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The HYDRUS model can be used to evaluate the eﬀects of diﬀerent soil surface treatments at the bottom of the
furrow, diﬀerent initial nitrogen fertilizer locations, and diﬀerent furrow irrigation rates on deep drainage and
solute leaching in furrow irrigated systems. This paper extends our 2012 study, in which we considered only one
irrigation cycle and ignored the eﬀects of plants. As a result of considering only one irrigation cycle, a large
amount of water was used to change the water storage in the transport domain and only limited deep drainage of
water and leaching of fertilizer at the bottom of the domain occurred in most scenarios investigated. To obtain a
more realistic and complete picture, we have in this study considered multiple irrigation cycles to reﬂect actual
ﬁeld practices better and accounted for root water and nitrogen uptake and plant transpiration. As in our previous study, soil surface treatments at the bottom of the furrow include untreated, compacted and an impermeable membrane, and fertilizer is initially placed at one of ﬁve diﬀerent locations in the furrow or the ridge.
We have also evaluated (1) the eﬀectiveness of triggering irrigation based on a pre-set soil water pressure head at
a speciﬁc location in the ridge compared with prescribed irrigation at a regular time interval to supply water and
nitrogen, and (2) the eﬀects of plant water and nitrogen uptake on the furrow water balance, inﬁltration, soil
evaporation, deep drainage, transpiration and nitrogen leaching. Our simulations show that deep drainage and
nitrogen leaching can be substantially reduced by using an impermeable membrane on the bottom of the furrow
and that a substantial additional reduction in leaching can be achieved by triggering irrigation rather than using
a ﬁxed time schedule. We also show that the initial location of fertilizer has a substantial eﬀect on nitrogen
uptake and leaching.

1. Introduction
About 90 % of irrigated crops across the world are irrigated using
surface irrigation, including basin, border, or furrow irrigation methods
(Tiercelin and Vidal, 2006). Furrow irrigation is the most commonly
used method due to its simplicity of design and low capital costs
(Walker and Skogerboe, 1987). However, unlike micro-irrigation
methods, such as surface and subsurface drip irrigation, furrow irrigation is much less eﬀective in delivering the required amounts of water
and nitrogen directly to the plant roots. This results in large quantities
of water and nitrogen being 'lost' below the crop root zone. Consequently, areas with furrow irrigation are often a major source of nitrate,
resulting in pollution of groundwater systems (e.g., Artiola, 1991; Pratt
and Jury, 1984). Improved management strategies that increase irrigation eﬃciency and reduce nitrogen losses by leaching to groundwater

are therefore urgently needed for furrow irrigated crops (Bar-Yosef,
1999).
Simulation models such as HYDRUS (2D/3D) and its predecessors
SWMS-2D, CHAIN-2D and HYDRUS-2D (Šimůnek et al., 2008, 2016b)
have been widely used to improve the design, management, and performance of various irrigation systems, including surface and subsurface drip irrigation and furrow irrigation. Šimůnek et al. (2016b)
identiﬁed more than 25 papers that used the above models to evaluate
the eﬀect of various factors on furrow irrigation systems and here we
include a subset of the 25 references most relevant to this paper
(Benjamin et al., 1994; Abbasi et al., 2003a,Abbasi et al., 2003b,Abbasi
et al., 2003c, 2004; Rocha et al., 2006; Wöhling et al., 2004a,b, 2006;
Mailhol et al., 2007; Warrick et al., 2007; Wöhling and Schmitz, 2007;
Wöhling and Mailhol, 2007; Crevoisier et al., 2008; Lazarovitch et al.,
2009; Siyal et al., 2012; Soroush et al., 2012; Ebrahimian et al., 2012,
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used to carry out computer simulations. HYDRUS uses numerical solutions of the Richards' and convection-dispersion equations for variably-saturated water ﬂow and solute transport in soils, respectively:

2013a,b; Zerihun et al., 2014). These models, which simulate water
ﬂow and/or solute transport in soils, proved to be ﬂexible and costeﬀective tools for analyzing and evaluating various management/irrigation scenarios.
One of these studies was the study of Siyal et al. (2012), who
evaluated the eﬀects of diﬀerent soil surface treatments at the bottom of
the furrow, diﬀerent initial nitrogen fertilizer locations, and diﬀerent
furrow irrigation rates on deep drainage and solute leaching in a furrow
irrigated system. Siyal et al. (2012) assumed that the soil at the bottom
of the furrow was either a) untreated; it retained its normal surface
features and soil hydraulic properties, b) compacted; the soil hydraulic
conductivity of the surface soil was reduced by 80 %, or c) covered with
an impermeable membrane so that the bottom of the furrow was impermeable to water ﬂow. Siyal et al. (2012) also assumed that the nitrogen fertilizer was initially located at one of 5 diﬀerent locations,
ranging from the bottom of the furrow to the top of the ridge.
The strength of the Siyal et al. (2012) study was that it enabled
evaluation of the worst-case scenario in terms of deep drainage and
nitrogen leaching in the absence of plants. The main limitation of the
Siyal et al. (2012) study was that it used only one irrigation cycle and
the eﬀects of plants were neglected. Their results showed that deep
drainage and nitrogen leaching were signiﬁcantly aﬀected by the initial
soil moisture conditions since a large amount of water was used to
change the soil water storage in the root zone (transport domain) and
only limited leaching occurred in most scenarios. To obtain a more
realistic and complete picture, one must consider multiple irrigation
cycles to reﬂect actual ﬁeld practices better and account for plant water
and nitrogen uptake, which aﬀect deep drainage and nitrogen leaching.
The reason for applying irrigation and fertilizer is to supply plants with
water and nitrogen and a full analysis should consider how much of the
applied water and fertilizer can be taken up by the plants.
The furrow irrigation model of Siyal et al. (2012) was further extended by Šimůnek et al. (2016a) to consider a) processes of precipitation and evaporation as a source/loss of water from the furrow
and b) diﬀerent timings of fertigation with irrigation water. Šimůnek
et al. (2016a) then used this extended furrow irrigation model to
evaluate the eﬀects of diﬀerent soil surface treatments at the bottom of
the furrow and diﬀerent timings of fertigation on root water and solute
uptake, deep drainage and solute leaching in a loamy soil.
To overcome the limitations of the study of Siyal et al. (2012), in
this manuscript, we expand their analysis by considering a) multiple
irrigation cycles during one month and b) the eﬀects plants have on
deep drainage and leaching by accounting for root water and solute
uptake. This allows us to analyze how much of the applied water and
nitrogen can be taken up by the plant roots, rather than be leached from
the crop root zone. We also consider an irrigation strategy where irrigation is triggered when a critical soil water pressure head is reached at
a speciﬁed location in the root zone (Dabach et al., 2013), rather than
being provided at regular time intervals.
The objectives of this study are i) to evaluate the eﬀectiveness of
diﬀerent furrow management strategies to improve supply of water to
plants and to reduce water losses due to evaporation and deep drainage,
ii) to evaluate the eﬀects of diﬀerent initial fertilizer locations on the
supply of nitrogen to plants and leaching from the crop root zone, iii) to
evaluate the eﬀectiveness of triggered irrigations compared with prescribed irrigations to supply water and nitrogen to plants and limit
leaching from the soil proﬁle, and iv) to assess the combined eﬀects of
plant water and nitrogen uptake with diﬀerent furrow management
strategies and diﬀerent irrigation strategies to minimize deep drainage
and nitrogen leaching.
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In Eq. 1, θ is the volumetric water content [L3L−3], h is the pressure
head [L], S is a sink term accounting for plant water uptake [T-1], xi (i
= 1,2) are the spatial coordinates [L], t is time [T], KijA are components
of a dimensionless anisotropy tensor KA, and K is the unsaturated hydraulic conductivity function [LT-1] given by the product of the relative
hydraulic conductivity Kr and the saturated hydraulic conductivity Ks
[LT-1]. In Eq. 2, c is the solute concentration [ML−3], qi is the i-th
component of the volumetric ﬂux density [LT-1], Dij is the dispersion
coeﬃcient tensor [L2T-1], and cr is the concentration of the sink term
[ML−3]. Note that although HYDRUS (2D/3D) solves a more general
solute transport equation than Eq. 2, only terms considered in this study
are given here.
Numerical solution of the Richards’ equation (Eq. 1) requires as
input the soil hydraulic parameters describing the soil water retention
curve and the hydraulic conductivity function. In this study, we use the
analytical model of van Genuchten (1980) to describe these two functions. The soil hydraulic parameters for a loamy soil were taken from
the soil catalog provided by the HYDRUS software and are the same as
those used by Siyal et al. (2012) and Šimůnek et al. (2016a). The values
of these parameters are: the residual water content = 0.078, the saturated water content = 0.43, the shape parameters α and n are 0.036
cm−1 and 1.56, respectively, and the saturated hydraulic conductivity
=24.96 cm/day.
2.2. Flow domain, initial and boundary conditions
The same ﬂow domain and initial and boundary conditions, as in
Siyal et al. (2012), were used in this study (Fig. 1). The transport domain was 100 cm wide and 100 cm high. The ridge was 40 cm wide.
The furrow was 15 cm deep and 30 cm wide, and the side of the furrow
had a slope of 45°. The initial pressure head varied linearly between 200 cm at the bottom of the domain and - 300 cm at the top of the ridge.

2. Material and methods
Fig. 1. Initial soil water pressure head (cm) in the ﬂow domain and boundary
conditions imposed on the ﬂow domain during simulations (Siyal et al., 2012;
with permission).

2.1. Governing equations for water ﬂow and solute transport
The HYDRUS (2D/3D) software package (Šimůnek et al., 2008) was
2
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Boundary conditions imposed on the ﬂow domain included an atmospheric boundary condition at the top of the ridge, a free drainage
boundary condition at the bottom of the soil proﬁle, a no-ﬂow
boundary condition at both vertical sides, and special boundary conditions were applied at the base of the furrow (see Section 2.4 below) to
reﬂect the diﬀerent surface conditions being investigated.

2.5. Irrigation strategies
Water application rates of 1200, 1400, 1600, 1800 and 2000 L h−1
furrow-1 for a 100 m long furrow, corresponding to area-based application rates of 12, 14, 16 18, and 20 mm h-1, or to rates of 60, 70, 80, 90
and 100 cm2 h-1 in our two-dimensional domain, respectively, were
compared in this study. The switch-oﬀ depth, which determines when
the supply of irrigation water is stopped was set at 10 cm (Siyal et al.,
2012). Irrigation was applied every ﬁve days for 30 days. A second
irrigation strategy where irrigation was triggered (Dabach et al., 2013,
2015) when the soil water pressure head in the middle of the ridge and
15 cm below the top of the ridge reached a pre-set value of -500 cm was
also included for comparative purposes. An optimal location of the
triggering point and an optimal triggering pressure head for diﬀerent
plants and soil types is a topic of ongoing research (Dabach et al., 2013,
2015). Note that this triggering point is located in the middle of the root
zone with the highest root density (see Fig. 3 below). According to the
stress response function described in the next Section, irrigation is
triggered when root water uptake is reduced by about 4 %.

2.3. The furrow irrigation submodule
The furrow irrigation submodule, as developed in Appendix A of
Siyal et al. (2012) and extended by Šimůnek et al. (2016a), was used to
simulate furrow irrigation and dynamic position of the water level in
the furrow during irrigation. Šimůnek et al. (2016a) extended the
model of Siyal et al. (2012) by adding the atmospheric boundary condition at the water surface in the furrow and thus allowing evaporation
from and precipitation to the water surface. In this submodule, the
water level in the furrow is calculated from the water balance, accounting for the applied irrigation, inﬁltration and the change in water
volume in the furrow. When water is present in the furrow, the timevariable pressure head boundary condition is applied to the furrow
boundary that is below the surface water level, reﬂecting the dynamic
nature of the water level in the furrow. An atmospheric boundary
condition is applied in the furrow when it is empty of water, and above
the water level in a furrow when it is not. An atmospheric boundary
condition considers precipitation (P = 0) and potential evapotranspiration (ETp=Ep+Tp = 1.0 cm/d) ﬂuxes. Potential evapotranspiration (ETp) equal to 1 cm/day corresponds to conditions in
January in north Queensland, Australia. Note that we assume that plant
leaves cover only the ridge and that the leaf area index is about 3.5,
which corresponds to a surface cover fraction of about 80 %. At the top
of the ridge, we assume that a fraction (80 %) of incoming energy
(ETp= Ep+Tp = 1.0 cm/d) is intercepted by plants (potential transpiration Tp = 0.8 cm/d) and the remaining fraction (20 %) by the soil
surface (potential evaporation Ep = 0.2 cm/d). All incoming energy in
the furrow reaches either the water level in the furrow (during irrigation) or the bottom of the furrow (between irrigations) (Ep=ETp = 1.0
cm/d).

2.6. Root water and nitrogen uptake
The approach of Feddes et al. (1978) was used to describe plant
water uptake:

S (h) = α (h) b (x , z ) Lt Tp

(3)

where S is deﬁned as the volume of water removed per unit time from a
unit volume of soil due to root water uptake [T−1], α(h) is a prescribed
dimensionless water stress response function of the soil water pressure
head (0≤α≤1), b(x, z) is the normalized water uptake distribution
function [L-2], Lt is the width [L] of the soil surface associated with the
transpiration process (Lt = 40 cm; surface of the furrow ridge, see the
deﬁnition of the transport domain below), and Tp is the potential
transpiration rate [LT−1] (Tp = 0.8 cm/d). Water uptake is assumed to
be zero close to saturation (above h1) and when the soil is dry (for
h < h4, the wilting point pressure head). Water uptake is considered
optimal between pressure heads h2 and h3, whereas for pressure heads
between h3 and h4 (or h1 and h2), water uptake decreases (or increases)
linearly with h (Feddes et al., 1978). The following parameters of the
stress response function (typical for many crops) were used in our
study: h1 = -10 cm, h 2= −25 cm, h3 = -200 cm, and h4 = -8000 cm.
The spatial distribution of roots of a hypothetical plant is described
using the two-dimensional root distribution function b(x,z) of Vrugt
et al. (2001, 2002):

2.4. Soil surface management and fertilizer placement strategies
The same soil surface management and fertilizer placement strategies, as in Siyal et al. (2012), were considered in this study (see Fig. 2).
It was assumed that the soil at the bottom of the furrow was either a)
untreated; it retained its usual surface features and soil hydraulic
properties (S0), b) compacted; its hydraulic conductivity was reduced
by 80 % while the retention parameters were considered to remain the
same (Sc), or c) covered with an impermeable membrane so that the
bottom of the furrow was impermeable (Sim). Nitrogen fertilizer was
mixed into the top 1−3 cm of the soil a) at the bottom and center of the
furrow (P1), b) on the sides of the furrow (P2), c) on the bottom and
sides of the furrow (P3), d) on the furrow sides near the ridge top (P4),
and e) on the top and center of the ridge (P5) (Fig. 2).
While the HYDRUS model allows one to consider the fate and
transport of multiple solutes of various properties subject to ﬁrst-order
degradation chain reactions, such as the nitriﬁcation chain from urea to
ammonium and nitrite and nitrate (e.g., Hanson et al., 2006; Ramos
et al., 2012; Li et al., 2015), only one nonreactive solute species and
dimensionless concentrations were used in our simulations. The initial
concentration of this nonreactive solute, which could be considered as a
surrogate for nitrate readily available for transport and plant uptake, in
the initial placement area was adjusted so that the initial solute mass in
the soil proﬁle was equal to 1 (100 %). This enabled us quick evaluation
of the fractions of nitrogen fertilizer that were used by plants, leached
from the soil root zone, and remained in the soil proﬁle.

p
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x ⎞ −⎛ Z z | z *− z| + Xpx | x * − x | ⎞
m
⎠
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1−
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⎜
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where Xm and Zm are the maximum rooting lengths in the x- and zdirections [L], respectively; x and z are distances from the origin of the
plant in the x- and z-directions [L], respectively; and px [-], pz [-], x*
[L], and z* [L] are empirical parameters. The plant was assumed to be
centered in the middle of the ridge; the extent of roots in the vertical
(Zm) and horizontal (Xm) direction was 60 and 35 cm, respectively;
parameters x* and z* (sometimes referred to as Depth and Radius of
Maximum Intensity) were 30 and 20 cm, respectively; and parameters px
and pz were set at one (1). These parameters produced the root distribution function presented in Fig. 3.
Only passive root nitrogen uptake was considered (Šimůnek and
Hopmans, 2009), i.e., cr in Eq. (2) was assumed to be equal to the nitrogen concentration at any particular location. No compensation mechanisms that would increase root uptake in one part (unstressed) of the
root zone in response to reduced uptake in another part (stressed) of the
root zone were considered in our study.
In the simulations carried out in this study, it is assumed that the
parameters required to simulate root water and nitrogen uptake, i.e.,
3
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Fig. 2. Schematic showing (a) the diﬀerent soil surface management treatments (Si) and (b) fertilizer placements (Pn) analyzed in this study (S0 - original soil; Sc compacted soil; Sim – impermeable membrane, and P1 - fertilizer at the bottom of furrow; P2 - fertilizer on the sides of furrow; P3 - fertilizer on the bottom and sides of
the furrow; P4 - fertilizer on the furrow sides near the ridge top; P5 - fertilizer on the top at the center of the ridge).

3.1. Furrow water balance

the spatial root distribution, the water stress response function, and
potential transpiration are constant in time. Potential root water uptake
and its spatial distribution are thus static. The actual root water and
nitrogen uptake and their spatial distributions are however dynamic as
a result of temporal and spatial variable distributions of water content
and nitrogen concentration in response to individual irrigation events.
Actual transpiration and nitrogen uptake will, therefore, diﬀer between
diﬀerent scenarios.

The total amount of irrigation water applied during one irrigation
cycle depends on several factors, including soil surface management,
which aﬀects the inﬁltration rate, and the applied irrigation rate. Fig. 4
shows water levels in the furrow for the three diﬀerent soil surface
conditions, i.e., S0, Sc, and Sim for 5 diﬀerent irrigation rates. Fig. 5
shows cumulative irrigation and inﬁltration ﬂuxes for the ﬁrst scenario
(S0) and diﬀerent ﬂuxes. Similar graphs could be produced for the other
two soil surface conditions. Fig. 4 shows that the switch-oﬀ depth is
reached fastest for the Sim treatment with an impermeable bottom and
slowest for the S0 treatment with the standard untreated bottom. It also
shows that the switch-oﬀ depth is reached faster for larger irrigation
rates.
Figs. 4 and 5 indicate that most water is applied, in each treatment,
when the lowest irrigation rate is used. This is because when water is
applied at a lower rate it is applied during a longer time period. Since
inﬁltration rates are relatively similar (Fig. 5, right), the lowest irrigation rate produces the slowest increase in the water level in the
furrow, reaching the switch-oﬀ depth much slower than the higher irrigation rates. Consequently, irrigation water for smaller irrigation rates
is applied longer, resulting in more water being applied (Fig. 5, left).
Fig. 6 shows water levels in the furrow for the three soil surface
treatments, i.e., S0, Sc, and Sim, for ﬁve diﬀerent irrigation rates when
irrigations are triggered by the soil water status in the root zone. This
ﬁgure shows that irrigations are triggered less often for lower irrigation
rates, which, as explained above, provide larger amounts of applied
water. Since larger amounts of water are applied when lower irrigation

3. Results and discussion
The Results section is organized as follows. The ﬁrst Section (3.1)
deals with water balance in the furrow. The diﬀerence between constant incoming irrigation (during irrigation events) and time-variable
inﬁltration produces time-variable water levels in the furrow, which are
discussed in this section. Water ﬂuxes associated with the subsurface
are described next. In Section 3.2, we discuss inﬁltration, which is an
input into the soil proﬁle. Water losses in terms of evaporation and deep
drainage are discussed in Sections 3.3 and 3.4, respectively. Next, in
Section 3.5, we discuss the productive use of water, i.e., transpiration,
root water uptake, and irrigation water use eﬃciency (deﬁned here as a
ratio of transpiration/irrigation). The change in water storage in the
subsurface, a component that closes the subsurface water balance, is
discussed in section 3.6. Finally, components of the nitrogen balance,
including nitrogen leaching, plant nitrogen uptake and nitrogen storage
in the crop root zone, are discussed in the last Section (3.7).

4
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Fig. 3. Spatial root distribution function b(x,z) (top). The bottom left is b(x,z) along the soil surface and the bottom right is b(x,z) along the vertical cross-section
through the middle of the domain.

Fig. 4. Water levels in the furrow for the diﬀerent soil surface conditions S0 (top left), Sc (top right), and Sim (bottom) for irrigation rates (IR) of 60 (IR 60), 70 (IR 70),
80 (IR 80), 90 (IR 90), and 100 (IR 100) cm2 h−1.

5
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Fig. 5. Cumulative irrigation (left) and inﬁltration (right) for treatments S0 and for irrigation rates (IR) of 60 (IR 60), 70 (IR 70), 80 (IR 80), 90 (IR 90), and 100 (IR
100) cm2 h−1.

rates are used, it takes longer for this water to be ‘used’ by plants, soil
evaporation, and deep drainage. This ﬁgure also shows that irrigations
are triggered later for treatment S0 than for treatments Sc and Sim. This
is again because more water is applied to treatment S0 in each irrigation
cycle.
It should also be emphasized that four irrigation events were triggered for IR 80, IR 90, and IR 100 for all surface treatments. On the
other hand, for IR 70, four irrigation events were triggered only for
treatments Sc and Sim, while only 3 irrigation events were triggered for
treatment S0. Finally, for IR 60, only three irrigation events were triggered for treatments S0 and Sc, while four irrigation events were triggered for treatment Sim. However, this irrigation event was not completed during the 30-d simulation. This factor, i.e., a diﬀerent number
of irrigation events for triggered irrigation scenarios, can explain some
of the nonlinearities and unexpected results discussed below.

3.2. Inﬁltration
Fig. 7 shows cumulative inﬁltration during one month (30 days)
expressed in absolute values (Fig. 7, top) and as a percentage of potential evapotranspiration (Fig. 7, bottom). Cumulative potential evapotranspiration ETp is equal to 3000 cm2 (i.e., 1 cm/d * 30 d *100 cm =
3000 cm2). Cumulative inﬁltration is displayed for diﬀerent surface
treatments, diﬀerent irrigation rates, and irrigations applied at regular
intervals or triggered by soil water status in the ridge.
Total inﬁltration decreases with an increasing irrigation rate. When
the irrigation rate is low, it takes much longer before the switch-oﬀ
depth is reached, during which time the water inﬁltrates into the soil
proﬁle (see Fig. 4). When the bottom of the furrow is compacted or
impervious, the switch-oﬀ depth is reached much faster, and less water
is applied. This is true for irrigation applied at a regular interval of 5
days or triggered by soil water conditions in the ridge. The diﬀerences
between diﬀerent furrow surface treatments are much smaller when
"triggered" irrigations are applied since, in this case, the soil proﬁle

Fig. 6. Water levels in the furrow for soil surface treatments S0 (top left), Sc (top right), and Sim (bottom) for irrigation rates (IR) of 60 (IR 60), 70 (IR 70), 80 (IR 80),
90 (IR 90), and 100 (IR 100) cm2 h−1 for triggered irrigations.
6
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Fig. 8. Evaporation from the top of the ridge (top) and the furrow (bottom) as a
function of surface treatment (S0 - original, Sc - compacted, and Sim - impermeable membrane), for irrigation rates (IR) of 60 (IR 60), 70 (IR 70), 80 (IR
80), 90 (IR 90), and 100 (IR 100) cm2 h−1, and irrigations applied at regular
intervals and triggered (tr).

Fig. 7. Cumulative inﬁltration (top - expressed in absolute values, bottom expressed as a percentage of potential evapotranspiration) as a function of the
surface treatment (S0 - original, Sc - compacted, and Sim - impermeable membrane), for irrigation rates (IR) of 60 (IR 60), 70 (IR 70), 80 (IR 80), 90 (IR 90),
and 100 (IR 100) cm2 h−1, and irrigations applied at regular intervals or triggered (tr).

are substantially reduced (less than 50 % of potential Ep) compared to
irrigations at predetermined intervals. In general, evaporation losses for
triggered irrigation are less than half of those for irrigations at predetermined intervals. Also, note that evaporation losses are more or less
independent of the soil surface treatment.
Cumulative evaporation from the furrow bottom and sides (Fig. 8;
bottom) can be compared with potential evaporation, which is approximately equal to 1800 cm2 (Ep = 1.0 cm/d; cum(Ep) = 1.0 cm/d *
60 cm * 30 d = 1800 cm2; note that this formula should exclude time
(about 1 d) when the furrow bottom is ﬂooded with water and evaporation does not occur directly from the furrow bottom). Cumulative
potential evaporation for the Sim treatment is 900 cm2 (Ep = 1.0 cm/d *
30 cm * 30 d = 900 cm2). For the furrow, we assume that all incoming
energy is converted to potential evaporation (Ep = 1.0 cm/d). Note
again that evaporation losses from the furrow are substantially reduced
when we used triggered irrigation compared to irrigation at prescribed
intervals. Evaporation losses from the furrow are lowest for the treatment with the impermeable membrane since, in this case, water can
evaporate only from the sides of the furrow.

controls how many irrigations are applied and at what time (see Fig. 6).
Fig. 7, which shows cumulative inﬁltration as a fraction of cumulative potential evapotranspiration (ETp), indicates that triggered irrigation keeps the amount of applied water close to 100 % ETp (or even
below for the impermeable or compacted bottom of the furrow). Interestingly, there were only small diﬀerences between applied irrigation volumes when irrigation was triggered by conditions in the soil and
ﬂow through the bottom of the furrow was restricted, contrary to
standard irrigation when irrigation volumes substantially increased
with the decrease of the irrigation rate. For normal conditions, one
would need to use either a lower switch-oﬀ depth or a longer time interval between irrigations to get closer to 100 % ETp and to avoid signiﬁcant leaching losses.
3.3. Evaporation
Fig. 8 shows cumulative evaporation ﬂuxes from the top of the ridge
and the furrow during one month (30 days) for diﬀerent surface
treatments, diﬀerent irrigation rates, and irrigations applied at regular
intervals or triggered by soil water status in the Ridge. Cumulative
actual evaporation from the top of the ridge (Fig. 8, top) can be compared with cumulative potential evaporation, which is equal to 240 cm2
(Ep = 0.2 cm/d; cum(Ep) = 0.2 cm/d * 40 cm * 30 d = 240 cm2). Note
that we set potential evaporation at 0.2 cm/d at the top of the ridge
because the remaining incoming energy is intercepted by the plant (Tp
= 0.8 cm/d). Also note that for triggered irrigations, evaporation losses

3.4. Deep drainage
Fig. 9 shows drainage at the bottom of the soil proﬁle during one
month (30 days) for diﬀerent furrow surface treatments and diﬀerent
irrigation rates, and irrigations applied at prescribed regular intervals
or triggered by the soil water status in the ridge. The drainage loss
reﬂects the amount of irrigation water applied in the diﬀerent
7
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Fig. 9. Drainage losses from the soil proﬁle as a function of the furrow surface
treatment (S0 - original, Sc - compacted, and Sim - impermeable membrane), for
irrigation rates (IR) of 60 (IR 60), 70 (IR 70), 80 (IR 80), 90 (IR 90), and 100 (IR
100) cm2 h−1, and irrigations applied at regular intervals and triggered (tr).

Fig. 11. Irrigation water use eﬃciency as a function of surface treatment scenario (S0 - original, Sc - compacted, and Sim - impermeable membrane), for
irrigation rates (IR) of 60 (IR 60), 70 (IR 70), 80 (IR 80), 90 (IR 90), and 100 (IR
100) cm2 h−1, and irrigations applied at regular intervals and triggered (tr).

treatments. The largest drainage loss occurred in the treatment with
standard soil surface features and soil hydraulic properties, with lower
applied rates of irrigation, and for irrigations applied at a regular time
interval. Drainage losses are dramatically reduced when the bottom of
the furrow is covered with an impermeable membrane, and even more
so when irrigations are triggered according to the preset soil water
status in the ridge. It must be emphasized that triggered irrigations,
especially in the treatment with the impermeable membrane on the
base of the furrow, can practically eliminate drainage losses.

transpirations (e.g., Klocke et al., 2004; Payero et al., 2006; Oster et al.,
2012; Ragab et al., 2015), the scenarios with triggered irrigation will
thus likely lead to a slight loss of crop yield (on average by about 6 %).
Scenarios with the impermeable membrane almost always show similar
plant transpiration as the other soil surface treatments. However, this is
achieved with much less water.
Fig. 11 shows the irrigation water use eﬃciency (WUE) for the
diﬀerent surface treatments, diﬀerent irrigation rates, and irrigations
applied at regular intervals or triggered by soil water status in the ridge.
We deﬁne irrigation water use eﬃciency as the ratio of actual transpiration to the amount of applied irrigation water. WUE is always
substantially higher for treatments with a reduced conductivity at the
bottom of the furrow. It is also markedly higher for the treatment with
an impermeable membrane compared with the compacted soil treatment. In general, scenarios with triggered irrigations have higher WUE
than scenarios with irrigation at a regular time interval. However, this
increase in WUE for scenarios with triggered irrigation is accompanied
by a slight decrease in actual transpiration (Fig. 10), and correspondingly in crop yield.
Relatively low WUEs, even for triggered irrigation, which have been
shown to almost eliminate downward leaching, are due to relatively
large evaporation losses from the furrow and an increase in water
storage in the soil proﬁle. While furrow irrigation eﬃciencies, which
can range from about 30 % (Fahong et al., 2004) up to about 65 %
(Arabiyat et al., 1999), are in general much lower than well managed
subsurface drip irrigation systems (Ayars et al., 1999), furrow irrigation
remains considerably cheaper than drip systems and thus widely used
around the world. Note that in our simulations potential transpiration
(0.8 cm/d (Tp) * 40 cm (ridge width) = 32 cm2/d) is only about 30% of
the incoming energy (1.0 cm/d (ETp) *100 cm (surface with) = 100
cm2/d), and WUE of 40% is a relatively good outcome for these conditions.

3.5. Transpiration
The ultimate goal of irrigation is to supply crops with the right
amount of water, at the right place and at the right time to maximize
plant transpiration, and hence crop yield. Fig. 10 shows the cumulative
actual transpiration as an absolute value. Cumulative potential transpiration is 960 cm2 (Tp = 0.8 cm/d, and cum(Tp) = 0.8 cm/d * 40 cm
* 30 d = 960 cm2) during one month (30 days) irrespective of diﬀerent
surface treatments, diﬀerent irrigation rates, and irrigations applied at a
regular interval or triggered by a pre-set condition (soil water pressure
head) in the ridge. Cumulative transpiration is large for all scenarios
(more than 90 % of potential transpiration). However, cumulative
transpiration values are smaller (by about 6 %) for scenarios with
triggered irrigation, likely because of less irrigation water applied in
these scenarios (Fig. 7). Since the loss in crop yield is often assumed to
be directly correlated with the ratio of cumulative actual and potential

3.6. Change in water storage
The change in water storage in the soil proﬁle (Fig. 12) was similar
for all scenarios with prescribed irrigation (i.e., triggered). While the
initial soil water storage was about 1690 cm2, which reﬂected the
average soil water content of about 0.18 cm3 cm-3, the pseudo-steadystate (i.e., the same saturation conditions were obtained at the end of
each irrigation cycle) was reached after 2 irrigation cycles, with the
average water storage of about 2660 cm2, which reﬂected the average
soil water content of about 0.28 cm3 cm-3. There were only small differences between diﬀerent furrow surface treatments and diﬀerent irrigation rates. Similar results were also obtained for a system with

Fig. 10. Total transpiration as a function of the furrow surface treatment (S0 original, Sc - compacted, Sim - impermeable membrane), for irrigation rates (IR)
of 60 (IR 60), 70 (IR 70), 80 (IR 80), 90 (IR 90), and 100 (IR 100) cm2 h−1, and
irrigations applied at regular intervals and triggered (tr).
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Fig. 14. Plant nitrogen uptake as a function of the initial placement of fertilizer
(P1 - base, P2 - sides, P3 - base and sides, P4 - sides near ridge, P5 - top of ridge),
the surface treatment scenario (S0 - original, Sc - compacted, and Sim - impermeable membrane), and for irrigation applied at regular intervals and
triggered (tr). The irrigation rate is 90 cm2 h−1.

Fig. 12. The change in storage in the soil proﬁle as a function of the surface
treatment scenario (S0 - original, Sc - compacted, and Sim - impermeable
membrane), for irrigation rates (IR) of 60 (IR 60), 70 (IR 70), 80 (IR 80), 90 (IR
90), and 100 (IR 100) cm2 h−1, and irrigations applied at regular intervals and
triggered (tr).

experimental studies of Kemper et al. (1975), Hamlett et al. (1990),
Clay et al. (1992), Mailhol et al. (2001), and Waddell and Weil (2006)
who all reported that placing fertilizer near the top of the ridge has a
beneﬁcial impact on both yield (its increase) and nitrogen leaching (its
decrease). Leaching also substantially decreased when irrigations were
triggered by the soil water status in the ridge, rather than prescribed at
a regular time interval.
Fig. 14 shows plant nitrogen uptake as a function of the initial
placement of fertilizer, surface treatment, and irrigation applied at
regular intervals and triggered by the soil water status in the ridge. The
irrigation rate is 90 cm2 h−1. The initial location of the fertilizer exerts
a major control on plant nitrogen uptake. There is substantial nitrogen
uptake when the fertilizer is placed at the top of the ridge (either in the
center (about 90 % of fertilizer is taken up by roots) or on the sides
(about 80 %) of the ridge). There is less uptake of nitrogen (about 60 %)
when the fertilizer is placed at the sides of the furrow. Much lower
uptake (10–30 %) occurs when the fertilizer is placed at the bottom of
the furrow, as most of it is leached (Fig. 13). When the fertilizer is
initially placed at the bottom of the furrow, it is mostly out of reach of
plants and is mainly leached. There are only relatively small diﬀerences
in plant nitrogen uptake as a function of the soil surface treatment at
the bottom of the furrow and when irrigations are triggered or applied
at a regular time interval.
Fig. 15 shows the ﬁnal solute storage in the soil proﬁle as a function
of the initial placement of fertilizer, surface treatment, and for

triggered irrigations and an impermeable membrane at the bottom of
the furrow. Larger diﬀerences were only observed for systems with
triggered irrigation and with original or compacted soil at the bottom of
the furrow.
3.7. Nitrogen leaching, plant nitrogen uptake and nitrogen storage
While simulations evaluating water balance components were carried out for six diﬀerent irrigation rates (i.e., 60, 70, 80, 90, and 100
cm2 h-−1 applied either at a constant time interval of 5 days or triggered by conditions in the soil), simulations evaluating solute balance
components were carried out for ﬁve diﬀerent initial solute placements
but only one irrigation rate (again at either a prescribed regular time
interval of 5 days or triggered by the soil water status in the ridge) of 90
cm2/d (scenarios IR90 and IR90-tr, discussed above). The same irrigation rate was used as the base case in the study of Siyal et al. (2012).
Solute leaching decreased substantially with the decrease in permeability of the bottom of the furrow, from untreated, to compacted, to
impermeable (Fig. 13). As expected, leaching was largest when the
nitrogen fertilizer was applied at the base, base and sides, and sides of
the furrow. Leaching was minimal when fertilizer was applied at the top
of the ridge. These numerical results are in agreement with

Fig. 13. Solute leaching as a function of the initial placement of fertilizer (P1 base, P2- sides, P3 - base and sides, P4 - sides near ridge, P5 - top of ridge);
surface treatment (S0 - original, Sc - compacted, and Sim - impermeable membrane); and for irrigations applied at regular intervals and triggered (tr). The
irrigation rate is 90 cm2 h−1.

Fig. 15. Final solute storage as a function of the initial placement of fertilizer
(P1 - base, P2 - sides, P3 - base and sides, P4 - sides near ridge, P5 - top of ridge),
surface treatment (S0 - original, Sc - compacted, and Sim - impermeable membrane), and for irrigations applied at regular intervals and triggered (tr). The
irrigation rate is 90 cm2 h−1.
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irrigations applied at regular intervals and triggered with the irrigation
rate of 90 cm2 h−1. The ﬁnal fertilizer storage in the soil proﬁle is (more
or less) inversely proportional to the fertilizer leaching. Although the
plant nitrogen uptake (Fig. 14) was more or less independent of the
surface treatment of the soil at the bottom of the furrow or whether
irrigations were triggered or applied at a regular time interval, more
fertilizer remained in the soil proﬁle with the decrease in permeability
of the bottom of the furrow, and would potentially be available for
future uptake rather than leached, especially when the fertilizer was
initially placed at (or close to) the bottom of the furrow. Smaller differences in solute storage were recorded between diﬀerent surface
treatments when the fertilizer was initially placed at the top of the
ridge.

scenario. Since several governing equations describing this system (e.g.,
the Richards equation or plant stress response functions) are nonlinear,
obtained results cannot be directly transferred to other systems with
diﬀerent soils, plants, fertilizers, and weather scenarios. The simulation
results discussed in this manuscript only present expected trends that
would have to be conﬁrmed by similar numerical simulations for these
diﬀerent conditions.

4. Conclusions

Acknowledgments

In this study, we extended the original analysis of Siyal et al. (2012)
by including multiple irrigation cycles, improved irrigation scheduling
based on the soil water status and root water and nutrient uptake to
obtain a more realistic and complete picture of the overall water and
nitrogen balance in furrow irrigated systems.
Our simulations have shown that drainage from the root zone can be
substantially reduced by modifying the soil surface properties of the
bottom of the furrow. When the bottom of the furrow was compacted,
drainage was reduced by almost half. A further large reduction in
drainage could be achieved by using an impermeable membrane on the
base of the furrow. An additional and substantial decrease in drainage
can be achieved using triggered irrigation based on a pre-set soil water
status in the ridge. Using triggered irrigation can additionally also
substantially reduce water losses through soil evaporation from both
the top of the ridge and the sides and bottom of the furrow by about 50
% or more. This reduction in water loss by drainage and soil evaporation is accompanied by a relatively small decrease in transpiration
(from about 98 % to about 92 %) compared with irrigation applied at a
prescribed time interval. The reduction in transpiration and water loss
associated with triggered irrigation is accompanied by a substantial
increase in irrigation water use eﬃciency. Overall, our simulations indicate that signiﬁcant savings of irrigation water and reduction in deep
percolation and leaching can be achieved by modifying the soil surface
properties of the bottom of the furrow.
Solute leaching is driven by deep drainage from the crop root zone.
Substantial amounts of nitrogen are leached when the fertilizer is initially placed at the bottom of the furrow but can be greatly reduced by
modifying the soil surface properties of the bottom of the furrow. When
fertilizer is applied to the sides of the furrow or at the top of the ridge,
nitrogen leaching is essentially eliminated, with about 60%–80% of the
nitrogen being taken up by the plant. There are negligible diﬀerences in
nitrogen uptake between the diﬀerent soil surface treatments.
Diﬀerences in root nitrogen uptake are mainly determined by the initial
placement of the fertilizer.
The HYDRUS (2D/3D) model coupled with the "furrow module”
proved to be a powerful tool for analyzing water ﬂow and solute
transport processes in the crop root zone in furrow irrigation and in
evaluating various factors aﬀecting this system; including irrigation
rates, soil hydraulic properties at the base of the furrow and root water
and nitrogen uptake. It must, however, be emphasized that this model
considers processes only in two dimensions perpendicular to the actual
furrow. It cannot account for ﬂow in the third dimension, such as the
advance or recession of irrigation water in the furrow. Nor can it account for the actual mixing of nitrogen with water in the furrow. The
development of a pseudo-three-dimensional model that accounts for
water ﬂow down the furrow and all subsurface soil processes discussed
above is currently under development (Brunetti et al., 2018; Liu et al.,
2019).
It should further be emphasized that the presented simulations were
carried out for a single hypothetical soil, plant, fertilizer, and weather
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