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Abstract

Water infiltration into soil plays an important role in runoff generation, soil erosion, and irrigation planning. Accurate estimation
of infiltration is essential for soil conservation and water management. The aim of this study was to investigate temporal variations
in water infiltration and evaluate the performance of four infiltration models, namely Philip, Kostiakov, Kostiakov—Lewis, and
Horton, in eight watersheds in Ardabil Province, including Aladizgeh, Iril, Sula, ShamsAbad, Amugin, Namin, Nouran, and Nir.
Infiltration experiments were conducted using a double-ring infiltrometer, and model performance was evaluated using the
coefficients of determination (R?), root mean square error (RMSE), mean absolute error (MAE), and Nash-Sutcliffe efficiency
(NSE). The relationships between model parameters and soil properties were also examined using Pearson correlation analysis.
The results showed that the Philip model provided the best performance in six watersheds, namely Aladizgeh, Iril, Sula, Amugin,
Namin, and Nouran, whereas the Kostiakov model performed best in ShamsAbad and the Kostiakov—Lewis model showed superior
performance in Nir. Overall, the Philip model was the most suitable model for simulating infiltration in the study area, with mean
R2 and NSE values of 0.975 and 0.927, respectively. Correlation analysis showed that the capillary sorptivity coefficient of the
Philip model (S) had a significant positive correlation with clay content (r = 0.82) and a significant negative correlation with sand
content (r = —0.76) at the 5% significance level. These findings indicate that the performance of infiltration models depends on
local soil conditions and that model selection should be based on soil physical properties and multiple evaluation criteria. Overall,
the Philip model is recommended for most of the semi-arid watersheds of Ardabil Province because of its physically based structure
and its ability to describe capillary sorption and gravitational flow processes.
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Evaluation the Accuracy of Soil Water Infiltration Models in Selected

watersheds of Ardabil Province
ABSTRACT

Introduction

Water infiltration into soil is a key hydrological process controlling rainfall partitioning between surface runoff, soil-water storage,
and groundwater recharge. The infiltration process is affected by soil texture, bulk density, aggregate stability, organic matter,
initial soil moisture, and chemical characteristics. Because these properties vary spatially among watersheds, infiltration behavior
may also differ considerably from one watershed to another. Mathematical infiltration models are therefore commonly used to
describe infiltration behavior and estimate infiltration parameters. However, the performance of individual models may vary
according to soil and hydrological conditions. The Philip, Kostiakov, Kostiakov—Lewis, and Horton models are among the
commonly used approaches for describing soil-water infiltration. Despite their widespread application, their relative performance
may differ under different soil conditions, and evaluation based only on goodness-of-fit statistics may not adequately indicate
whether differences among models are statistically meaningful. In addition, relationships between model parameters and soil
physical and chemical properties can provide useful information for interpreting spatial differences in infiltration behavior.
Therefore, this study investigated temporal changes in soil-water infiltration and evaluated the performance of four infiltration
models in eight contrasting watersheds of Ardabil Province, Iran. The study also examined relationships between fitted model
parameters and selected physical and chemical soil properties and used the Friedman test and pairwise Wilcoxon signed-rank tests
to statistically compare model performance.

Materials and Methods

The study was conducted in the Aladizgeh, Iril, Sula, ShamsAbad, Amugin, Namin, Nuran, and Nir watersheds of Ardabil Province.
Soil samples were collected from the 0-30 cm surface layer using a regular 4-km sampling grid. A total of 88 soil samples were
collected, including 11, 10, 10, 13, 13, 10, 11, and 10 samples from the eight watersheds, respectively. The minimum distance
between sampling points was 150 m. Soil physical and chemical properties included particle-size distribution, bulk density,
aggregate stability, organic matter, equivalent calcium carbonate, pH, electrical conductivity (EC), sodium adsorption ratio (SAR),
and initial soil moisture. Initial soil moisture was determined gravimetrically using soil samples collected from the 0-10 cm layer
near the infiltration measurement sites. Samples were weighed before and after oven drying at 105°C for 24 h. Sodium
concentration for SAR determination was measured using a flame photometer, whereas calcium and magnesium concentrations
were determined by EDTA titration. SAR was calculated using the concentrations of Na, Ca, and Mg obtained from the saturated
soil-paste extract. Field infiltration measurements were performed at 32 locations, with four measurements in each watershed. The
measurement locations were selected to represent the spatial distribution of the watersheds and their two dominant land uses. A
double-ring infiltrometer was used, consisting of an inner ring with a diameter of 32 cm and an outer ring with a diameter of 57
cm. Both rings were inserted approximately 10 cm into the soil. At the beginning of each experiment, a water depth of
approximately 5 cm was established in both rings and maintained as nearly constant during the test. Measurements were recorded
at 1-min intervals during the first 10 min, at 5-min intervals from 10 to 60 min, and at 10-min intervals from 60 to 120 min. The
observed cumulative infiltration data were fitted using the Philip, Kostiakov, Kostiakov—Lewis, and Horton models. Model
performance was evaluated using the coefficient of determination (R2), root mean square error (RMSE), mean absolute error
(MAE), and Nash—Sutcliffe efficiency (NSE). Pearson correlation analysis was used to examine relationships between model
coefficients and soil properties. To statistically compare the four models, the Friedman non-parametric test was applied to the
model performance indices across the eight watersheds. When appropriate, pairwise Wilcoxon signed-rank tests with Bonferroni
correction were used for post-hoc comparisons. Statistical analyses were conducted at the 5% significance level.

Results

The results showed clear temporal variation in infiltration rate in all eight watersheds. Infiltration rate decreased progressively with
increasing elapsed time and approached relatively stable values during the later stages of the experiments. The mean initial
infiltration rate ranged from 0.68 to 1.33 cm min ™', the mean intermediate infiltration rate ranged from 0.25 to 0.51 cm min™', and
the mean final infiltration rate ranged from 0.19 to 0.23 cm min'. The highest mean initial infiltration rate was observed in the Iril
watershed (1.33 cm min™), whereas the lowest value occurred in ShamsAbad (0.68 cm min™). These differences were associated
with variation in soil properties among the watersheds. The physical and chemical analyses indicated substantial differences in soil
conditions among the study watersheds. The soils were mainly characterized by loam, sandy loam, and sandy clay loam textures.
Differences were also observed in organic matter, bulk density, aggregate stability, initial moisture, calcium carbonate content, pH,
EC, and SAR. The variation in these properties provides an important basis for interpreting the spatial differences in infiltration
behavior and model parameters. The four infiltration models showed different levels of agreement with the observed infiltration
data. Based on the combined R%, RMSE, MAE, and NSE criteria, the Philip model showed the highest numerical performance in
six of the eight watersheds, namely Aladizgeh, Iril, Sula, Amugin, Namin, and Nuran. In the ShamsAbad watershed, the Kostiakov
model provided the best numerical performance, with an NSE of 0.967, whereas the Kostiakov—Lewis model showed the highest
performance in the Nir watershed, with an NSE of 0.942. Across the eight watersheds, the Philip model had mean values of 0.975
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for R2, 1.078 for RMSE, 0.837 for MAE, and 0.927 for NSE. The fitted Philip parameters also varied among the watersheds. The
sorptivity coefficient (S) ranged from 0.670 to 1.430, while the hydraulic conductivity-related parameter (A) ranged from 0.106 to
0.435. The highest value of S was observed in the Nir watershed. Correlation analysis indicated a strong positive relationship
between Philip sorptivity and clay content (r = 0.82) and a strong negative relationship between sorptivity and sand content (r =
—0.76). The A parameter was positively related to equivalent calcium carbonate (r = 0.76). For the Kostiakov model, the k
coefficient showed positive relationships with organic matter (r = 0.78) and equivalent calcium carbonate (r = 0.75). These
relationships indicate that differences in model parameters were associated with both soil physical and chemical characteristics
rather than with a single soil property.

The Friedman test provided additional statistical evidence for comparing the four infiltration models. The results showed no
statistically significant difference among the models for NSE (3> = 5.85, df =3, p = 0.119), RMSE (y*> = 6.30, df = 3, p = 0.098),
or MAE (y2=5.85, df =3, p=0.119). In contrast, a statistically significant overall difference among the four models was detected
for R2 (2 =11.58, df =3, p = 0.009). However, the pairwise Wilcoxon signed-rank tests with Bonferroni correction did not identify
a statistically significant difference between any specific pair of models for R2. Thus, although the descriptive performance indices
indicated differences among models and the Friedman test detected an overall difference in R2, the post-hoc analysis did not
demonstrate a statistically significant difference between individual model pairs. Overall, the results demonstrate that model
performance varied among watersheds and that numerical differences in model performance should be interpreted together with
statistical testing. The relationships between model coefficients and soil properties further indicate that soil texture, organic matter,
calcium carbonate, and other physical and chemical characteristics contribute to spatial variation in infiltration behavior.

Conclusion

The study demonstrated that soil-water infiltration decreased continuously with time in all eight Ardabil watersheds, while the
magnitude of infiltration varied among watersheds according to differences in soil conditions. The four infiltration models showed
different numerical performance across watersheds, with the Philip model providing the highest combined performance according
to R2, RMSE, MAE, and NSE in six watersheds. However, the Friedman test indicated that statistically significant differences
among models were detected only for R2, and pairwise Wilcoxon tests did not identify significant differences between individual
model pairs after Bonferroni correction. Correlation analysis showed that model parameters were related to soil texture and selected
chemical and physical properties, particularly clay, sand, organic matter, and calcium carbonate. These findings emphasize the
importance of considering both soil characteristics and statistical significance when evaluating infiltration models under different
watershed conditions.

Keywords: Model evaluation, Soil water infiltration, Philip model, watershed, soil properties.
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