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Abstract: Wetting pattern geometry is useful in determining the spacing between emitters and the
irrigation time in drip irrigation systems. This research aimed to generate an empirical model to
estimate the width and depth of the wetting front in surface drip irrigation based on experimental
tests in a cube-shaped container with transparent walls in soils with a sandy clay loam texture, with
hydraulic conductivities from 2.316 to 3.945 cm h−1, and organic matter contents from 1.7 to 2.8%, and
different irrigation conditions: discharge rates of 1.44, 2.90, 3.00, 3.75, and 4.00 L h−1, initial moisture
levels between permanent wilting point and field capacity, and irrigation times from 0.58 to 9.50 h.
The experimental conditions and the strategy for measuring the wetting front and soil moisture
are detailed so the experiment is verifiable. The proposed model performed better than five other
empirical models, with average values of 3 cm for the root mean square error and 0.88 for the Nash
and Sutcliffe efficiency coefficient. The generated model is efficient and simple and can be a very
useful tool for the design and operation of surface drip irrigation systems in soils with conditions
similar to those of this study.

Keywords: wetted bulb; wetting front; irrigation modeling; irrigation operation; water in soil

1. Introduction

Due to the high consumption of water available for agriculture, the low efficiency of
its use worldwide, and strong competition for this resource by different sectors, agriculture
is being called on to optimize food production by using less water without degrading soil
and water resources [1]. Drip irrigation technology can help meet this challenge by pro-
viding growers greater control over the application of water, fertilizers, and pesticides [2].
Realizing the potential offered by drip irrigation technology requires optimizing its design
and operational aspects, such as the frequency and duration of irrigation, emitter spacing,
and emitter discharge rates [1].

The drip irrigation application technique is currently used in many parts of the
world [3]. With this technique water is conveyed to the plant and delivered in an area-
specific manner to the soil with low-pressure emitters, minimizing conduction losses and
eliminating surface runoff losses with the potential to minimize losses due to deep percola-
tion and evaporation [4,5]. The objective of this form of irrigation application is to supply
water to a limited soil volume in the active root uptake zone, improving nutrient utilization
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and the effectiveness of pest and disease control [6]. Exploiting the advantages offered by
this form of irrigation application requires knowledge and experiences different from those
required in other forms of irrigation application that, when not considered, can generate
irrigation systems with poor design and operation [7].

In recent years, great strides have been made in the design, technology, and operation
of drip irrigation systems, largely due to a better understanding of water movement in the
soil [8]. One important aspect to consider in the design and operation of drip irrigation is
the geometry of the wetting pattern in the soil [9] since with this information the optimal
spacing between emitters to cover the plant’s root system can be determined [10].

With knowledge of the wetting front geometry of the water in the soil, the emitter or
emitters can be properly located so that the plant can consume water and nutrients effi-
ciently, with lower costs for cultural work and higher income from increased yield [2,6,11].
Practically, for the design and operation of surface drip irrigation, the geometry of the
wetting front can be defined by its width at the soil surface and its depth [12,13].

The water distribution of the wetting pattern generated by an emitter can be obtained
by three means: through measurements in in situ experiments, with measurements in phys-
ical experimental models in the laboratory, and with the use of mathematical models [10].
Mathematical models can be classified into three main groups: numerical, analytical, and
empirical [14–17]. In all mathematical models, it is essential to evaluate them in order to
know their scope and limitations.

The most complex mathematical models are those based on the Richards equation, re-
sulting from the application of the principle of conservation of mass in a partially saturated
soil volume [3,14]. The high nonlinearity of this equation prevents its analytical solution,
so numerical methods are used instead. Its solution requires the definition of starting
conditions, boundary conditions, and detailed meteorological, soil, and crop information,
and considerable computational power, which may limit its practical application [2,18–21].
Analytical models are usually derived from the Richards equation, applying simplifying
assumptions such as the Green and Ampt equation [22]; whereas empirical models benefit
from their simplicity, having parameters that are more understandable to irrigation techni-
cians and that are usually easy to obtain, making them more convenient to be used in field
applications [6,21,23].

In recent decades, several empirical models have been proposed to estimate the
geometry of the wetting front (width and depth) of drip-irrigated soil. Most of them
were generated from data collected in situ (in the field) with different experimental
conditions [6,10,12,13,24]. The effectiveness of these models is reduced when they are
used in soils other than those in which they were developed [16], so researchers should
specify the conditions of their validity. Another limitation of these models is that they were
generated considering a single value or a reduced range of soil moisture prior to irrigation,
ignoring that in reality water is applied in different initial moisture conditions since long-
duration sowing irrigations are applied where soils are usually dry; later short-duration
and frequent irrigations cover the evapotranspiration demand of the crop for short periods
seeking high moisture close to field capacity before and after irrigation.

If the proper equipment is not available to avoid digging in the soil at observation
sites in field irrigation experiments, there may be some disadvantages: (1) disturbance of
soil physical conditions and water dynamics, (2) difficulty in identifying the wetting front if
the initial moisture condition is high, and (3) observations are limited to only one irrigation
time. Temporal monitoring of the wetted front requires a different sampling site for each
observation time since using the excavated site for the first observation time in subsequent
temporal observations would risk modifying the dynamics of water movement in the soil
because the soil face for observation and measurement would be directly exposed to the
environment. These methodological details, for observations of the advance of the wetting
front, are not indicated or are not specified in many studies.

Due to the previously mentioned drawbacks and the advancement of soil moisture
measurement technologies, some researchers have conducted drip irrigation experiments
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in controlled environments. They obtained satisfactory results from physical models
with transparent walls where they were able to observe the wetting patterns of a point
source irrigation system in real time and without physically disturbing the soil during the
measurements [8,14,16,25,26]. However, some factors were ignored, such as evaporation
from the soil surface and the presence of aggregates greater than 2 mm in diameter in
agricultural soils, creating conditions different from those presented in the field, limiting
the applicability of the information generated under standard irrigation conditions.

The previously mentioned background of field and laboratory studies shows limita-
tions in their scope since several of them offer few methodological details of the experiments,
such as: they only partially describe the characteristics of the soils and in some cases the
procedures for their determination are not indicated, the irrigation conditions are not
clarified, and the way of measuring the water content in the soil and the wetting front is not
precisely explained. In addition, the mathematical models reported by some researchers
were generated with information taken from different researchers and studies [6,13,24]
without relying on their own information, which can lead to erroneous conclusions due to
an incorrect interpretation of their results and the methodologies used to obtain them. For
this reason, this research explores the possibility of obtaining a mathematical model that
improves the estimates of the soil wetting front in drip irrigation, based on experimental
information obtained with a common and careful methodological strategy, in soils with
different physical characteristics and subjected to different irrigation conditions.

Therefore, the objective of this research was to generate an improved empirical math-
ematical model to estimate the horizontal (width) and vertical (depth) dimension of the
wetting front in soils under surface drip irrigation by representing field irrigation condi-
tions in a transparent crystal acrylic cube-shaped container and detailing the conditions
of the experiment and the measurement strategy of the parameters involved so that the
experiment is replicable and verifiable. This study was carried out under the hypothesis
that it is possible to improve the existing estimates of the temporal evolution of the ge-
ometry of the soil wetting front with an empirical mathematical model that considers the
physical properties of the soil and the characteristics of the irrigation, rigorously executing
the designed methodology. The performance of the proposed model was evaluated and
compared with other empirical models, proving to be more accurate.

2. Materials and Methods
2.1. Experimental Site

The experiments were conducted at the Irrigation and Drainage Laboratory of the
Soil Science Department of Chapingo Autonomous University (UACh), located in Texcoco,
State of Mexico.

2.2. Characteristics of the Experimental Soils

The soils were obtained from the experimental agricultural fields at UACh’s main
campus. Soil samples were air-dried inside a plastic greenhouse and passed through a
6 mm sieve. A sieve with a larger aperture than the one used by Ainechee et al. [8] and
Al-Ogaidi et al. [26] was employed in order to achieve conditions similar to those found in
the field after lying fallow; in real conditions it is very difficult to find an agricultural soil
that does not contain aggregates larger than 2 mm in diameter [27,28].

Table 1 shows the physical properties of the soils used in the experiment. Their
texture is sandy clay loam according to the United States Department of Agriculture Soil
Conservation Service (US-SCS) classification [29]. The difference in organic matter (OM)
content in soils 3 and 4 was generated by the application of corn crop residues in soil 2. Soil
bulk density (Pb) was determined with the paraffin-coated clod method, moisture content
at field capacity (θCC) was obtained with the pressure cooker method, moisture content at
permanent wilting point (θPMP) was obtained with the pressure membrane method, and
percent organic matter (OM) was measured with the Walkley and Black method.
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Table 1. Physical properties of the study soils.

Soil Sand
(%)

Silt
(%)

Clay
(%)

Pb
(g cm−3)

θCC
(cm3 cm−3)

θPMP
(cm3 cm−3)

OM
(%)

1 57.50 22.00 20.50 1.23 0.26 0.14 1.70
2 57.50 22.00 20.50 1.38 0.23 0.13 1.70
3 60.50 18.50 21.00 1.34 0.22 0.13 2.60
4 61.50 18.00 20.50 1.31 0.23 0.14 2.80

The hydraulic parameters of the soils used in this study were obtained according to
Cruz-Bautista et al. [10] and Kandelous and Šimůnek [14]. They were estimated with the
ROSETTA version 1.2 software package [30]. ROSETTA is based on pedo-transfer functions
to estimate soil hydraulic parameters from soil physical properties and van Genuchten [31]
and Mualem [32] constitutive relations. With the percentages of sand, silt and clay, bulk
density, and soil water contents for suction pressures of 33 and 1500 kPa, the residual and
saturation moisture contents (θr, θs), inverse soil air-entry pressure ratio (α), pore size
distribution (n), and saturated hydraulic conductivity (Ks) were obtained (Table 2).

Table 2. Hydraulic parameters of the experimental soils obtained with the ROSETTA version 1.2
software package [30].

Soil θr
(cm3 cm−3)

θs
(cm3 cm−3)

α

(cm−1) n Ks
(cm h−1)

1 0.052 0.469 0.026 1.316 3.241
2 0.058 0.428 0.036 1.333 2.316
3 0.065 0.444 0.045 1.363 3.834
4 0.065 0.454 0.044 1.344 3.945

2.3. Experimental System

The soil was placed in a 100 cm × 100 cm × 95 cm transparent crystal acrylic cube-
shaped container. The water was driven by a horizontal axis centrifugal pump with a
0.5 HP electric motor, and conducted to the emitter through a 38.1 mm nominal diameter
PVC main pipe and a 12 mm nominal diameter low-density polyethylene secondary pipe.
A return system and a pressure gauge were installed at the pump discharge to maintain
the emitter operating pressure (0.703 kg cm−2) (Figure 1).

Figure 1. Experimental system.

The cube-shaped container was filled with soil in 5 cm layers with bulk densities
corresponding to the experimental soils shown in Table 1. Holes were drilled in the bottom
of the bucket to prevent water stagnation. To prevent preferential flow on the side walls a
layer of sand was adhered to them to create a flow surface prior to filling with soil.
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The emitter was installed on the soil surface in the center of the cube-shaped container,
10 cm from one of the vertical walls where the evolution of the wetting front geometry was
observed (Figure 2). In order to determine soil moisture at the beginning and at the end of
irrigation, 16 model S-SMC-M005 moisture sensors (Onset HOBO® corporation), with an
error of 3%, were installed under the emitter in a 4 by 4 grid on a vertical plane transversal
to the observation wall. With this arrangement, the behavior of half of the wetted front
was observed and it was assumed that the same occurred in the other half, approaching
it mathematically as an asymmetric axis problem [14]; in effect, the wetting front showed
that type of behavior in preliminary tests (Figure 2).

Figure 2. Observation wall of the wetting front.

Two spacings between soil moisture sensors were used in the installed grid. One of
8 cm horizontal by 8 cm vertical was used to monitor short-duration irrigations and one of
15 cm by 20 cm was used for moderate- and long-duration irrigations (Figure 1).

Before being installed in the experimental module, the soil moisture sensors were
individually calibrated with the soils subjected to the experimental trials, following the
procedure recommended by the manufacturer and described by Starr and Paltineanu [33].
After filling the cube-shaped container with soil and installing the sensors, the soil was left
to settle for at least 24 h before the first irrigation to allow equilibrium in the moisture distri-
bution, applying irrigation when the differences in the volumetric moisture measurements
between sensors were less than 0.015 cm3 cm−3.

2.4. Experimental Trials

Two blocks of experiments were carried out based on the magnitude of the irrigation
time. Both blocks of the experiment were carried out in a 13-month period. The first
experimental block consisted of moderate- and long-duration irrigations (t) with discharge
rates (q) of 2.90, 3.75 and 1.44 L per hour (L h−1); the long irrigations were used to try
to represent the sowing irrigations in an initially dry soil, with an initial moisture (θi)
close to permanent wilting point (0.13 to 0.14), while the moderate-duration irrigations
were applied with an initial soil moisture close to field capacity (0.22 to 0.26), representing
the supply of the daily evapotranspiration demand (Table 3). The second experimental
irrigation block consisted of applying short-duration irrigations with 3.00 and 4.00 L h−1

drippers in soils with an initial moisture content close to the permanent wilting point,
simulating the short-period supply of the evapotranspiration demand of crops in early
vegetative stages where the root system occupies a reduced volume of soil (Table 4). In
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both irrigation blocks, a final moisture content between field capacity and saturation was
guaranteed, a situation commonly carried out by farmers. In Tables 3 and 4 the symbol θf
represents the average soil moisture content at the end of irrigation.

Table 3. Characteristics of the moderate- and long-duration irrigations of the first experimental block.

Irrigation
Trial

Irrigation
Duration Soil q

(L h−1)
θi

(cm3 cm−3)
θf

(cm3 cm−3)
t

(h)

1A Long 1 2.90 0.07 0.42 9.50
2A Moderate 1 2.90 0.23 0.41 3.00
3A Moderate 1 3.75 0.24 0.40 2.00
4A Long 1 1.44 0.14 0.41 8.00

Table 4. Characteristics of the short-duration irrigations of the second experimental block.

Irrigation Trial Soil q
(L h−1)

θi
(cm3 cm−3)

θf
(cm3 cm−3)

t
(h)

1B 2 4.00 0.09 0.39 0.58
2B 2 3.00 0.13 0.35 0.58
3B 3 4.00 0.10 0.42 0.58
4B 3 3.00 0.09 0.39 0.58
5B 4 4.00 0.13 0.45 0.58
6B 4 3.00 0.07 0.43 0.58

The position of the wetting front was drawn on the observation wall of the cube-
shaped container (Figure 3). In the moderate- and long-duration irrigations of the first
experimental block, it was performed every 5 min at the beginning of the irrigation, then
every 15 min in the intermediate part and finally every 30 min in the final part. In the short-
duration irrigations, corresponding to the second block, it was drawn at 5-min intervals. In
the irrigations of the first block, the geometry of the wetting front was obtained from the
start of irrigation until 12, 36, and 60 h after the end of each irrigation. From these records,
the depth and width of the wetting front were determined.

Figure 3. Marking of the wetting front on the observation wall of the soil container.

2.5. Soil Drying after Irrigations

Nafchi et al. [25] stated that evaporation from the soil surface can be ignored in
laboratory experiments. However, to minimize the differences between an enclosed site
and those presented in the field in an open site, a heat lamp and a fan were installed in
this work to simulate the heat generated by radiation and air currents. The fan and the
lamp were turned on 60 h after the end of the moderate- and long-duration irrigations (first
experimental block of irrigations). The moisture content at the soil surface was monitored at
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a depth of 3.8 cm with a Fieldscout TDR 300 soil moisture meter (Spectrum Technologies®,
Bridgend, UK), whose error is 3%.

2.6. Proposed Empirical Model

An empirical model was proposed to estimate the vertical (depth) and horizontal
(width) dimensions of the wetting front, considering the experiences of Schwartzman
and Zur [24], Amin and Ekhmaj [6], Malek and Peters [12], Al-Ogaidi et al. [13] and
Cruz-Bautista et al. [10]. Organic matter content was also considered since it has been
observed that an increase in it produces a soil with higher water-holding capacity and
conductivity, largely as a result of its influence on soil aggregation and associated pore space
distribution [34]. The proposed model is composed of the following nonlinear equations:

d = q0.2975Ks
3.1679t0.3490θi

0.0903Pb
7.1565OM−2.8332 (1)

z = q0.2858Ks
1.0710t0.4786θi

0.2771Pb
8.5567OM−0.3984 (2)

where d is the horizontal dimension of the wetting front (cm) at the soil surface, z is the
vertical dimension of the wetting front (cm), q is the emitter discharge rate (L h−1), Ks is
the saturated hydraulic conductivity (cm h−1), t is the irrigation time (h), θi is the initial
volumetric moisture content (cm3 cm−3), Pb is the soil bulk density (g cm−3), and OM is
the percent organic matter (%).

2.7. Evaluated Models

The model proposed in this research was compared with the models of Schwartzman
and Zur [24], Amin and Ekhmaj [6], Malek and Peters [12], Al-Ogaidi et al. [13], and
Cruz-Bautista et al. [10].

The Schwartzman and Zur [24] model is a semi-empirical model; the result of a dimen-
sional analysis and experimental observations reported by Bresler [35] for two soil types
and two emitter discharge rates. The Amin and Ekhmaj [6] model is an empirical model
obtained from four data sets of experimental observations published by Taghavi et al. [36],
Angelakis et al. [37], Hammami et al. [9], and Li et al. [38]. The empirical model of Malek and
Peters [12] was generated with experimental field data with a single soil type, three emitter
discharge rates, and a single initial moisture content. The model of Al-Ogaidi et al. [13]
was obtained from five experimental data sets; they corresponded to the four sets used in
the generation of the model of Amin and Ekhmaj [6] and the observations of Li et al. [39].
Cruz-Bautista et al. [10] obtained their model with experimental field data in three soil
types and three emitter discharge rates, but with a small range of initial moisture values.

The mathematical expressions of the comparison models are as follows.
Schwartzman and Zur (1986) [24]:

d = 27.286(V)0.22
(

Ks

q

)−0.17
(3)

z = 9.227(V)0.63
(

Ks

q

)0.45
(4)

Amin and Ekhmaj (2006) [6]:

d = 12.544∆θ−0.5626V0.2686q−0.0028Ks
−0.0344 (5)

z = 6.194∆θ−0.383V0.365q−0.101Ks
0.195 (6)

Malek and Peters (2011) [12]:

d = q0.543Ks
0.772t0.419∆θ−0.687Pb

0.305 (7)

z = q0.398Ks
0.208t0.476∆θ−1.253Pb

0.445 (8)
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Al-Ogaidi et al. (2015) [13]:

d = 40.489q0.2717t0.2562Ks
−0.2435θi

0.1122Pb
2.0770S−0.1082Si0.0852C−0.1540 (9)

z = 2.266q0.3249t0.3902Ks
0.0010θi

0.0520Pb
6.1919S−0.0928Si0.2574C−0.2162 (10)

Cruz-Bautista et al. (2016) [10]:

d = 9.985V0.353Ks
−0.110θi

−0.387 (11)

z = 331.524V0.458q−0.152θi
0.386θr

0.349Si−0.421 (12)

where d, z, q, Ks, t, θi, and Pb mean the same as in Equations (1) and (2); V is the total
volume of water applied (l); ∆θ is the average change in water content due to irrigation
(cm3 cm−3) which is obtained as ∆θ = θs/2, where θs is the water content at saturation; S is
the percentage of sand (%); Si is the percentage of silt (%); C is the percentage of clay (%)
and θr is the residual soil moisture content (cm3 cm−3).

Table 5 shows the validity ranges of the evaluated models, according to the limits of
the experimental data used for their generation.

Table 5. Validity ranges of the evaluated models.

Model Soil Texture q
(L h−1)

Ks
(cm h−1)

θs
(cm3 cm−3)

Pb
(g cm−3)

θi
(cm3 cm−3)

θr
(cm3 cm−3) MO (%)

Schwartzman and
Zur (1986) [24] Silt and sandy loam. 4.16–20.06 0.84–8.4 1 N.S. N.S. N.S. N.S N.S.

Amin and Ekhmaj
(2006) [6]

Silt, loam, sand, and
clay loam. 0.60–12.30 0.85–5.80 0.45–0.58 1.28–1.46 0.03–0.27 N.S. N.S.

Malek and Peters
(2011) [12] Clay loam. 2.00–6.00 3.66 N.S. 1.48 0.22 N.S. N.S.

Al-Ogaidi et al.
(2015) [13]

Sand, silt, loam, and
clay loam. 0.50–12.30 0.85–5.80 0.42–0.58 1.28–1.46 0.03–0.27 N.S. N.S.

Cruz-Bautista et al.
(2016) [10]

Sandy loam, clay
loam, and silt loam. 2.00–8.00 2.05–3.28 0.39–0.51 1.18–1.51 0.05–0.11 0.04–0.08 N.S.

Proposed model Sandy clay loam. 1.44–4.00 2.32–3.95 0.43–0.47 1.23–1.38 0.07–0.24 0.05–0.06 1.70–2.80

1 N.S.: range not specified by the authors.

2.8. Evaluation of the Models

The evaluation of the predictive capabilities of the models was performed with the
mean error (ME), root mean square error (RMSE), and the Nash and Sutcliffe efficiency
(NSE) [40,41]:

ME =
1
N

[
∑N

i=1(Pi − Oi)
]

(13)

RMSE =

[
1
N ∑N

i=1(Pi − Oi)
2
]1/2

(14)

NSE = 1 − ∑N
i=1(Pi − Oi)

2

∑N
i=1
(
Oi − O

)2 (15)

where N is the total number of data, Pi corresponds to the i-th estimated data, Oi is the i-th
observed data, and O is the mean of the observed data.

As the ME and RMSE values approach zero, the model becomes better at estimating,
with the value of zero being the optimum [40]. To score the models based on the NSE
values, the Ritter and Muñoz-Carpena [42] criteria were used: unsatisfactory (NSE < 0.65),
acceptable (0.65 ≤ NSE < 0.80), good (0.80 ≤ NSE < 0.90), and very good (NSE > 0.90).

A sensitivity analysis of the proposed models was performed with the aim of identi-
fying the effect of the input parameters on the width and depth of the wetting front. For
this, simulations of the model responses were performed with modifications to the input
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parameter values of −30%, −20%, −10%, +10%, +20%, and +30%, similar to what was
performed by Bolaños-Sánchez et al. [43].

3. Results
3.1. Wetting Patterns Geometry

Figures 4 and 5 show the temporal evolution of the wetting front of the irrigations of
the first and second irrigation blocks, respectively. The lines labeled A, B, and C of Figure 4
represent the advance front for 12, 36, and 60 h, respectively, after the end of irrigation.

Figure 4. Geometry of the wetting front as a function of irrigation time in the first irrigation block.
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Figure 5. Geometry of the wetting front as a function of irrigation time in the second irrigation block.

3.2. Model Performance

Tables 6–8 show the statistical indicators ME, RMSE, and the efficiency indices (NSE)
for the width (d) and depth of the wetting front (z) of the mathematical models evaluated.
Figures 6–9 show the observed and estimated behaviors of the width and depth of the
wetting front of the mathematical models evaluated.
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Table 6. Statistical indicators of the empirical models for the first irrigation block for the width (d)
and depth of the wetting front (z).

Irrigation Trial Model

Statistical Indicators

ME (cm) RMSE (cm) NSE

d z d z d z

1A

Schwartzman and Zur (1986) [24] −14.78 22.23 17.63 25.67 0.32 −6.05
Amin and Ekhmaj (2006) [6] −9.14 7.84 11.17 8.07 0.73 0.30
Malek and Peters (2011) [12] −8.74 88.40 9.23 96.69 0.81 −99.08
Al-Ogaidi et al. (2015) [13] −25.04 −6.59 27.60 8.19 −0.66 0.28

Cruz-Bautista et al. (2016) [10] −3.63 7.77 4.26 8.11 0.96 0.30
Proposed model 7.01 −0.08 7.65 1.31 0.87 0.98

2A

Schwartzman and Zur (1986) [24] −22.92 7.50 24.79 8.17 −0.73 −0.19
Amin and Ekhmaj (2006) [6] −19.94 3.74 21.37 4.25 −0.29 0.68
Malek and Peters (2011) [12] −42.86 −0.08 44.97 1.77 −4.70 0.94
Al-Ogaidi et al. (2015) [13] −28.59 −6.33 30.43 7.69 −1.61 −0.06

Cruz-Bautista et al. (2016) [10] −33.00 12.49 34.68 13.02 −2.39 −2.03
Proposed model −5.40 1.46 5.69 1.99 0.91 0.93

3A

Schwartzman and Zur (1986) [24] −9.48 1.97 12.46 2.66 0.42 0.85
Amin and Ekhmaj (2006) [6] −8.37 1.12 10.75 2.12 0.57 0.91
Malek and Peters (2011) [12] −30.96 −3.56 33.05 4.13 −3.11 0.64
Al-Ogaidi et al. (2015) [13] −16.38 −8.17 18.67 9.14 −0.31 −0.75

Cruz-Bautista et al. (2016) [10] −21.81 9.08 23.63 9.56 −1.10 −0.92
Proposed model 4.67 −1.41 5.10 2.01 0.90 0.91

4A

Schwartzman and Zur (1986) [24] −16.65 15.48 18.77 18.32 −0.18 −4.42
Amin and Ekhmaj (2006) [6] −9.23 2.33 10.74 2.49 0.62 0.90
Malek and Peters (2011) [12] −28.95 11.54 30.59 12.67 −2.12 −1.59
Al-Ogaidi et al. (2015) [13] −20.16 −9.56 22.05 10.43 −0.62 −0.75

Cruz-Bautista et al. (2016) [10] −17.66 8.58 18.82 9.36 −0.18 −0.41
Proposed model 6.28 −1.05 6.63 1.18 0.85 0.98

Table 7. Statistical indicators of the empirical models for the second irrigation block, with an emitter
discharge rate of 4 L h−1, for the width (d) and depth of the wetting front (z).

Irrigation Trial Model

Statistical Indicators

ME (cm) RMSE (cm) NSE

d z d z d Z

1B Schwartzman and Zur (1986) [24] 5.69 −4.94 6.09 5.29 0.53 0.04
Amin and Ekhmaj (2006) [6] 5.02 −1.52 5.45 1.71 0.62 0.90
Malek and Peters (2011) [12] −9.10 11.76 9.74 13.24 −0.20 −5.01
Al-Ogaidi et al. (2015) [13] 2.77 −2.21 2.99 2.42 0.89 0.80

Cruz-Bautista et al. (2016) [10] 0.05 −1.94 1.16 2.11 0.98 0.85
Proposed model 0.86 −0.33 1.58 0.85 0.97 0.98

3B Schwartzman and Zur (1986) [24] 4.44 −3.48 4.88 3.81 0.70 0.52
Amin and Ekhmaj (2006) [6] 5.01 −0.98 5.42 1.15 0.63 0.96
Malek and Peters (2011) [12] −3.77 10.16 4.13 11.56 0.78 −3.45
Al-Ogaidi et al. (2015) [13] −0.55 −4.68 1.48 5.07 0.97 0.14

Cruz-Bautista et al. (2016) [10] −1.01 −0.59 1.40 1.05 0.98 0.96
Proposed model 6.58 1.21 7.27 1.93 0.33 0.88

5B Schwartzman and Zur (1986) [24] 3.42 −3.99 4.30 4.37 0.81 0.41
Amin and Ekhmaj (2006) [6] 3.77 −1.64 4.36 1.80 0.80 0.90
Malek and Peters (2011) [12] −7.16 3.16 7.92 4.00 0.34 0.51
Al-Ogaidi et al. (2015) [13] −1.94 −6.28 3.26 6.80 0.89 −0.42

Cruz-Bautista et al. (2016) [10] −3.81 0.19 4.50 1.21 0.79 0.96
Proposed model −0.47 −1.00 1.53 1.48 0.98 0.93
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Table 8. Statistical indicators of the empirical models for the second irrigation block, with an emitter
discharge rate of 3 L h−1, for the width (d) and depth of the wetting front (z).

Irrigation Trial Model

Statistical Indicators

ME (cm) RMSE (cm) NSE

d z d z d Z

2B Schwartzman and Zur (1986) [24] 4.31 −4.61 4.63 4.97 0.70 0.15
Amin and Ekhmaj (2006) [6] 4.56 −1.60 4.93 1.99 0.66 0.86
Malek and Peters (2011) [12] −11.55 2.55 12.45 2.91 −1.20 0.71
Al-Ogaidi et al. (2015) [13] 3.30 −2.25 3.56 2.61 0.82 0.77

Cruz-Bautista et al. (2016) [10] −2.88 −0.82 3.12 0.98 0.86 0.97
Proposed model 1.15 0.50 1.61 0.76 0.96 0.98

4B Schwartzman and Zur (1986) [24] 0.74 −1.61 1.14 2.15 0.98 0.76
Amin and Ekhmaj (2006) [6] 2.08 0.50 2.41 0.79 0.93 0.97
Malek and Peters (2011) [12] −5.46 14.87 5.91 16.77 0.56 −13.89
Al-Ogaidi et al. (2015) [13] −3.44 −3.12 3.79 3.35 0.82 0.41

Cruz-Bautista et al. (2016) [10] −2.74 0.02 3.09 0.98 0.88 0.95
Proposed model 2.94 1.86 3.72 2.56 0.82 0.65

6B Schwartzman and Zur (1986) [24] 0.23 −1.27 1.43 1.68 0.98 0.86
Amin and Ekhmaj (2006) [6] 1.36 0.69 1.69 0.79 0.97 0.97
Malek and Peters (2011) [12] −2.56 24.21 2.95 26.97 0.90 −35.64
Al-Ogaidi et al. (2015) [13] −5.28 −3.94 5.91 4.29 0.60 0.07

Cruz-Bautista et al. (2016) [10] −1.31 −0.60 1.64 0.76 0.97 0.97
Proposed model −3.89 −0.72 4.25 0.91 0.79 0.96

Figure 6. Temporal evolution of the width and depth of the wetting front of (a,b) irrigation 1A
(q = 2.90 L h−1 and θi = 0.07 cm3 cm−3) and (c,d) irrigation 2A (q = 2.90 L h−1 and
θi = 0.23 cm3 cm−3) [6,10,12,13,24].
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Figure 7. Temporal evolution of the width and depth of the wetting front of (a,b) irrigation 3A
(q = 3.75 L h−1 and θi = 0.24 cm3 cm−3) and (c,d) irrigation 4A (q = 1.44 L h−1 and
θi = 0.14 cm3 cm−3) [6,10,12,13,24].

Figure 8. Cont.
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Figure 8. Temporal evolution of the width and depth of the wetting front of (a,b) irrigation 1B
(q = 4.00 L h−1 and θi = 0.09 cm3 cm−3), (c,d) irrigation 3B (q = 4.00 L h−1 and θi = 0.10 cm3 cm−3),
and (e,f) irrigation 5B (q = 4.00 L h−1 and θi = 0.13 cm3 cm−3) [6,10,12,13,24].

Figure 9. Cont.
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Figure 9. Temporal evolution of the width and depth of the wetting front of (a,b) irrigation 2B
(q = 3.00 L h−1 and θi = 0.13 cm3 cm−3), (c,d) irrigation 4B (q = 3.00 L h−1 and θi = 0.09 cm3 cm−3),
and (e,f) irrigation 6B (q = 3.00 L h−1 and θi = 0.07 cm3 cm−3) [6,10,12,13,24].

3.3. Effect of Input Parameters on Model Response

Figure 10 shows the sensitivity of the response of the proposed model to the input
parameters.

Figure 10. Effect of input parameters on the response of the proposed models for (a) width and
(b) depth of the wetting front.
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4. Discussion
4.1. Wetting Patterns Geometry

Figures 4 and 5 show that an increase in the volume of water applied due to an increase
in irrigation time or an increase in emitter discharge rate, such as in irrigations 2A and 3A
(Figure 4) and irrigations 1B, 2B, and 3B (Figure 5) with similar initial moisture content,
generates a greater horizontal and vertical displacement of the wetting front, similar to
that obtained by Subbaiah and Mashru [2] and Ainechee et al. [8]. Consequently, it is
verified that the volume of water applied influences the movement of water in the soil [10].
In all the applied discharge rates, the wetting front moved faster at the beginning of the
irrigations and over time the speed of advance decreased due to the fact that the volume
of soil to be wetted increased and thus the water encountered more available empty pore
space in its path [9].

In the irrigations with higher discharge rates of the first block (2.90 and 3.75 L h−1),
the wetting front had greater horizontal than vertical displacement at the beginning of
the irrigation because in those first moments the capillary forces dominated the move-
ment of water in the soil, but as time passed the gravitational forces began to dominate
causing an increase in the vertical advance and a decrease in the horizontal advance
(irrigations 1A to 3A of Figure 4). In irrigation 4A of the first block (1.44 L h−1) (Figure 4)
and in the irrigations of the second block (Figure 5), a similar displacement was observed
in all directions of the wetting front.

In irrigations 1A and 2A (Figure 4) of the first block, the effect of initial soil moisture
content on the behavior of the wetting front was observed. The higher initial moisture
content caused a greater vertical and horizontal advance of the wetting front than in the
soil with lower initial moisture content in equal irrigation times, a much greater horizontal
advance than vertical advance in the first hours of irrigation was observed. The reason
for this behavior is that the higher the initial moisture, the smaller the volume of pores
available in the soil [15]; therefore, less water is needed to wet the same volume of soil.
Greater spreading of the wetting front in both directions may be undesirable when root
zones are shallow, water is scarce, or groundwater contamination is a concern [11]; in such
cases, lower volumes of water should be applied to soils with high initial moisture.

In irrigations 2A to 3A (Figure 4) of the first irrigation block, the effect of irrigating
with similar initial moisture conditions and different emitter discharge rates can be noted.
Irrigation with the highest discharge rate generated a greater vertical advance, causing
irrigation 3A to reach vertical dimensions similar to irrigation 2A in less time. This was
mainly due to the hydraulic properties of the soil under evaluation and the increase in the
discharge rate as indicated by Naglič et al. [15], who suggested that high discharge rates
that do not exceed the infiltration capacity of the soil usually generate extended moisture
fronts in the vertical direction since there is no ponding that favors horizontal spreading.

The comparison between irrigations 1A and 4A (Figure 4) shows the effect of vari-
ations in the emitter discharge rate and initial soil moisture on the behavior of the wet-
ting front. By decreasing the initial moisture and increasing the emitter discharge rate
(irrigation 1A) a greater horizontal displacement was generated, a smaller vertical displace-
ment in irrigation 1A than in irrigation 4A in the first hours of irrigation was observed, and
similar displacement was observed in long irrigation times. It was expected to obtain a
behavior similar to that reported by Skaggs et al. [11], who indicated that increasing the
emitter discharge rate generally tends to increase spreading in both directions with greater
effect in the vertical direction. This apparent contradiction of the results in the vertical
displacement is explained because in irrigation 1A the initial moisture was lower than in
irrigation 4A; this condition favored the predominance of capillary forces over gravitational
ones in the initial stages, but after time these forces became balanced, resulting in a similar
displacement in both directions.

In the first irrigation block, gravitational and capillary forces continued to act signifi-
cantly 12 h after suspending the application of water in those irrigations where the initial
soil moisture was close to field capacity since the wetting front grew horizontally and
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vertically. After suspending irrigation for 36 and 72 h there was no variation in the wetting
front, as can be seen in the red lines (Figure 4).

As in the first irrigation block, the increase in discharge rate favored vertical more
than horizontal spreading in the soil with a lower amount of OM (1.7%) in the sec-
ond irrigation block (irrigation 1B and 3B in Figure 5). More spherical wetting pat-
terns occurred in the soils with a higher amount of OM in the second irrigation block
(irrigations 4B, 5B, and 6B in Figure 5) than in the irrigations of the first and second blocks
where the OM content is lower.

The increase in the amount of OM favored a homogeneous advance of the wetting
front in all directions because it led to an increase in the proportion of macro-aggregates
and porosity in the soil and a redistribution of the porous space [44], causing a delay in
vertical water movement as observed by Iqbal et al. [16] in soils with high water-holding
capacities. Its effects are observed in a decrease in bulk density and an increase in saturated
hydraulic conductivity and moisture content at soil saturation (Tables 1 and 2). The increase
in moisture at saturation did not generate an increase in the amount of usable water for
the plants, but it caused a greater water-holding capacity [45], which induced similar
displacements in the horizontal and vertical directions of the wetting front.

4.2. Model Performance

The proposed model showed the best performance for estimating the vertical and
horizontal dimensions of the wetting front since most of the irrigations resulted in the
lowest values of the ME and RMSE statistical indicators, and the highest values close
to unity of the NSE index (Tables 6–8). The ME values for d and z, from the first and
second irrigation blocks, ranged from −5.40 to 7.01 cm and from −1.41 to 1.46 cm, and
from −3.89 to 6.58 cm and from −1.00 to 1.86 cm, respectively. The RMSE values were
between 5.10 and 7.65 cm for d and between 1.18 and 2.01 cm for z in the irrigations of
the first block, and between 1.53 and 7.27 cm for d and between 0.76 and 2.56 cm for z
in the irrigations of the second block. According to the NSE values and the performance
criteria of Ritter and Muñoz-Carpena [42], the model was acceptable to very good in the
estimation of d and good to very good in the estimation of z in both irrigation blocks: from
0.85 to 0.91 for d and from 0.91 to 0.98 for z in the first block, and from 0.79 to 0.98 for d
and from 0.88 to 0.98 for z in the second block.

Some of the models evaluated were better than the proposed one in some of the
irrigations, but only in one of the two directions of the wetting front and in the other
direction their estimates were very unfavorable. In some cases, other models performed
well in one of the irrigation blocks without outperforming the proposed model, and poorly
in the other. These partial favorable results limit their applicability in the various irrigation
situations. For example, the statistical indicators obtained with the Cruz-Bautista et al. [10]
model in the second irrigation block indicate a good estimation of the depth and width of
the wetting front, but a poor representation in the first irrigation block.

According to the irrigation conditions considered (Tables 3 and 4) and the validity
conditions of the models (Table 5), a better prediction would be expected in the models of
Al-Ogaidi et al. [13] and Cruz-Bautista et al. [10], but this was not the case since in some
irrigations of the first block the models of Schwartzman and Zur [24], Amin and Ekhmaj [6],
and Malek and Peters [12] were better even though they did not consider all the parameters
of the proposed model or their values were unique or of reduced ranges.

Figures 6–9 show the better predictive capacity of the proposed model over the other
models. The proposed model, in general, tends to slightly overestimate the horizontal ad-
vance of the wetting front in both irrigation blocks, showing a parallelism with the behavior
observed during the entire irrigation time. This model tends to slightly underestimate
the vertical advance of the wetting front at the end of the irrigations, converging with
the behavior observed a little before the halfway point of their duration. The differences
between the observed and estimated values in both directions of the advance front are
small compared with those of the other models.



Water 2022, 14, 1827 18 of 21

The incorporation of soil organic matter content as a variable in the proposed model
contributed to improving its estimates. Amin and Ekhmaj [6] and Malek and Peters [12] did
not consider organic matter in their models because they considered that it is integrated into
the bulk density and hydraulic conductivity at soil saturation; however, in this study the
need for its integration was observed since it modifies the porosity and colloidal structure
of the soil and consequently its capacity for capillary movement [34,44].

Kandelous and Simunek [14] stated that initial soil water content is an important
requirement to properly estimate the behavior of the wetting front with empirical models
in drip irrigation. Indeed, a better performance was observed for models that considered
initial moisture than those that did not. As an example of this, the deficiency of the estimates
of the Schwartzman and Zur [24] model stands out in irrigations 1A and 2A of the first
block (Figure 6); where, for the same volume of applied water, the results were the same
despite the fact that the initial water contents were very different (one close to PMP and the
other to FC).

4.3. Effect of Input Parameters on the Model Response

The sensitivity analysis of the proposed mathematical model shows that soil character-
istics were more determinant than initial moisture (Figure 10), as observed by Li et al. [46]
and Fan et al. [47]. The resulting values of the input parameters used in the analysis guaran-
tee the range of values contemplated in this study since the reference values on which the
variations were made were 2.90 L h−1, 3.24 cm h−1, 0.14 cm3 cm−3, 1.31 g cm−3, 2.4%, and
3.17 h, for discharge rate (q), saturated hydraulic conductivity (Ks), initial moisture content
(θi), bulk density (Pb), percent organic matter (OM), and irrigation time (t), respectively.
Pb had a similar impact on the radius and depth of the wetting front, while OM and Ks
had a greater impact on radius than on depth. Pb had a direct effect (as its value increases,
its effect on the magnitude of the wetting front increases) and Ks and OM had an inverse
effect (as its value increases, its effect on the magnitude of the wetting front decreases) in
both directions of the wetting front. The q, θi, and t had a direct and smaller effect than the
physical properties of the soils on the displacements in both directions of the wetting front;
q and t had practically identical effects on the radius, and q and θi on the depth. The θi
has the least effect in both directions of the wetting front and attenuates more in depth, so
Fan et al. [47] suggested removing it from the modeling; however, in this study the results
showed the need for its inclusion as it considerably improved the accuracy of the estimates
with respect to those that do not include it. The better predictive capacity of the proposed
model to estimate the dimensions of the wetting front was due to the consideration of the
parameters involved in water movement, the range of parameter values, and the care taken
in the execution of the methodology.

5. Conclusions

A nonlinear empirical mathematical model was generated to estimate the horizontal
(width) and vertical (depth) magnitude of the advance front of the wetting front of a
sandy clay loam-textured soil as a function of some soil physical characteristics (saturated
hydraulic conductivity (Ks), bulk density (Pb), and organic matter content (OM)), initial
moisture content (θi), and irrigation operating characteristics (emitter discharge rate q and
irrigation time t).

The proposed empirical model had better approximations to the observed values than
the empirical models of Schwartzman and Zur [24], Amin and Ekhmaj [6], Malek and
Peters [12], Al-Ogaidi et al. [13], and Cruz-Bautista et al. [10]. Its average performance was
good (NSE = 0.84) and very good (0.92) to estimate the width and depth of the wetting
front, respectively. The average RMSE values for width and depth were 4.50 cm and
1.50 cm, respectively.

As the initial soil moisture increased, the irrigations generated wetting fronts of greater
vertical and horizontal magnitude. Increasing the emitter discharge rate had a greater
impact on the vertical than on the horizontal advance for the soils studied. Although there
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is a strong relationship between saturated hydraulic conductivity, bulk density, and soil
organic matter content, it was better to consider all three parameters instead of just one or
two of them in the predictive model.

The effect of soil characteristics predominates the effect of applied water volume
and initial soil moisture content in predicting the horizontal and vertical advance of the
wetted front.

The amount of OM in the soil influenced the geometry of the wetting front, favoring a
spherical shape, because there is an increase in the proportion of macro-aggregates in the
soil and a redistribution of the porous space.
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