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Abstract: The present work aims to compare two different subsurface hydrological models, namely
HYDRUS and MODFLOW UZF package, in terms of groundwater recharge; thus, both models
were coupled with MODFLOW. The study area is an experimental kiwifruit orchard located in the
Arta plain in the Epirus region of Greece. A novel conceptual framework is introduced in order to
(i) use in situ and laboratory measurements to estimate parameter values for both sub-surface flow
models; (ii) couple the developed models with MODFLOW to estimate groundwater recharge; and
(iii) compare and evaluate the performance of both approaches, with differences stemming from the
distinctive equations describing the flow in the unsaturated zone. Detailed soil investigation was
conducted in two soil horizons in the research field to identify soil texture zones, along with infiltration
experiments implementing both double-ring and single-ring infiltrometers. The results of the field
measurements indicate that fine-textured soils are predominant within the field, affecting several
hydrological processes, such as infiltration, drainage, and root water uptake. Field measurements
were incorporated in unsaturated zone flow modeling and the infiltration fluxes were simulated
with the application of both the UZF package of MODFLOW and the HYDRUS code. The two
codes presented acceptable agreement between the simulated and observed hydraulic head values
with a similar performance in terms of statistics; however, they produced different results regarding
recharge rates in the aquifer as simulated by MODFLOW. HYDRUS produced higher hydraulic head
values in the aquifer throughout the simulation, related to higher recharge rates arising from the
root water uptake and the capillary effects that are computed by HYDRUS but neglected by the UZF
package of MODFLOW.

Keywords: soil investigation; infiltration; hydrologic monitoring; groundwater recharge; unsaturated
zone flow modeling; groundwater flow modeling; MODFLOW; UZF; HYDRUS

1. Introduction

The need for water in irrigated crops can be satisfied through three main distinct
sources: green water, which refers to water retained in the unsaturated zone by precipita-
tion or irrigation and is available for crops; blue water, which includes surface freshwater
aquatic systems such as rivers, lakes, reservoirs, and wetlands, in addition to renewable
groundwater resources and non-renewable groundwater along with extrinsic water re-
sources [1–3]. While blue water can be transferred and administered away from the source,
green water management can only be conducted on site. Soil moisture management from
global to local scales involves complexity, which arises from the heterogeneous nature
of soils and their dynamic development [4]. In groundwater-irrigated agricultural fields,
the combined management of green and blue water resources is considered imperative
to maintain crop health, improve productivity, and exploit natural water resources in a
sustainable way.
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Groundwater recharge is closely related to hydrological processes in the unsaturated
zone, and its quantification in irrigated agricultural watersheds or fields has been the subject
of several research papers [5–8]. Water budget methods and the water table fluctuation
method [5,7,9,10], chloride mass balance among soil moisture measurements (soil water
content and soil matric potential) [6], and groundwater modeling [8] have been used for
groundwater recharge estimation in agricultural areas. Unsaturated zone flow models have
also been used to quantify recharge estimates in various types of land cover, including
agricultural sites, in shallow aquifers [11]. Coupling between unsaturated zone flow
models and groundwater models, providing the capability of deep understanding of
the subsurface flow system and its distinct hydrological processes under the effect of
future climate, land use change, and management scenarios, has been implemented for the
estimation of groundwater recharge [12]. Quantifying groundwater recharge in agricultural
settings is crucial for establishing efficient irrigation practices. To achieve this, combined
simulations of unsaturated zone flow and groundwater flow are considered the most robust
approach [13,14].

Unsaturated zone water flow simulation is usually conducted with process-based
hydrological models which integrate the conceptual approximation of the physical sys-
tem [15]. The equations describing the flow in the unsaturated porous media are solved by
process-based hydrological models [16], while the soil hydraulic properties, which regulate
water flow in the unsaturated zone, are derived from laboratory and field experiments
or inferred from pedotransfer functions (PTFs), which are used to predict soil hydraulic
properties from basic soil attributes [17–20]. Inverse modeling is used to optimize soil
hydraulic properties, with the aim of improving the simulation accuracy of the model [21].
Furthermore, meteorological data and root system parameters, for a specific crop type,
are embedded in process-based unsaturated zone models to define the quantities of water
penetrating and retained by the physical system.

Several factors, such as soil structure and soil hydraulic properties, vegetation, and
meteorological characteristics, influence infiltration, which is considered as one of the
predominant sources of groundwater recharge. Groundwater and water in the unsatu-
rated zone are interconnected by infiltration, the rate of which is determined by various
hydrological processes in the unsaturated zone. Infiltration is deemed a 1D process in the
vertical direction, since it has been proved that 2D or 3D approaches are essential in spatial
scales below 10 m [22]. The physical background of the Richards equation [23], the law of
capillary flow of Buckingham–Darcy, is challenged by spatial discretization over the spatial
limit of 10 m [24].

Although several models have been developed simulating the subsurface flow, both in
the saturated and unsaturated zone (CATHY [25], ParFlow [26], WASH123D [27], FEFLOW),
using the Richards equation, its implementation in unsaturated zone flow modeling tasks
is limited due to the necessity of an abundance of input data, the computational effort, and
the required user experience [12]. The coarse spatial resolution of the integrated model
grid (>500 m) does not conform to the representative elementary volume assumption that
is applied in the Richards equation, which exceeds the proposed horizontal flow scale in
the unsaturated zone [24]. For these reasons, the most applicable approach in coupling and
feedback between unsaturated zone flow and groundwater flow models results from the
interconnection of 1D unsaturated zone models with flow simulation codes in the saturated
zone belonging to the family of MODFLOW USGS codes [12]. In this modeling approach,
flow in the unsaturated zone is simulated in representative soil horizon profiles within the
groundwater model solution domain, pertaining to the flow in the unsaturated zone being
conducted in the vertical direction.

Several versions of the MODFLOW code integrate the UZF package [28], which
simulates the flow of water in the unsaturated zone using the kinematic wave equation,
assuming that the flow in the unsaturated zone is exclusively regulated by gravity. While
computational effort is reduced by the implementation of the UZF package, the exclusion
of capillary flow in the unsaturated zone does not capture the whole range of hydrological
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processes, such as upward flow emerging from root water uptake [12]. Given that the effect
of gravity regulates the flow in the unsaturated zone in the UZF package, its implementation
is more effective in soil matrices in which the groundwater table lies several meters below
the soil surface, as in groundwater systems in which the groundwater table lies in the
proximity of the soil surface, capillary flow is considered a crucial process [29].

Apart from the provided packages of MODFLOW for the simulation of water flow
in the unsaturated zone, several 1D unsaturated zone models which solve the Richards
equation have been coupled with MODFLOW-2000 and MODFLOW-2005 codes [12,29–32].
The most used code for the Richards equation solution and the simulation of water flow
in the unsaturated zone is HYDRUS [33]. The HYDRUS 1D free and open-source code
solves the mixed form of the Richards equation using the finite element method, with
nonlinearities handled through a modified Picard iteration [34]. The code was originally
developed in Fortran programming language; however, a Python library (Phydrus) [35] can
be used to process the input files, to conduct the simulation through HYDRUS executable,
and to visualize the results, providing the capability of efficient coupling between HYDRUS
and MODFLOW groundwater models. This paper investigates the simulation of ground-
water recharge within the spatial scale of a kiwifruit orchard with the implementation of
subsurface hydrological modeling. The great expansion of kiwifruit cultivations within
the agricultural basin of Arta’s plain in Greece in recent years has led to the systematic
exploitation of local groundwater systems, as kiwifruit irrigation predominantly takes
place from groundwater resources. Explicit soil investigation was conducted in two soil
horizons in the field to identify soil texture zones, along with infiltration experiments
implementing both double-ring and single-ring infiltrometers. Although soil texture within
an agricultural field is considered homogeneous, infiltration rates tend to vary extremely
in natural and artificial landscapes [36–39], revealing the effects of soil structure on flow
in the unsaturated zone. The saturated hydraulic conductivity (Ksat [L/T]), determining
the rate of water flow through saturated soil media [40], was estimated from the modified
infiltration rates considering the extent of the wetting front after the experiment [41,42],
through a combined form of Philip’s and Kostiakov’s equations [43], used for the first time
with field measurements. Infiltration fluxes in the unsaturated zone were simulated with
the application of both the UZF MODFLOW package and the HYDRUS code to evaluate
potential differences arising from the distinctive equations describing the flow in the un-
saturated zone in each code. The HYDRUS infiltration rates simulated for the selected
modeling period were integrated into the MODFLOW-2005 groundwater model to com-
pare the resulting groundwater level fluctuations under each unsaturated zone modeling
scheme. This study provides important insights into the quantification of groundwater
recharge in agricultural fields by evaluating the efficiency of distinct unsaturated zone
modeling frameworks.

2. Materials and Methods

For the implementation of the proposed subsurface flow modeling framework, cou-
pling the unsaturated zone flow models with groundwater model for the estimation of
groundwater recharge, an experimental kiwifruit orchard located in the Arta plain in the
Epirus region of Greece was selected as the research site (Figure 1). The plain is developed
within the boundaries of alluvium deposits, while altitudes range between 0 and 20 m,
except for two hills in the eastern and southwest boundaries of the plain with altitudes of
246 m and 326 m., respectively. The gradient of the topographical relief in the plain fluctu-
ates within the range of 0–2%. The dominant soil classes in the plain according to the World
Reference Base for Soil Resources (WRB) classification are Fluvisols and Cambisols [44,45],
while by the USDA texture classification system, the majority of the soils in the plain are
classified as silty-clay and silty-clay-loam [46].
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Figure 1. Description of the kiwifruit orchard area, the locations of soil texture samples from two soil
horizons (0–30 cm, 30–60 cm), and the installed positions of soil moisture and temperature sensors
along with a pressure level sensor in a monitoring groundwater well.

The climatic conditions in the Arta plain are characterized as Csa type in the Köppen
climate classification [47], with mild winters and dry and warm summers. According to
weather data obtained from local meteorological stations ([48] and http://e-pyrros.gr/
field-lab-gr/), the average annual rainfall is around 850 mm, with higher precipitation
rates occurring from October to March, while the mean temperature ranges from −2.2 ◦C
in January to 36 ◦C in August.

The area of the experimental field is approximately 36 hectares, with 1500 kiwifruit
trees planted per 9 hectares. The specific crop type is ‘Soreli’ kiwifruit, a yellow-fleshed
tetraploid selection of Actinidia chinensis, developed at the University of Udine and released
for cultivation in 2008 [49]. The tetraploid selection of Actinidia chinensis, ‘Soreli’, according
to data emerging from six-year studies after the beginning of its cultivation [50], can be
easily adapted to various climatic conditions and soil types. The pattern of root growth
in kiwifruit orchards cultivated in various soil types, with a special reference in Actinidia
chinensis, reveals a horizontal distribution of 2.2–2.4 m. from the base of the stem [51]. In
coarse-textured soils, the roots develop to a depth of 3 m, while in fine-texture soils the
root depth is confined within 70 cm from the soil surface [51]. While the development
pattern of the root system can be similarly characterized among different cultivation
distances in the orchard, kiwifruit selections, soil types, climatic conditions, and agronomic
management practices in the field, root depth is restricted with the existence of gravels in
soil horizons, seasonal fluctuating groundwater tables in proximity to the soil surface, and
poor soil drainage conditions, which are predominant in fine-textured soils [52]. Kiwifruit
cultivation is considered quite susceptible to low-oxygen conditions, which are developed
in the soil by excess water [53]. Root water uptake by the root system of kiwifruit vines
occurs in the upper part of the root system, in proximity to the stem, retrieving the readily
available water after irrigation or precipitation events [54].

http://e-pyrros.gr/field-lab-gr/
http://e-pyrros.gr/field-lab-gr/
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2.1. Particle Soil Distribution Analysis and Infiltration Experiments in the Field

Within the area of the kiwifruit orchard, 10 samples were collected from 5 locations
in the field to conduct a particle soil distribution analysis considering two soil horizons
(0–30 cm and 30–60 cm). Soil sampling points were chosen according to the agronomic
management of the field, which separates the experimental kiwifruit orchard into five
distinct zones. The investigation was expanded from the top-soil to the sub-soil horizons to
explore the whole range of physical and manmade impacts in the soil matrix.

The samples were oven-dried at 60 ◦C overnight and then subjected to wet sieving, to
disaggregate hard lumps generated by smaller particles or coatings with coarse particles.
The wet sieving classified the grain into sieves with a smaller diameter of 75 µm and
then the smaller grains were sorted by hydrometer sedimentation analysis. Hydrometer
analysis is based on Stoke’s law, assuming that dispersed soil particles of varying shapes
and sizes do not interact when they fall into the water [55]. The organic content of the
soil samples used for the hydrometer analysis (50 g) was removed by adding hydrogen
peroxide. The dispersing agent used to disaggregate soil particles was sodium hexam-
etaphosphate (Na(PO3)6). Hydrometer values in each step were corrected for meniscus
reading, temperature, and dispersing agent. The resulting particle soil distribution curves
from the combined wet sieving and hydrometer analysis were fitted by the Andersson
model [56–58] to retrieve the sand, silt, and clay fractions to classify the samples in the
USDA system.

Apart from soil texture analysis, several infiltration tests (single- and double-ring)
were conducted in the kiwifruit orchard to investigate the effects of the spatial arrangement
of particles in the soil and soil structure [4], and not only the size of the particles. Single-
and double-ring infiltration experiments are widely used for determining the infiltration
rates of soil media in field conditions. The double-ring methodology has been developed to
eliminate the effects of lateral flow during the experiment and, as a result, the integration of
significant error in the measurement. However, significant amounts of water are required
for the conduction of the double-ring infiltration test, which are not always available in field
conditions. Furthermore, the divergence of flow emerging in the double-ring infiltration
test cannot be specified at the end of the experiment, as is possible in single-ring infiltration
tests. In this study, both types of field infiltration experiments were conducted, covering
the spatial extent of the experimental field with single-ring infiltrometers, in which less
amount of water is required in comparison with double-ring infiltration tests, which were
conducted in each subsection of the kiwifruit orchard.

A single ring of 15 cm inner diameter and 20 cm height was constructed for single-ring
infiltration experiments [59], while for the double-ring apparatus, an inner ring and an
outer ring of 30 cm and 60 cm diameter, respectively, were used. Within the boundaries
of the experimental kiwifruit orchard, 15 single-ring and 6 double-ring infiltration experi-
ments were conducted, covering the spatial extent of the field (Figure 2). The single-ring
infiltrometers were placed 8 cm below the soil surface and each ring of the double-ring
infiltrometer 5 cm below the soil surface, ensuring minimum soil disturbance during the
installation. The duration of the experiments was determined from the stabilization of the
infiltration rate.

To administer the error emerging on single-ring infiltration concerning the existence
of lateral flow, which causes an increase in the infiltration rates, a divergence correction
method was used based on wetting front [41,42]. After the conventional single-ring infiltra-
tion test was conducted, the soil underneath the experiment was excavated to determine the
distance of lateral divergence. The downward infiltration rate in the wetted zone, corrected
for lateral divergence, was computed as the ratio of wetted area to the cylinder area, given
that the flow in the unsaturated zone is predominantly considered vertical [41].
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From the field infiltration experiments, in particular, the single- and double-ring
methods, Ksat [L/T] can be estimated by the implementation of mathematical models
which describe the cumulative infiltration rates. Widely used in describing the cumulative
infiltration curve are the Kostiakov [60] and Philip [61] models. Philip’s model parameters
in a two-term equation have a specific physical meaning, with the first used to describe
sorptivity (A), which expresses the rate of infiltration of water in soil without the gravity
effect, and the second considered to be an expression of Ksat [L/T] [43,62,63]. Kostiakov’s
model parameters (m, n) are derived through regression analysis using experimental data
and, as a result, do not have a significant physical meaning; however, they can be readily
obtained in comparison with Philip’s model parameters.

Philip’s and Kostiakov’s equations have been proved to be fundamentally equivalent
in nature with certain assumptions [43,64]. Consequently, the parameters of the Kostiakov
model can be expressed in terms of the parameters of the Philip model, resulting in an
equation describing Ksat [L/T]. The cumulative infiltration rates derived from single-
and double-ring experiments in the experimental kiwifruit orchard were described both
with the Philip and the Kostiakov model, and Ksat [L/T] was calculated based on the
aforementioned equation [43] from Kostiakov fitted parameters and Kostiakov parameters
derived from Philip parameters with prominent physical meaning.

2.2. Groundwater and Soil Moisture Monitoring in the Field

For the constant monitoring of groundwater levels and soil water content at several
depths, a pressure sensor (WIKA LH-20 [65]) was installed inside a well piezometer and
two FDR soil moisture sensors were placed at 10 cm and 50 cm below the soil surface
in a non-irrigated non-cultivated area of the field. The sensors have been functioning
since mid-October 2023 and transmitting real-time data (at 30 min intervals) to a remote
cloud platform (http://e-pyrros.gr/field-lab-gr/) through the LoraWan network [66]. The
recorded data are transmitted without any telecommunication costs and with minimum en-
ergy consumption by the sensor and the network. Meteorological datasets for unsaturated

http://e-pyrros.gr/field-lab-gr/
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zone flow and groundwater modeling were retrieved by an agro-meteorological station
functioning close to the experimental kiwifruit orchard [48].

Precipitation rates within the wet period are significantly high, leading to the rising of
the groundwater table in proximity to the soil surface (0.8 m). Irrigation in the experimental
kiwifruit orchard starts in March and ends at the end of August. During the irrigation
period, the kiwifruit orchard is irrigated with approximately 520 m3/day of water (pumped
from groundwater) to meet crop water needs. Soil moisture fluctuations at the first cm
below the soil surface (10 cm) indicate that the water is infiltrating rapidly up to that
zone, resulting in immediate responses after precipitation events that provide a substantial
amount of water in the unsaturated zone. On the other hand, soil moisture at deeper soil
layers (50 cm) remains stable, with small variations after precipitation events (Figure 3).
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2.3. Unsaturated Zone Flow Modeling

The unsaturated zone flow was modeled by implementing distinct modeling frame-
works, the UZF package and the HYDRUS code, which use the kinematic wave equa-
tion [28] and the Richards equation [23], respectively. The UZF package is integrated into
the MODFLOW family of codes, and, as a result, the modeling process is straightforward,
while with the implementation of the HYDRUS code, the flow in the unsaturated zone is
individually simulated, and the infiltration rates to the groundwater are embedded in the
groundwater model.

The soil hydraulic properties in the UZF package are described by the Brooks–Corey
model parameters [67]. Within the text, the soil hydraulic parameters used in UZF are
represented with their scientific notation and inside the parentheses with the MODFLOW
parameter name. The parameter e (EPS) that influences the unsaturated hydraulic conduc-
tivity function is related through Equation (1) with λ, the pore-size distribution index of
the soil matrix [67].

ϵ =
2
λ
+ 3, (1)

The pore-size distribution index of the medium is geometrically described as the
negative of the slope of the effective saturation (Se) curve as a function of Pc

γ , where
Pc is the capillary pressure and γ is the specific weight of the fluid. In other studies,
λ is merely considered a dimensionless parameter related to the shape of the soil water
retention curve (SWRC) [68]. The pore-size distribution index (λ) is related to the parameter
n of the Van Genuchten parametric model, which describes the width of the pore-size
distribution, and therefore both Van Genuchten and Brooks–Corey parameters are relevant
to the arrangement of the pore-size distribution [69–71]. In general, the Van Genuchten
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model exhibits greater efficiency in simulating experimental data than the Brooks–Corey
model, and soil water retention data are presented in the majority of studies in terms of
Van Genuchten parameters [71]. Furthermore, PTFs use soil textural information to infer
the soil hydraulic properties, employing Van Genuchten model parameters to describe
soil hydraulic properties [72]. The association of the Van Genuchten n parameter and the
Brooks–Corey λ parameter is achieved through Equation (2):

λ =
m

1 − m

(
1 − 0.5

1
m

)
, (2)

where m = 1 − 1
n .

The values of λ are generally small for soil matrices with a wide pore size range and
large for soil matrices with uniform pore sizes [67]. If the soil pores are characterized as
uniform, the drainage of the soil medium will sharply occur, compared to soils with wide
pore-size distribution which exhibit a smooth drainage pattern [69]. Typical values of λ
can vary from 5 for uniform sand to approximately 0.1 for highly heterogeneous silty-clay
soils [69,71,73]. The experimental estimation of Brooks–Corey soil water parameters based
on a database of 1323 soils, from 5350 soil horizons originated from 32 USA states, led to
the generation of an explicit directory for each USDA soil texture class [74,75].

In this study, the values of λ, θs (THTS), and θr (THTR) were retrieved from the explicit
directory of Brooks–Corey soil water parameters [74,75] and from the conversion of the
Van Genucthen n parameter based on Equation (2), derived from [18], estimated by the soil
texture analysis of the experimental kiwifruit orchard. Ksat [L/T] (VKS) was assigned to
the distribution of Ksat [L/T] calculated from the infiltration experiments in the field. The
extinction depth (EXTDP), which describes the boundary of the evapotranspiration process
and is delimited by the kiwifruit root growth, was assigned equal to the development
depth of kiwifruit tree roots for the specific soil type and groundwater table level.

The simulation process of the unsaturated zone flow with the HYDRUS code encom-
passed the development of two-layer models, considering the soil texture analysis in two
soil horizons, based on the distribution of Ksat [L/T] across the experimental kiwifruit
orchard. The soil hydraulic properties of each layer were inferred from [18], providing the
soil texture data (Section 2.1). As upper boundary conditions of the model were assigned
variable atmospheric boundary conditions determined by the combination of precipitation
and crop evapotranspiration. The model’s bottom boundary conditions were chosen to
be described by free drainage. The root growth and root water uptake parameters were
selected according to the root growth and root water uptake pattern of kiwifruit trees.

2.4. Groundwater Flow Modeling

Groundwater flow modeling was implemented with the three-dimensional finite
difference MODFLOW-2005 code [76] and the ModelMuse free platform of USGS [77]. The
conceptual model of the groundwater system was decided according to field research and
past studies conducted in the wider area of interest [78,79]. The hydrologic conditions of the
aquifer in the research area, along with several constructions related to land reclamation,
defined the conceptual model for the aquifer underneath the research field. For simulation
purposes, a two-layered model was built. Aquifer hydraulic parameters were retrieved
from an existing regional model of the wider area of interest [80] (Table 1). The next
stage involved a modification of hydraulic parameters with the model calibration process
concerning all the stress periods by applying the trial and error method. Although the
aquifer of the alluvial plain is partially and seasonally confined, in this part of the plain,
groundwater flow is under unconfined conditions throughout the year. The model domain
covers an area of 1.8 km2 representing the study field along with part of the extended
drainage network. Groundwater formation consists of a two-layer aquifer with a thickness
of 22 m and 24 m for the top and bottom layer, respectively, while the model top arose
from the Digital Elevation Model (DEM) with a 5 m × 5 m resolution. A fine grid of
2 m × 2 m with 226 columns and 209 rows was selected for the simulation while the
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temporal discretization was on a daily timestep. Groundwater flow was simulated for
one hydrologic year (10 October 2023 to 17 September 2024), following the groundwater
measurements obtained from the monitoring station (pressure sensor). The boundary
conditions and sink and source terms of the study field were interpreted through different
packages of MODFLOW-2005:

• Newman boundary conditions.
• Abstraction well (WEL: Well package): a mean pumping rate of 520 m3/day (every

three days) was selected during the irrigation period, according to the irrigation
practice that is followed for the specific kiwi field.

• Percolation of precipitation (RCH: Recharge package): the specific package was uti-
lized for groundwater recharge from precipitation and irrigation fluxes that was
calculated as an output of the HYDRUS model. For the case where the Unsaturated
Zone Flow (UZF) package was utilized, the RCH package remained inactive.

• Cauchy boundary conditions.
• Lateral inflows/outflows from/to the aquifer (GHB: General Head Boundary): GHB

was used to interpret the inflows and outflows from and to the surrounding aquifer of
the study area. GHB was placed at the northern and southern part of the study field,
following the groundwater flow pattern.

• Drainage network (DRN: Drain package): the elevation of the drainage network was
defined through measurements during field research.

Table 1. MODFLOW input parameters.

Parameter Parameter Name Parameter Value

Horizontal Hydraulic Conductivity (Top Layer) HK_Lay1 5.2 m/day
Horizontal Hydraulic Conductivity (Bottom Layer) HK_Lay2 10.43 m/day

Specific Storage (Top Layer) SS_Lay1 0.00023 m−1

Specific Storage (Bottom Layer) SS_Lay2 2.1 × 10−5 m−1

Specific Yield (Top Layer) SY_Lay1 0.3
Specific Yield (Bottom Layer) SY_Lay2 0.2

Hydraulic Conductance (General Head Boundary) GHB_cond 8.64 m/day

The UZF package was selected for the simulation of the unsaturated zone flow and
the implementation of recharge from precipitation, irrigation fluxes, and outflows from
evapotranspiration. For the specific package, two different approaches were followed
regarding the soil parameters. In the first approach, THTS and THTR parameters were
retrieved from the explicit directory of Brooks–Corey soil water parameters [69,70] and
from the conversion of the Van Genucthen equation n parameter, as described in Section 2.3.
The infiltration rates produced by HYDRUS were incorporated to the MODFLOW ground-
water model through the RCH package. Considering the above, three different models
were generated for the simulation of unsaturated zone and groundwater flow, named
“MODFLOW-HYDRUS”, “MODFLOW-UZF”, and “MODFLOW-TOTH”. Also, field and
laboratory measurements regarding the unsaturated vertical hydraulic conductivity were
incorporated as model parameters, and no further calibration was performed. The visual
flowchart of the integration of soil analysis data into the modeling process is presented in
Figure 4. Finally, the Head Observation package (HOB) was used to monitor the perfor-
mance of the model with respect to the monitoring data of the pressure transducer. The
evaluation between the simulated hydraulic head under each modeling framework with
observations was conducted with Pearson’s correlation coefficient (r), the coefficient of
determination (R2), and root mean square error (RMSE) [81].
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3. Results–Discussion
3.1. Particle Soil Distribution Analysis

The distribution of soil texture within the experimental kiwifruit orchard can be
characterized homogeneous as emerges from the particle size distribution curves both for
top-soil (0–30 cm) and for sub-soil samples (Figure 6). Most of the particles between the soil
samples lie in the silt part of the graph, with a small percentage of sand and a substantial
clay content in each of them. The particle size experimental data are adequately fitted
by the Andersson model, which provides the capability to classify them according to the
USDA soil texture classification system.
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The majority of the samples collected from the experimental kiwifruit orchard from
both top-soil and sub-soil horizon are classified as silty-clay soils (Figure 7). Only sub-soil
sample 9 is characterized as silty-clay-loam, indicating that soil texture distribution within
the field does not vary significantly. The soil texture classification of the experimental field
as silty clay indicates that fine-textured soils are predominant within the field, affecting sev-
eral hydrological processes, such as infiltration, drainage, and root water uptake. However,
in agricultural soils with a substantial percentage of clay content, several structural pores
are formed from environmental conditions, soil mineral composition, root distribution, bio-
logical activity in soil, and hydrological and climatic conditions [82,83]. For those reasons,
apart from soil texture analysis, experiments which consider the effect of soil structure in
the soil hydrological process should be conducted in the unsaturated zone for its efficient
hydrologic description.
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3.2. Field Infiltration Rates Modeling—Ksat Estimation

Double-ring and single-ring infiltration experiments conducted within the area of
the experimental kiwifruit orchard could potentially reveal soil structural phenomena in
respect to which Ksat [L/T] is changing. The infiltration rates from both double-ring and
single-ring experiments were modeled from the two-term Philip equation and Kostiakov
equation, revealing that the experimental data are adequately described from both models
(Figures 8 and 9). The infiltration rates were spatially varying in the experimental kiwifruit
orchard, indicating that, although soil texture distribution is considered homogeneous,
several aforementioned parameters influence the pore size and distribution within the
soil matrix.

Ksat [L/T] was calculated through a recently proposed equation [43], in which Ksat
[L/T] is correlated with Kostiakov’s parameters derived either from the parameters of
Philip’s two-term equation with physical meaning [64] or from the regression of exper-
imental data with the Kostiakov model. The values of the Kostiakov parameters based
on each distinct calculation method do not significantly differ in double- and single-ring
experiments (Tables 2 and 3). The values of Kostiakov’s parameters derived through
Philip’s parameters with physical meaning tend to be slightly lower than the parameters
derived from the regression of the Kostiakov model in the cumulative infiltration data
(Figures 8 and 9). According to this observation, Ksat [m/day] estimation is overestimated
using the Kostiakov regression parameters, in comparison with the Kostiakov parameters
calculated from Philip’s two-term equation, suggesting that Ksat [m/day] calculation based
on parameters with physical meaning corresponds to the literature boundaries of Ksat for
fine-textured soils.
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Figure 8. Double-ring cumulative infiltration rates modeled from Philip’s two-term equation and
Kostiakov’s equation in each location of the experiment.

Table 2. Kostiakov parameters (m, n) based on different methods of calculation and Ksat (m/day)
estimation for each set of parameters in respect of double-ring experiments.

Infiltration
Points m (Kostiakov) n (Kostiakov) m * n * Ksat * (m/day) Ksat * (Kostiakov

Parameters) (m/day)

DR1 14.040 0.728 14.004 0.576 6.374 21.035
DR2 12.415 0.827 12.205 0.625 9.417 17.489
DR3 14.284 0.573 17.087 0.495 6.236 15.632
DR4 28.032 0.585 29.470 0.517 3.021 14.437
DR5 26.960 0.752 24.224 0.610 16.237 44.61
DR6 34.861 0.599 37.235 0.520 4.369 21.064
DR7 1.784 0.980 1.01 0.906 2.937 6.4156

Note: * modified Philip–Kostiakov equation.
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estimated from single-ring experiments. The outcomes of this investigation are consistent 

Figure 9. Single-ring cumulative infiltration rates modeled from Philip’s two-term equation and
Kostiakov’s equation in each location of the experiment.

Table 3. Kostiakov parameters (m, n) based on different methods of calculation and Ksat (m/day)
estimation for each set of parameters in respect of single-ring experiments.

Infiltration Points m (Kostiakov) n (Kostiakov) m * n * Ksat * (m/day) Ksat (Kostiakov)
(m/day)

SR1 11.163 0.699 10.198 0.584 5.144 14.180
SR2 16.295 0.630 16.107 0.541 3.896 13.025
SR3 10.264 0.739 9.256 0.604 5.854 16.003
SR4 4.177 0.753 4.214 0.584 2.146 6.940
SR5 11.160 0.580 11.454 0.518 1.255 5.388
SR6 2.153 0.791 2.138 0.605 1.374 4.2065
SR7 15.013 0.728 12.615 0.620 9.295 22.201
SR8 17.291 0.510 18.225 0.497 0.258 1.001
SR9 0.585 0.972 0.305 0.929 0.951 2.056

SR10 5.297 0.858 4.105 0.705 5.394 13.205
SR11 2.027 0.828 1.803 0.648 1.661 4.553
SR12 0.377 0.819 0.316 0.659 0.314 8.189
SR13 17.795 0.689 16.307 0.580 7.897 21.415
SR14 2.086 0.912 1.398 0.786 2.67 6.171
SR15 4.17 0.753 4.21 0.584 2.146 6.94

Note: * modified Philip–Kostiakov equation.



Water 2024, 16, 3297 15 of 21

The results of Ksat [m/day] estimation in double- and single-ring experiments indi-
cated that Ksat derived from double-ring experiments tends to be slightly higher than that
estimated from single-ring experiments. The outcomes of this investigation are consistent
with those of previous studies [41], stating that the modification of single-ring infiltration
rates taking into consideration the lateral spread of infiltration around the ring could
produce more representative results for each investigated soil. Double-ring infiltration
experiments are employed to mitigate the effects of lateral flow in infiltration experiments;
however, it has been noted that the double-ring infiltrometer can be significantly affected
by flow divergence and lateral gradients [38].

The outcomes of Ksat [m/day] estimation based on the modified Philip–Kostiakov
equation, using Kostiakovs’ parameters derived from Philip’s two-term equation parame-
ters, were interpolated to define the spatial distribution (0.2–16 m/day) in the experimental
kiwifruit orchard. The spatial distribution of Ksat [m/day] in the field reveals distinct
infiltration zones based on which zones were developed to simulate unsaturated zone flow
(Figure 10).
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3.3. Coupled Unsaturated Zone Flow and Groundwater Flow Modeling

The outcomes of soil experiments (soil texture analysis and infiltration experiments)
were used to infer the hydraulic parameters of unsaturated zone flow models (UZF package
and HYDRUS code) and the atmospheric boundary conditions were retrieved from the
meteorological data. Each unsaturated zone simulation framework produced distinct
infiltration fluxes for the modeling period, which were integrated in MODFLOW-2005
groundwater model to evaluate the evolution groundwater pressure head under each
modeling method.

By comparing the simulated hydraulic head emerging from groundwater modeling to
the observed values, the conclusion arises that the simulated hydraulic head under each
unsaturated zone flow modeling framework is adequately correlated with the observed
data of the monitoring well in the experimental kiwifruit orchards. Groundwater level
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fluctuations over the wet period, influenced by the precipitation events, and over the
dry period, influenced by pumping, were simulated to an acceptable degree (Figure 11).
According to the statistics that are presented in Table 4, the results suggested an acceptable
agreement between measured and simulated hydraulic heads. More specifically, r suggests
a linearity between observed and simulated values (r = 0.8 − 0.0803), considering a perfect
linearity equal to 1. An R2 ranging from 0.64 to 0.645 is also considered acceptable (greater
than 0.5 according to [84]) while small values of RMSE (0.186–0.187 m) indicate a good fit
of the simulated to the observed values.
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Table 4. Statistical evaluation between distinct unsaturated zone modeling frameworks coupled with
MODFLOW.

HYDRUS UZF [18] UZF [74]

r 0.8 0.803 0.803
R2 0.64 0.644 0.645

RMSE (m) 0.186 0.187 0.187

Although the statistical evaluation of the three models suggested similar performance,
groundwater level fluctuation and volumetric budget at the end of each simulation in-
dicated several differences between the three methods. Groundwater level fluctuation
showed no significant differences between the two UZF approaches, while the HYDRUS
model shows higher hydraulic values throughout the simulation. This outcome can also be
derived by comparing the cumulative volumetric budget of each simulation presented in
the following table (Table 5).

Table 5. Groundwater modeling budget at the end of the modeling period.

MODFLOW-HYDRUS MODFLOW-UZF [74] MODFLOW-Toth [18]

Storage 52,347.12 59,834.629 59,806.2
Head-Dependent Boundaries 187,056.5 242,706.64 243,091

Recharge 93,745.68 55,290.02 55,653.539
Storage −70,883.4 −81,906.875 −82,208.6

Pumping wells −98,831.2 −98,831.156 −98,831.156
Drains −8793.86 −6427.26 −6442.2241

Head-Dependent Boundaries −154,587 −123,056.6 −122,715
Evapotranspiration - −48,068.3 −48,020.484

Taking into consideration the groundwater inflow–outflow budget at the end of the
simulation period, a significant discrepancy between each unsaturated zone modeling
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framework in recharge inflows in the aquifer can be noticed. The groundwater simulation
within the area of the experimental kiwifruit orchard using HYDRUS generated greater
infiltration fluxes in the aquifer than the groundwater simulation with either of the UZF
frameworks. This outcome can be attributed to the root water uptake modeling function
of HYDRUS, which takes into consideration the crop root growth development stage and
retrieves water according to the specific crop pattern and the soil water potential status. On
the contrary, UZF implements evapotranspiration rates within a specified depth (EXTDP) in
accordance with root growth development, resulting in overestimating evapotranspiration
rates in the root zone. Furthermore, the gravity-driven unsaturated zone flow established
by UZF cannot capture the flow from capillary phenomena which regulate upward and
downward flow in the unsaturated zone, especially in aquifers with shallow groundwater
tables [29].

Although both models’ performance was adequate and produced similar results,
the HYDRUS model produced slightly better statistics and could provide a more reli-
able groundwater model for water level prediction, especially in an era when precision
agriculture seems to be the future of agricultural water management.

To the best of our knowledge, this is one of the very few studies on conjunctive
unsaturated zone and groundwater flow modeling with both the HYDRUS code and
the UZF package, and this is the first research that incorporated field and laboratory
measurements of the unsaturated zone in groundwater modeling. Our model results
are in accordance with the research of [85], who also supported that the HYDRUS code
produced slightly better results that the MODFLOW UZF package in terms of groundwater
hydraulic heads.

4. Conclusions

In conclusion, this study has demonstrated the quantification of groundwater recharge
under distinct unsaturated zone modeling frameworks in agricultural fields, with special
reference to an experimental kiwifruit orchard. A thorough soil investigation was con-
ducted in the field to identify the distribution of soil texture and infiltration within the area
of the field. While soil texture can be homogeneous across soil horizons in agricultural
fields, infiltration rates vary within the field since they are influenced by soil structure.
In this study, double- and single-ring infiltration experiments were employed to quan-
tify infiltration rates and estimate Ksat through a modeling process. The results of our
research are in agreement with previous studies and showcase that modified single-ring
infiltration rates, taking into consideration the divergence of flow, yield more reason-
able values than double-ring infiltration rates for fine-textured soils. As for double-ring
infiltrometers, there is no robust method for the elimination of lateral flow during the
experiment; modified single-ring infiltration rates, removing the error of divergence of the
measured infiltration, can yield representative infiltration rates without time-consuming
and water-demanding experiments.

Both HYDRUS and UZF modeling frameworks produce satisfactory results when
comparing observed and simulated hydraulic heads, and can serve as valuable tools for
computing infiltration fluxes to the water table. The major difference between the two
models lies in the implementation of root uptake and the capillary effect modeling of
the HYDRUS code, phenomena that are neglected during UZF simulations, resulting in
under-estimating groundwater recharge by UZF. More specifically, the HYDRUS code
calculated a volume of groundwater recharge approximately 40% higher than the volume
calculated with the UZF package. The gravity-driven modeling of unsaturated zone flow
cannot capture every single hydrological process in shallow groundwater tables, where
capillary flow is dominant.

The proposed framework points toward the efficient integration of field experimen-
tal data in subsurface modeling, choosing the most compatible experimental method
and modeling framework for specific soil classification types. Furthermore, new insights
are presented for the quantification of groundwater recharge in agricultural areas, using
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groundwater hydraulic head as an evaluation parameter through groundwater flow model-
ing, which is the only scientifically acclaimed way to determine groundwater fluctuations.
While comprehensive evaluations of the coupling process between unsaturated zone flow
models and groundwater flow models have been conducted in previous studies, this re-
search paper contributes to the advanced understanding of the effects of governing flow
equation solutions of UZF and HYDRUS in groundwater recharge.

The evaluation of distinct modeling frameworks within an agricultural field character-
ized by specific soil, hydrological, and hydrogeological properties facilitates the efficient
selection of subsurface modeling schemes in future research. By understanding each
framework, researchers can make more informed decisions on which approaches are most
suitable for capturing subsurface dynamics in an agricultural field and optimizing water
resource management.
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33. Šimůnek, J.; Brunetti, G.; Jacques, D.; van Genuchten, M.T.; Šejna, M. Developments and Applications of the HYDRUS Computer
Software Packages since 2016. Vadose Zone J. 2024, 23, e20310. [CrossRef]

34. Celia, M.A.; Bouloutas, E.T.; Zarba, R.L. A General Mass-Conservative Numerical Solution for the Unsaturated Flow Equation.
Water Resour. Res. 1990, 26, 1483–1496. [CrossRef]

35. Collenteur, R.; Vremec, M.; Brunetti, G. Interfacing FORTAN Code with Python: An Example for the Hydrus-1D Model. In
Proceedings of the EGU General Assembly 2020, Online, 4–8 May 2020.

36. Zhang, X.; Wendroth, O.; Matocha, C.; Zhu, J.; Reyes, J. Assessing Field-Scale Variability of Soil Hydraulic Conductivity at and
near Saturation. CATENA 2020, 187, 104335. [CrossRef]

37. Mason, D.D.; Lutz, J.F.; Petersen, R.G. Hydraulic Conductivity as Related to Certain Soil Properties in a Number of Great Soil
Groups—Sampling Errors Involved. Soil Sci. Soc. Am. J. 1957, 21, 554–560. [CrossRef]
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