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a b s t r a c t

Due to the decreasing availability of water resources and the increasing competition for water between
residential, industrial, and agricultural users, increasing irrigation efficiency, by methods like subsur-
face drip irrigation (SDI) systems, is a pressing concern for agricultural authorities. To properly manage
SDI systems, and increase the efficiency of the water/fertilizer use while reducing water losses due
to evaporation, the precise distribution of water around the emitters must be known. In this paper,
the Windows-based computer software package HYDRUS-2D, which numerically simulates water, heat,
YDRUS-2D
etting dimensions

and/or solute movement in two-dimensional, variably-saturated porous media, was used to evaluate the
distribution of water around the emitter in a clay loam soil. The simulation results were compared with
two sets of laboratory and field experiments involving SDI with emitters installed at different depths,
and were evaluated using the root-mean-square-error (RMSE). The RMSE at different locations varied
between 0.011 and 0.045 for volumetric water contents, and between 0.98 and 4.36 cm for wetting
dimensions. Based on these values, it can be concluded that the correspondence between simulations
and observations was very good.
. Introduction

Water scarcity in arid and semi-arid regions is a major con-
ern for water and agricultural authorities around the world. High
erformance irrigation systems, such as surface or subsurface drip

rrigation (SDI) systems, are often recommended to overcome this
roblem and to dramatically increase the efficiency of water use
ver that of traditional irrigation systems.

In designing subsurface drip irrigation systems for row crops,
he dimensions of the wetted volume and the distribution of soil

oisture within this volume are two of the main factors in deter-
ining installation depth and spacing of drippers to obtain an

ptimum distribution of water in the crop root zone. Since the
ource of water is at a certain depth when SDI is used, the soil
urface usually remains drier than for the surface drip irrigation.
his leads to the reduction of evaporation from the soil surface,
nd consequently to an increase in transpiration and overall water
se efficiency (Romero et al., 2004). However, a deep installation

f emitters can increase water losses due to deep percolation and
ecrease availability of water for crop roots (Dukes and Scholberg,
005). The precise distribution of moisture around the emitters
ust be known in order to properly manage SDI systems to wet
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the crop root zone uniformly, which will increase the efficiency of
the water/fertilizer use, and to maintain a dry soil surface to reduce
water losses due to evaporation.

Several empirical, analytical, and numerical models have been
developed to simulate soil moisture pattern and wetting front
dimensions for surface/subsurface drip irrigation systems (e.g.,
Philip, 1968; Warrick, 1974; Schwartzman and Zur, 1986; Angelakis
et al., 1993; Chu, 1994; Ben-Asher and Phene, 1996; Moncef et al.,
2002; Cook et al., 2003). Due to advances in computer speed, and
the public availability of numerical models simulating water flow
and solute transport in soils, many researchers have become inter-
ested in using such models for evaluating water flow in soils with
subsurface irrigation systems (e.g., Meshkat et al., 1999; Schmitz et
al., 2002; Ben-Asher and Phene, 1996; Cote et al., 2003; Mmolawa
and Or, 2003; Skaggs et al., 2004; Lazarovitch et al., 2005, 2007;
Provenzano, 2007).

HYDRUS-2D (Šimůnek et al., 1999) is a well-known Windows-
based computer software package used for simulating water, heat,
and/or solute movement in two-dimensional, variably-saturated
porous media. This model’s ability to simulate water movement
for subsurface drip irrigation conditions has been assessed by many

researchers (for references, see Šimůnek et al., 2008). For example,
Skaggs et al. (2004) compared HYDRUS-2D simulations of flow from
a subsurface drip irrigation line source with observed field data
involving a sandy loam soil and a SDI system with a 6-cm installa-
tion depth and 3 discharge rates. They found very good agreement

http://www.sciencedirect.com/science/journal/03783774
http://www.elsevier.com/locate/agwat
mailto:jiri.simunek@ucr.edu
dx.doi.org/10.1016/j.agwat.2010.02.012
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etween simulated and observed soil moisture data. Ben-Gal et al.
2004) explained that one of the main problems with SDI systems
s soil saturation near the emitter and its effects on emitter dis-
harge resulting from the net pressure on the emitter outlet. To
olve this problem, they installed the drip tube in a trench, and
lled it with gravel to eliminate saturation and net pressure around
he emitter. Ben-Gal et al. (2004) then simulated their conditions
sing HYDRUS-2D, and found good agreement between observed
nd simulated data. Lazarovitch et al. (2005) modified HYDRUS-2D
urther so that it could account for the effects of back-pressure on
he discharge reduction using the dripper characteristic function.
rovenzano (2007) assessed the accuracy of HYDRUS-2D by com-
aring simulation results and experimental observations of matric
otential for SDI systems in a sandy loam soil with a 10-cm instal-

ation depth, and also found satisfactory agreement.
The main objective of this study is to further investigate the

YDRUS-2D model’s capacity for simulating water movement in
he soil from a buried point source and estimating dimensions of
he wetted zone. The simulated results are compared with labo-
atory and field data involving SDI systems with different emitter
nstallation depths and discharges. While both Skaggs et al. (2004)
nd Provenzano (2007) were evaluating SDI experiments, in which
rippers were installed at relatively shallow depths (6 and 10 cm,
espectively), in this study emitters were installed at multiple
epths, down to 30 cm. Additionally, both Skaggs et al. (2004) and
rovenzano (2007) carried out their studies on sandy loams, while
clay loam, a much heavier-textured soil, is used in this study.

inally, Skaggs et al. (2004) and Provenzano (2007) experimented
n either thoroughly mixed or repacked soils, while a field part of
ur study was performed on undisturbed soil profiles.

. Materials and methods

Two sets of experiments were carried out using a subsurface
rip irrigation system. While the first set of experiments was per-
ormed in the laboratory on a lysimeter system involved both
nfiltration and redistribution and movement of the moisture front
ould be visually observed through transparent walls, the second
et of experiments was carried out in the field and concerned only
nfiltration.

.1. Laboratory lysimeter experiments

The laboratory experiments were carried out on a lysimeter
2 m × 1 m × 1.2 m) filled with a clay loam soil (33.5% clay, 39.7% silt,
nd 26.8% sand) at the central laboratory of the College of Agricul-
ural and Natural Resources of the University of Tehran, Iran. Before
he soil was filled into the lysimeter, the lysimeter walls, made from
lexiglas, were treated with glue and sprayed with sand to create a
oarse surface, in order to prevent preferential flow along the walls
Kandelous and Šimůnek, 2010). The air-dried soil was filled into
he lysimeter with an average soil bulk density of 1.35 g cm−3.

Soil moisture sensors (model EA514-054, provided by ELE Inter-
ational, UK) were installed at several locations around the emitter
uring the filling of the lysimeter with the air-dried soil. The loca-
ions of the sensors are displayed in Fig. 1. Prior to installation
n the lysimeter, the soil moisture sensors were individually cal-
brated in the laboratory to determine the soil moisture–resistance
urve. The electrical resistance sensors were installed in a cylindri-
al container with a radius of 10 cm, a height of 20 cm, and initially

lled with the saturated soil used in the lysimeter. The soil con-
ainer was left open at the top for one day to allow evaporation,
nd then sealed for another day to allow redistribution. Once the
oil reached an equilibrium state, the resistance measured by the
ensors was read and the soil container was weighted to determine
Fig. 1. A schematic of a laboratory lysimeter with a connected water reservoir and
soil moisture sensors.

the water loss. This procedure was repeated several times until the
soil became dry. Gravimetric water contents measured by weigh-
ing the soil container were converted to volumetric water contents
using the soil bulk density.

The emitter installed at a depth of 30 cm was connected to a
water reservoir (a 160-mm diameter PVC pipe) located on a scale
3 m above the emitter using a 20-mm nominal diameter polyethy-
lene pipe. The emitter was installed close to one of the transparent
lysimeter walls and in the center of the visible area. The lysimeter
represented a half space of a subsurface drip irrigation problem,
and could thus be treated mathematically as an axisymetrical prob-
lem. Emitter installation is described in detail by Kandelous and
Šimůnek (2010).

The first experiment was conducted to measure soil-wetting
patterns during the irrigation. The initial average water con-
tent, measured on soil samples taken during packing, was
0.07 cm3 cm−3. The shape of the wetting front was drawn visu-
ally on the transparent walls of the lysimeter during the irrigation
experiment, and wetting dimensions (vertical upward, vertical
downward and horizontal) were then measured for different vol-
umes of applied irrigation water. The average emitter discharge for
the first laboratory experiment was 3.6 × 10−7 m3 s−1.

After the first experiment, the soil in the lysimeter was irrigated
using sprinklers, and the water was allowed to redistribute for
about one month to achieve a relatively uniform soil water content
distribution. The second experiment, in which soil water content
changes were recorded using the moisture sensors, was carried out
with an average emitter discharge of 3.7 × 10−7 m3 s−1. The average
initial water content for the second experiment, obtained from the
installed moisture sensors, was 0.16 cm3 cm−3. Soil moisture was
recorded 24, 48, 72, and 96 h after the irrigation experiment started.
The soil surface was covered with a plastic sheet to minimize evap-
oration during the first four days of the experiment, during which
the redistribution of soil moisture was recorded.

Soil hydraulic parameters for the soil in the lysimeter were esti-
mated using the ROSETTA (Schaap et al., 2001) software. ROSETTA
is a software package that evaluates pedotransfer functions that
use neural network models to predict soil hydraulic parameters
from soil texture and related data for the van Genuchten–Mualem
model (van Genuchten, 1980). The parameters required for the
most complex ROSETTA model are the bulk density (1.35 g cm−3),
percentages of sand (26.8%), silt (39.7%), and clay (33.5%), and

water contents for pressures of −33 and −1500 kPa (0.25 and 0.133,
respectively). For these input variables, ROSETTA predicted the fol-
lowing soil hydraulic parameters of the van Genuchten–Mualem
model: �r = 0.06 cm3 cm−3, �s = 0.41 cm3 cm−3, ˛ = 2.3 m−1, n = 1.34,
and Ks = 2.5 × 10−6 m s−1, assuming l = 0.5 (Table 1).
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Table 1
Soil hydraulic parameters for the van Genuchten–Mualem model (van Genuchten, 1980).
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�r (cm3 cm−3) �s (cm3 cm−3)

Lysimeter 0.06 0.41
Field 0.07 0.38

.2. Field experiments

Field experiments were carried out at the Research Field of the
ollege of Agricultural and Natural Resources of the University of
ehran, Iran, on a clay loam soil (32.5% clay, 36.5% silt, and 31.0%
and). The emitters were installed at 3 depths of 5, 15, and 25 cm
elow the soil surface in a set up similar to that in the laboratory.
etails can also be found in Kandelous and Šimůnek (2010). Water

rom a reservoir was delivered with a millimeter precision to the
mitter using a small pump. The volume of water in the reservoir
as recorded every 15 min to account for variations in water dis-

harge. Four experiments were conducted to characterize water
ontent distribution around the emitter. Two experiments had the
mitter at a depth of 5 cm (experiments A and B), one at 15 cm
experiment C), and one at 25 cm (experiment D) below the soil sur-
ace. The average emitter discharges for experiments A, B, C, and D
ere 5.86 × 10−7, 8.06 × 10−7, 5.72 × 10−7, and 7.33 × 10−7 m3 s−1,

espectively. At the end of each irrigation experiment (2 h after the
nd of the experiment D), the soil surrounding the emitter was
xcavated to expose a vertical soil profile with the emitter in the
enter. Soil samples were then taken from locations 0, 12.5, and
5 cm away from the emitter and at 0, 10, 20, 30, and 40 cm depths,
o characterize the soil water content in the wetting pattern using
3-cm long steel soil sampler with a 3-cm inside diameter. Sam-
les were collected by pressing the soil sampler horizontally into
he profile at selected locations. Volumetric water contents were
etermined by multiplying gravimetric water contents using an
verage bulk density of 1.55 g cm−3. The average initial water con-
ent for the field experiments was 0.13 cm3 cm−3. This value, which
as used in the numerical simulations, was obtained from samples

aken randomly around the experimental field from 6 depths of 10,
0, 30, 40, 50, and 60 cm.

Ten additional subsurface drip irrigation experiments, including
experiments with the emitter depth of 15 cm and 5 experiments
ith the emitter depth of 30 cm, were carried out to determine the
imensions of the wetted zone. Each experiment was conducted

n a different location of the same field, and involved infiltration
rom a single emitter. The emitter discharge in these experiments
aried from 5.28 × 10−7 to 9.69 × 10−7 m3 s−1. Different irrigation
olumes were used for different irrigation experiments. At the end
f each irrigation experiment, the soil around the emitter was
ug out, and the distance of the wetting front from the emitter
as measured in the horizontal, vertical downward, and verti-

al upward directions. Maximum distances between the wetting
ront and the emitter in particular directions (upward, downward,
nd horizontal) were used in comparisons with results simulated
y HYDRUS-2D. The average initial water content for these field
xperiments, which was used in the numerical simulations, was
.1 cm3 cm−3.

Due to the natural spatial heterogeneity of soils in the field,
xpected lack of uniformity of soil hydraulic properties, and the
ikely effects of soil structure on water flow in the field, experi-

ental data collected in the field from one additional subsurface
rip irrigation were used with the inverse option available in

YDRUS-2D to estimate the effective soil hydraulic parameters
haracterizing field conditions. ROSETTA was used first to pro-
ide initial estimates of soil hydraulic parameters. The saturated
ydraulic conductivity estimated by ROSETTA (Ks = 5 × 10−7 m s−1)
as very low, and did not allow HYDRUS to provide a good descrip-
˛ (m−1) n Ks (m s−1) l

2.3 1.34 2.5 × 10−6 0.5
1 1.89 5 × 10−6 0.5

tion of soil water contents during the infiltration experiments.
ROSETTA, taking into account only soil textural properties, did not
provide a good estimate of the saturated hydraulic conductivity
for the undisturbed field soil, which was also likely affected by the
soil structure, contrary to the repacked soil used in the laboratory.
Therefore, the inverse solution option of HYDRUS-2D was used to
estimate the saturated hydraulic conductivity and parameter n for
the field soil.

One additional subsurface drip irrigation experiment was con-
ducted specifically for this purpose. The emitter was installed
30 cm below the soil surface, and the average emitter discharge
was 7.5 × 10−7 m3 s−1 for 5 h. The average dry bulk density and
the average initial water content for this field experiment were
1.55 g cm−3 and 0.13 cm3 cm−3, respectively. At the end of the
irrigation experiment, the soil surrounding the emitter was exca-
vated, and soil samples were taken in three locations (0, 12.5,
and 25 cm away from the emitter) and at four depths (10, 20,
30, and 40 cm). Water contents measured at these samples were
then used in the inverse analysis. Parameters n and Ks were
optimized using HYDRUS-2D to get a better description of the
measured wetting pattern for this control experiment. The final
estimates of soil hydraulic parameters for a clay loam soil were:
�r = 0.07 cm3 cm−3, �s = 0.38 cm3 cm−3 (measured in the labora-
tory on soil samples), ˛ = 1 m−1, n = 1.89 (1.39 was estimated by
ROSETTA), and Ks = 5 × 10−6 m s−1 (5 × 10−7 m s−1 was estimated
by Rosetta), assuming l = 0.5 (Table 1).

2.3. Numerical modeling

Since only one emitter was used as a point source of water
in both sets of experiments, water movement during both the
infiltration and the redistribution phases could be considered an
axisymmetrical process. The following Richards equation is the
governing equation for water flow in a homogenous and isotropic
soil:

∂�

∂t
= 1

r

∂

∂r

[
rK(h)

∂h

∂r

]
+ ∂

∂z

[
K(h)

∂h

∂z
+ K(h)

]
(1)

where � = volumetric water content (L3 L−3); h = soil water pres-
sure head (L); t = time (T); r = radial space coordinate (L);
z = vertical space coordinate (L); and K = hydraulic conductivity
(L T−1). The soil hydraulic properties were modeled using the van
Genuchten–Mualem constitutive relationships (van Genuchten,
1980) as follows:

�(h) =

⎧⎪⎨
⎪⎩

�r + �s − �r(
1 +

∣∣˛h
∣∣n

)m , h < 0

�s, h ≥ 0

(2)

K(h) = KsS
l
e

[
1 −

(
1 − S1/m

e

)m
]2

,

� − �r 1

where Se =

�s − �r
, m = 1 −

n
(3)

where �s = saturated water content (L3 L−3); �r = residual water con-
tent (L3 L−3); Ks = saturated hydraulic conductivity (L T−1); and ˛
(L−1), n and l = shape parameters.
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ig. 2. A comparison of measured and simulated soil water contents for the lysimete
observations).

HYDRUS-2D uses the Galerkin finite-element method to solve
he governing water flow equation. The transport domain, for
hich the numerical solution was obtained, was rectangular

100 cm wide and 150 cm deep, discretized into 2000 nodes),
xcept for the semicircle on the left side of the domain representing
he dripper. The location of the semicircle depended on the location
f the dripper in the different experiments. Initial conditions for all
imulations were given in terms of constant water contents. During
ater application, a variable flux boundary condition was used at

he emitter. The water flux, considered to be constant for each infil-
ration experiment, was calculated by dividing the water discharge
y the surface area of the emitter. At the end of the irrigation event,
he emitter boundary became a zero-flux boundary. The remaining

art of the left boundary was a zero-flux boundary both during and
fter the irrigation event. Zero-flux boundary conditions were also
sed at the right and bottom boundaries, since the computational
ow domain was large enough for these boundaries not to affect
riment (— simulated with �s = 0.41 cm3cm−3, - - - simulated with �s = 0.38 cm3cm−3,

water flow in the domain. A zero flux boundary condition was also
used at the soil surface as evaporation could be neglected due to
the plastic mulch used during and after irrigation.

2.4. Statistical analysis

The root-mean-square-error (RMSE) for both simulated and
measured volumetric water contents, as well as wetting dimen-
sions, was calculated to provide a quantitative comparison of the
goodness-of-fit between measured and simulated data.

3. Results and discussion
3.1. Soil water distribution

Fig. 2 shows the measured and simulated volumetric water
content distributions for the second lysimeter experiment 1, 2, 3,
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Fig. 3. A comparison of measured and simulated soil water contents for the field experiments (— simulation, � observations).

Fig. 4. A comparison of measured and simulated wetting dimensions for (A) the lysimeter laboratory experiment, and (B) and (C) field experiments with emitter depths of
15 and 30 cm, respectively (— simulation, � observations).
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Table 2
Statistical comparison of measured and simulated data for both lysimeter and field experiments.

Measurement Exp. conditions Emitter depth (cm) R2 RMSEa

Days after irrigation

Soil water contents

Laboratoryb

One

30

0.65 0.045
Two 0.62 0.020
Three 0.68 0.012
Four 0.66 0.014

Laboratoryc

One

30

0.66 0.031
Two 0.57 0.016
Three 0.61 0.011
Four 0.60 0.011

Field End of Irrigation

5 0.77 0.035
5 0.88 0.029

15 0.98 0.012
25 0.60 0.028

Distance direction

Wetting Dimensions

Laboratoryb
Upward

30
0.99 0.98

Horizontal 0.99 2.11
Downward 0.99 2.81

Field

Horizontal
15

0.94 2.55
Downward 0.99 4.36
Upward

30
0.98 2.1

Horizontal 0.71 3.87
ard
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a Root-mean-square-error was evaluated for the soil water content in volumetric
b Soil hydraulic properties predicted by ROSETTA.
c Soil hydraulic properties predicted by ROSETTA, adjusted porosity.

nd 4 days after irrigation. Two simulations were carried out for
his laboratory experiment. While all the soil hydraulic parameters
ere estimated by ROSETTA in the first simulation, in the second

imulation the saturated water content �s was lowered from the
osetta-predicted value of 0.41 to a value of 0.38, measured in
he laboratory for the field soil, to obtain a better correspondence
etween measurements and simulations. Differences between the
easured and the simulated data were greater during the first day

han during the remaining three days. The sensor placed at a depth
f 5 cm showed the same results for all days, and thus it is pos-
ible that there was a poor contact between this sensor and the
oil, resulting in incorrect measurements. The RMSE for simulations
onducted using a saturated water content equal to 0.41 cm3 cm−3,
redicted by ROSETTA, and 0.38 cm3 cm−3, measured in the labora-
ory for the field experiment, varied from 0.012 to 0.045 and from
.011 to 0.031, respectively. Since these values are comparable to
he results obtained by Skaggs et al. (2004), it can be concluded
hat the accuracy of the simulations for all 4 sampling times was
atisfactory.

Fig. 3 shows the measured and simulated volumetric water con-
ents for four field experiments (two with emitters at a depth of
cm with different emitter discharges, one with the emitter at a
5-cm depth, and one with the emitter at a 25-cm depth) immedi-
tely after irrigation ended (except for experiment D, where water
ontents were measured 2 h after irrigation ended). As shown in
able 2, the RMSE for the field experiments varied, as with the
ysimeter experiment, from 0.012 to 0.035. Considering the spa-
ial heterogeneity of soil properties in the field, it can be concluded
hat the correspondence between simulations and observations is
ery good.

Taking into account both laboratory and field results, and better
orrespondence between simulated and measured soil water con-
ents in the laboratory experiment when a lower value of porosity
as used than that predicted by ROSETTA, it can be concluded that
oorer correspondence between simulations and measurements
n the laboratory experiments during the first day was most likely
ue to the inadequacy of the soil hydraulic parameters estimated
y ROSETTA. While soil hydraulic parameters for the field soil were
alibrated using an independent dynamic flow experiment, for the
aboratory experiments they were estimated using ROSETTA from
0.99 3.48

(cm3 cm−3) and for wetting dimensions in cm.

textural (hence, static) soil properties. Better correspondence for
the field experiments was achieved using an inverse analysis of
the collected dynamic flow data to obtain effective soil hydraulic
properties.

3.2. Wetting dimensions (upward, downward and horizontal)

The wetting dimensions observed during lysimeter and field
experiments are compared with HYDRUS-2D simulations in Fig. 4.
A statistical comparison between observed and simulated data is
presented in Table 2. No comparison was made for the upward
direction for experiments with the emitter installed at a depth of
15 cm since, as HYDRUS-2D predicted, the wetting front reached
the soil surface during these experiments. The value of the RMSE
for different distances varied from 0.98 to 4.36 cm for the lysimeter
experiments and from 2.1 to 3.87 cm for the field experiments.

4. Summary and conclusions

For this research, multiple subsurface drip irrigation experi-
ments were carried out under both laboratory and field conditions.
The purpose of these experiments was an evaluation of the accuracy
of HYDRUS-2D for simulating water movement in clay loam soils,
for predicting the spatial distribution of soil water contents, and for
determining the upward, downward, and horizontal dimensions of
the wetting zone, for buried point sources with variable discharge
conditions.

Experiments in a laboratory lysimeter were carried out for a clay
loam soil with the emitter placed 30 cm below the soil surface. Soil
moisture sensors were installed at different locations around the
emitter to measure the spatial distribution of the soil water content.
The soil hydraulic properties used in the laboratory experiment
were estimated using the ROSETTA model available in HYDRUS-
2D. A comparison of measured and simulated data showed that the
HYDRUS-2D predictions were very accurate, especially when the

porosity was adjusted to observed values.

Four experiments with emitters located at different depths (2
with the emitter at a depth of 5 cm using different emitter dis-
charges, and one each with emitters at depths of 15 and 25 cm)
were carried out under field conditions. Soil water contents were
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btained from samples collected at various locations from the
ertical soil profiles that were exposed after the soil was exca-
ated at the end of the irrigation experiments. The effective soil
ydraulic properties for the field experiments were obtained using
he HYDRUS-2D model and the inverse analysis of collected data.
s with the lysimeter experiments, good agreement between mea-
ured and simulated data was obtained for field experiments.

Like Skaggs et al. (2004) and Provenzano (2007), both of whom
sed HYDRUS-2D to analyze subsurface drip irrigation experiments
arried out on sandy loam soil (with drippers located at depths
f 6 and 10 cm, respectively), we can conclude that HYDRUS-2D
erformed well for drippers installed in deeper depths of the clay

oam soil. We should note that while experiments by Skaggs et
l. (2004) and Provenzano (2007) were carried out on either thor-
ughly mixed or repacked soils, respectively, our field study was
erformed on undisturbed soil. This suggests that HYDRUS-2D
an be a good tool for designing and managing subsurface drip
rrigation systems for soils with different textures. HYDRUS-2D
esults can be substantially improved when its input parameters,
.e., the effective soil hydraulic parameters, are calibrated against a
ynamic flow experiment.

Twelve observations were recorded for the upward, downward,
nd horizontal dimensions of the wetting pattern in the laboratory
xperiment. As with soil water content, good agreement between
easured and simulated dimensions was obtained in all directions.

en experiments, i.e., 5 with emitters at a 15-cm depth and 5 with
mitters at a 30-cm depth, were carried out to measure wetting
imensions in the field. As with the measurements of soil water
ontents, upward, downward, and horizontal dimensions of the
etting pattern were measured after the vertical soil profiles were

xcavated. A comparison of measured and simulated data for both
oil water contents and wetting dimensions showed that the accu-
acy of HYDRUS-2D predictions was good.

In the past, several researchers have attempted to estimate wet-
ing dimensions using various empirical, analytical, and numerical

odels (e.g., Schwartzman and Zur, 1986; Angelakis et al., 1993;
hu, 1994; Moncef et al., 2002; Cook et al., 2003; Singh et al., 2006;
azarovitch et al., 2007; Kandelous and Šimůnek, 2010). HYDRUS-
D proved to be an equally good, if not better, tool for estimating
etting dimensions, as well as soil water content distributions, for
rip irrigation systems with emitters installed at different depths.

Considering all previous and current studies, it can be concluded
hat HYDRUS can successfully simulate both temporal and spatial
oil water content distributions, as well as the dimensions of the
oil wetting pattern, the two main factors usually considered for
rip irrigation system design, for different emitter depths (sur-
ace/subsurface drip irrigation), different soil types, and different
nitial and boundary conditions. HYDRUS’s capacity to simultane-
usly evaluate soil wetting pattern dimensions, soil water content,
nd matric potential distributions during and after irrigation make
t a good and useful tool for designing, monitoring, and managing
rip irrigation systems.

Additional experiments will be carried out using various soil

ypes to illustrate HYDRUS-2D’s capacity for application to a broad
ange of soils. Experiments will also be performed with multi-
le emitters to evaluate whether HYDRUS can simulate water
ovement in soils where two or more wetting patterns over-

ap. However, this will require fully three-dimensional simulations
ter Management 97 (2010) 1070–1076

using HYDRUS-2D/3D (Šimůnek et al., 2008). Ultimately, we plan
to develop an optimization tool that will be able to optimize all the
main factors involved in the design of the subsurface drip irrigation
system, including emitter installation depth, emitter spacing, time
of water application, and emitter discharge for given conditions.
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Skaggs, T.H., Trout, T.J., Šimůnek, J., Shouse, P.J., 2004. Comparison of HYDRUS-2D

simulations of drip irrigation with experimental observations. J. Irrig. Drain. Eng.
ASCE 130 (4), 304–310.

van Genuchten, M.Th., 1980. A closed-form equation for predicting hydraulic con-
ductivity of unsaturated soils. Soil Sci. Soc. Am. J. 44, 892–898.

Warrick, A.W., 1974. Time-dependent linearized infiltration. I. Point sources. Soil
Sci. Soc. Am. Proc. 38, 383–386.


	Numerical simulations of water movement in a subsurface drip irrigation system under field and laboratory conditions using HYDRUS-2D
	Introduction
	Materials and methods
	Laboratory lysimeter experiments
	Field experiments
	Numerical modeling
	Statistical analysis

	Results and discussion
	Soil water distribution
	Wetting dimensions (upward, downward and horizontal)

	Summary and conclusions
	References


