.07
	P23
	363,989.19
	4,050,114.83



	P11
	365,854.40
	4,053,583.85
	P24
	363,162.02
	4,051,752.15



	P12
	366,080.29
	4,052,571.78
	P25
	364,839.14
	4,050,714.70



	P13
	366,465.12
	4,051,965.49
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Table 2. Initial and final infiltration rates for Madjez Ressoul catchment.
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	N°
	Initial Infiltration Rate f0

at t = 2 min [cm/min]
	Final Infiltration Rate

fc min [cm/min]





	P1
	1
	0.6



	P2
	2.5
	0.1



	P3
	1
	0.2



	P4
	1
	0.1



	P5
	0.9
	0.1



	P6
	0.5
	0.1



	P7
	1.1
	0.1



	P8
	1.3
	0.2



	P9
	1.1
	0.1



	P10
	1.2
	0.1



	P11
	1
	0.2



	P12
	1.2
	0.2



	P13
	1
	0.1



	P14
	1.3
	0.1



	P15
	1.5
	0.1



	P16
	1
	0.1



	P17
	1.2
	0.1



	P18
	1
	0.1



	P19
	1.1
	0.1



	P20
	0.5
	0.1



	P21
	1.1
	0.1



	P22
	1
	0.1



	P23
	1
	0.2



	P24
	1.1
	0.1



	P25
	1.5
	0.1
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Table 3. Initial soil moisture contents in percent.
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	N°
	Day
	Moisture Content (%)
	N°
	Day
	Moisture Content (%)





	P1
	14 April 2019
	21.21
	P14
	28 April 2019
	23.00



	P2
	15 April 2019
	40.06
	P15
	6 May 2019
	13.90



	P3
	19 April 2019
	26.58
	P16
	6 May 2019
	21.21



	P4
	17 April 2019
	29.03
	P17
	7 May 2019
	16.69



	P5
	20 April 2019
	25.79
	P18
	7 May 2019
	9.89



	P6
	20 April 2019
	14.81
	P19
	9 May 2019
	19.33



	P7
	22 April 2019
	8.58
	P20
	9 May 2019
	19.76



	P8
	22 April 2019
	12.11
	P21
	11 May 2019
	24.69



	P9
	23 April 2019
	13.77
	P22
	11 May 2019
	14.16



	P10
	23 April 2019
	16.82
	P23
	12 May 2019
	28.53



	P11
	25 April 2019
	14.81
	P24
	12 May 2019
	16.69



	P12
	25 April 2019
	12.11
	P25
	13 May 2019
	13.38



	P13
	28 April 2019
	20.77
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Table 4. Calculated parameters of infiltration models.
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N°

	
Horton’s Model

	
Kostiakov’s Model

	
Philip’s Model




	

	
k (h−1)

	
A

	
B

	
S (cm/h0.5)

	
  K  (cm/h)






	
P1

	
5.403

	
3.875

	
0.586

	
9.893

	
0.012




	
P2

	
6.744

	
2.174

	
0.890

	
11.688

	
0.014




	
P3

	
2.18

	
6.975

	
0.462

	
12.647

	
0.0379




	
P4

	
2.576

	
5.920

	
0.514

	
12.216

	
0.020




	
P5

	
1.897

	
6.625

	
0.425

	
10.211

	
0.990




	
P6

	
1.795

	
3.182

	
0.483

	
6.070

	
0.012




	
P7

	
3.243

	
5.695

	
0.503

	
11.429

	
0.012




	
P8

	
2.682

	
6.527

	
0.554

	
15.218

	
0.010




	
P9

	
2.643

	
5.334

	
0.542

	
11.885

	
0.010




	
P10

	
3.411

	
6.529

	
0.524

	
13.930

	
0.010




	
P11

	
2.402

	
6.671

	
0.449

	
11.077

	
0.743




	
P12

	
4.774

	
3.529

	
0.687

	
12.218

	
0.010




	
P13

	
2.368

	
5.434

	
0.510

	
11.156

	
0.010




	
P14

	
3.504

	
7.290

	
0.530

	
15.682

	
0.010




	
P15

	
4.080

	
6.403

	
0.586

	
16.078

	
0.020




	
P16

	
2.939

	
5.512

	
0.506

	
11.182

	
0/013




	
P17

	
4.037

	
6.678

	
0.517

	
13.960

	
0.012




	
P18

	
2.786

	
4.747

	
0.689

	
13.748

	
0.010




	
P19

	
5.320

	
3.855

	
0.634

	
11.217

	
0.020




	
P20

	
1.987

	
2.975

	
0.454

	
4.854

	
0.841




	
P21

	
4.611

	
3.420

	
0.671

	
11.003

	
0.010




	
P22

	
3.055

	
5.371

	
0.531

	
11.668

	
0.030




	
P23

	
4.000

	
5.209

	
0.536

	
11.414

	
0.030




	
P24

	
3.517

	
5.110

	
0.579

	
12.553

	
0.012




	
P25

	
4.537

	
6.145

	
0.593

	
15.581

	
0.015
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