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Abstract: Furrow  irrigation  is  widely  used  in  agriculture  practice  but  faces  challenges  in  inefficient  water  and  nitrogen
management, which may contribute to groundwater contamination risks due to nitrate leaching. In this study, soil hydraulic and
solute reaction parameters were inversed through HYDRUS-1D and genetic algorithm based on one-dimensional urea solution
infiltration experiments to explore the effects of urea concentration (C), water depth (WD), furrow bottom width (FW), and soil
initial  water  content  (IWC)  on  soil  water  and  nitrogen  transport  characteristics  of  furrow  irrigation  using  HYDRUS-2D
simulation.  Moreover,  structural  equation modeling (SEM) quantitatively analyzed these factors.  The results  showed that  the
inversed parameters were reliable. The infiltration rate increased with C, WD, and FW but decreased with IWC. The urea was
completely hydrolyzed on the fifth day of the redistribution process. The ammonium nitrogen ( -N) initially increased to the
maximum value on the third day and then decreased.  The SEM revealed that  the IWC, FW, and WD positively affected the
aspect ratio of the wetting pattern. It is suggested that WD and FW should be appropriately increased during furrow irrigation.
Moreover, to reduce the risk of deep leaching of  -N, fertigation should be avoided when the soil water content is high in
the range of suitable water contents for crop growth. The results provide theoretical insights for improving nitrogen efficiency
and supporting sustainable agricultural practices.
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1    Introduction
Furrow irrigation is one of the most used methods in agriculture

practice  owing  to  its  advantage  of  initial  cost,  culture,  and  energy
requirements[1].  Furrow  fertigation  with  nitrogen  provides  an
effective  and  uniform  method  for  distributing  water  and  fertilizer
(nutrients)  to  crops,  which  has  the  potential  to  improve  seasonal
fertilizer application efficiency compared with traditional broadcast
fertilizer  application  methods[2].  However,  less-than-optimum
management  of  furrow  systems  may  cause  inefficient  water  and
nutrient  utilization,  thereby  potentially  reducing  yield  benefits  and
contributing to groundwater  pollution through deep water  drainage
and nitrogen leaching[3,4].

The transfer of water and fertilizer and the reaction of nitrogen
are  usually  affected  by  several  factors,  including  soil  texture,  soil
initial  water  content  (IWC),  fertilizer  concentration,  enzymatic
activity,  and  soil  environmental  conditions  such  as  temperature[4–6].
Nitrogen  undergoes  various  transformations,  including
mineralization,  nitrification,  denitrification,  volatilization,
adsorption,  and  ionic  exchange  in  soils[3,7].  In  addition,  the  transfer
and distribution of  soil  water  and fertilizer  in  furrow irrigation are
influenced by other factors, such as furrow bottom width (FW) and
water  depth  (WD)[8].  All  these  factors  make  the  prediction  of  soil
water  and  nitrogen  more  complex,  thus  making  the  optimum

management  of  furrow  irrigation  systems  challenging.  Conducting
experiments to explore all different scenarios of furrow irrigation is
costly and time-consuming. In addition, the experiment method has
limitations in the optimum management of furrow irrigation[3,9]. The
HYDRUS is  flexible  to  adapt  to  different  types  of  water  flow and
boundary conditions of solute transport calculation. Additionally, it
can  simultaneously  consider  soil  water  and  solute  dynamics  under
different  management  practices[3,10].  Moreover,  HYDRUS-2D  has
been  extensively  and  successfully  used  to  simulate  water  and
nutrient  transport  in  soils,  even  for  complicated  problems  under
furrow  irrigation[11].  The  various  reaction  processes  of  nitrogen  in
soils are always predicted using first-order reaction kinetics through
the  rate  constant.  However,  the  reaction  processes  are  complex
because  of  their  coupled  nature  and  their  sensitivity  to  soil
conditions,  such  as  soil  texture,  water,  and  temperature[7,12].  In
addition,  to  ensure  the  accuracy  and  reliability  of  the  simulation
results, the reasonable soil hydraulic and solute reaction parameters
must be determined before conducting the HYDRUS simulation[13].
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Urea  as  organic  nitrogen  is  used  extensively  in  agricultural
production  and  is  characterized  by  stable  properties,  high  nitrogen
content,  and  high  solubility,  making  it  a  suitable  essential  nutrient
source  for  crops  through  fertilization[5,6].  The  main  decay  chain  for
urea  in  soil  involves  the  transformation  of  urea  into  ammonium
( -N)  and  nitrate  nitrogen  ( -N)[7,12].  Nitrogen  species,  such
as  -N, cannot be adsorbed by soil and are easily transported by
water flow, thus resulting in nitrogen leaching.  -N is a volatile
species  that  is  easily  lost  through  volatilization.  Consequently,  the
decay process of urea is complicated. If the process is not properly
managed, it will lead to the loss of nitrogen (urea,  -N, and  -
N), low nitrogen utilization efficiency, and environmental pollution,
thus  posing  a  threat  to  human  health[14].  Numerous  studies  have
examined  the  urea  decay  and  transfer  process  through
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experiment[12,15] and numerical  simulation[16,17].  However,  only a  few
studies have investigated the effects of various factors (such as soil
IWC,  furrow  water  depth  and  bottom  width,  and  concentration  of
urea  solution)  on  the  soil  water  and  nitrogen  transport
characteristics  of  furrow  fertigation  and  quantified  these  effects
using structural equation models.

Therefore, this study aimed to 1) inverse the soil hydraulic and
solute  reaction  parameters  and  verify  them;  2)  simulate  the
infiltration  and  distribution  process  of  urea  solution  in  furrow
irrigation under different factors (urea concentration, WD, FW, and
IWC)  using  HYDRUS-2D;  3)  use  structural  equation  models  to
quantitatively  analyze  the  effects  of  different  factors  on  the
infiltration  and  distribution  process  of  urea  solution  in  furrow
irrigation. 

2    Materials and methods
 

2.1    Experimental location and materials
This  experiment  was  conducted  from  June  to  August  2022  in

NO−3
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Yangling  District,  Shaanxi  Province,  in  northwestern  China
(34°17′N, 108°04′E). The climate of the study site was semiarid and
semihumid.  In  addition,  the  average  daytime  temperature  between
June and August  was  28.5°C.  The soils  utilized  in  this  study were
classified  as  sandy  loam  and  clay  loam  (International  reclass-
ification  standard),  and  were  collected  from  a  depth  range  of  0  to
60 cm. The soil was air-dried and sieved to ≤2 mm and the residual
water content (θr) was measured using the oven-drying method. The
field capacities (FCs) were measured using the cutting ring method.
The Mastersizer 2000 analyzer (Malvern Panalytical Company) was
used to determine the soil particle size. The urea nitrogen in the soil
was  determined  by  the  diacetyl  monoxime  colorimetric  method
using  an  ultraviolet  spectrophotometer  (Shimadzu  Corporation,
Beijing,  China  )[18].  Nitrate  nitrogen  ( -N)  and  ammonium
nitrogen  ( -N)  were  measured  using  an  automatic  intermittent
chemical analyzer (SMARTCHEM 450) (LICA United Technology
Limited,  Beijing,  China).  The  characteristic  parameters  of  the  test
soil are listed in Table 1.

 
 

Table 1    Characteristic parameters of the test soil

Soil texture θr/cm3∙cm–3 FC/cm3∙cm–3 NO−3 -N/mg∙kg
–1 NH+4 -N/mg∙kg

–1 Urea/mg∙kg–1
Content of soil particles/%

Clay (<0.002 mm) Silt (0.002–0.020 mm) Sand (0.020–2.000 mm)

Clay loam 0.035 0.32 6.98 4.53 0.55 28.74 33.46 37.80

Sandy loam 0.023 0.22 4.78 6.01 0.16 15.33 24.89 59.78

NO−3 NH+4Note: θr is the residual water content; FC is the field capacity;  -N and  -N are the nitrate nitrogen and ammonium nitrogen, respectively.
 
 

2.2    Experiment design
In  this  study,  urea  solution  was  used  to  conduct  one-

dimensional  (1D)  and  two-dimensional  (2D)  infiltration
experiments.  According to the irrigation practices of local farmers,
the  infiltration  process  was  terminated  when  the  cumulative
infiltration was 80 mm (unit area).  The bulk densities of the sandy
and  clay  loam  soils  were  designed  to  be  1.45  and  1.35  g/cm3,
respectively[19]. Seven different concentrations of urea solution (0.2,
0.4, 0.6, 0.8, 1, 3, and 5 g/L) were administered for the 1D vertical
infiltration experiment[6,20], and were denoted as T1, T2, T3, T4, T5,
T6,  and  T7,  respectively.  In  addition,  a  control  treatment  (0  g/L)
was  used,  denoted  as  CK.  Moreover,  five  concentrations  of  urea
solution  (0.4,  0.8,  1,  3,  and  5  g/L)  and  control  treatment  (0  g/L)
were administered for the 2D furrow infiltration experiment.

NO−3 NH+4

NO−3 NH+4

For  the  1D vertical  infiltration  experiments,  the  soil  IWC was
controlled  as  θr  for  clay  loam  and  sandy  loam  (Table  1),
respectively.  The  soil  samples  were  taken  from  the  wetted  soil
volume at  the moments of infiltration termination and the 1st,  3rd,
5th,  and  10th  days  after  infiltration  to  determine  the  soil  water
content and the content of urea,  -N, and  -N (Figure 1). The
detailed  description  of  the  1D  vertical  infiltration  experiments  can
be found in  Feng et  al.[5].  A polymethyl  methacrylate  soil  box was
used to conduct  the furrow irrigation experiments  (Figure 1b),  and
the  IWC  was  controlled  as  θr  for  clay  loam  and  sandy  loam
(Table  1),  respectively.  The  soil  samples  were  collected  from
different  locations  at  infiltration  termination  and  the  1st,  3rd,  5th,
and  10th  days  after  infiltration  to  determine  the  soil  moisture
content and the content of urea,  -N, and  -N.
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Note: (a) Cross-section, measured points, and boundary condition of soil column; (b) Cross-section and measured points of soil box and furrow; (c) Boundary condition
and finite element mesh of soil box and furrow.

Figure 1    Cross-section, measured points, boundary condition and finite element mesh of the model
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2.3    HYDRUS simulation 

2.3.1    Modeling of nitrogen reactions
The  HYDRUS-1D/2D can  be  used  to  simultaneously  simulate

reactions  and  transport  of  multiple  solutes[21].  These  solutes  can  be
independent of each other or from the same first-order degradation
reaction  chain.  Urea  is  initially  hydrolyzed  to  form ammonium by
urease in the soil,  which is then nitrified by autotrophic bacteria to
form nitrite and nitrate. This process can be described with the first-
order decay chain as follows[7]:

gas
↑

(NH2)2CO→ NH+4 → NO−2 → NO−3
↗
↘

N2

N2O

(1)

NH+4
NH+4 NH+4 NO−3

NO−3

Due  to  the  faster  rate  of  nitrification  from  nitrite  to  nitrate
compared  with  the  nitrification  of  ammonium,  both  nitrification
reactions  are  typically  considered  together,  thereby  neglecting  the
nitrite  species.  Volatilization  of  ammonium was  also  neglected[7,22].
The  following  N  transformation  processes  were  simulated  using
HYDRUS  in  this  study:  1)  hydrolysis  of  urea  to  -N,
2) adsorption of  -N, 3) nitrification of  -N to  -N, and
4) denitrification losses of  -N. 

2.3.2    Soil water movement model
Assuming the soil is a homogeneous and isotropic rigid porous

medium,  the  air  resistance  plays  an  insignificant  role  in  the  liquid
flow  process,  and  the  effects  of  temperature  and  evaporation  on
infiltration are negligible. The 1D and 2D governing flow equation
of  variably  saturated  soil  water  movement  under  these  conditions
can be expressed as a modified form of the Richards’ equation:[21]

∂θ

∂t
=

{
∂

∂z

[
K(h)

∂h
∂z

]
− ∂K(h)
∂z

}
+d

{
∂

∂x

[
K(h)

∂h
∂x

]}
(2)

where, θ  is  the soil  water  content,  cm3/cm3;  t  is  the time,  min; h  is
the  soil  water  pressure  head,  cm;  z  is  a  vertical  coordinate  that  is
positive in a downward direction; and x is a lateral coordinate. The
value of coefficient d is 0 or 1 and represents the dimension of the
Equation (2). If d is 0, it represents the 1D governing flow equation
of  variably  saturated  soil  water  movement;  otherwise  it  represents
the  2D  governing  flow  equation  of  variably  saturated  soil  water
movement. K(h) is the unsaturated hydraulic conductivity, cm/min,
which can be described using the van Genuchten–Mualem (VG-M)
model[23]:

K (h) =

®
KsS l

e

[
1−

(
1−S 1/ m

e

)m]2
, h< 0

Ks, h ≥ 0
(3)

S e =


θ− θr

θs − θr

= 1(
1 + |αh|n

)m , h< 0

1, h ≥ 0
(4)

where, θr  is  the  residual  soil  water  content,  cm3/cm3; θs  is  the  soil
saturated  water  content,  cm3/cm3;  m,  n,  α,  and  l  are  empirical
parameters  of  the  soil  water  characteristic  curve,  m=1–(1/n).  l  is
usually  equal  to  0.5;  KS  is  the  saturated  hydraulic  conductivity,
cm/min; and Se is the relative hydraulic conductivity, cm/min. 

2.3.3    Soil solute transport model

NH+4

HYDRUS  can  be  used  to  numerically  solve  the  convection-
diffusion  equation  using  finite  elements  in  space  and  finite
differences  in  time,  which  predicts  the  fate  of  components  in  soil
liquid, solid, and gaseous phases. The equations include provisions
for  kinetic  attachment/detachment  of  solute  to  the solid phase,  and
they can be thus used to simulate adsorptive solute ( )[7].
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where, C1, C2,  and C3  are  the  concentration  of  urea,  -N,  and
-N in the liquid phase, g/cm3, respectively; μw,1 is the first-order

urea  hydrolysis  rate  constant;  and  μw,2  and  μs,2  are  the  first-order
nitrification  rate  constant  of  -N  in  liquid  and  solid  (due  to
adsorption) phase, min–1, respectively. μw,3 is the first-order  -N
denitrification rate constant, min–1. qx and qz are the volumetric flux
density  in  the  horizontal  and  vertical  direction  (cm/min),
respectively.  Dxx,  Dxz,  and  Dzz  are  components  of  the  effective
dispersion  coefficient  tensor,  cm2/min.  S2  is  the  -N
concentration  in  the  solid  phase  due  to  adsorption,  g/g,  assuming
that  the  -N  is  instantaneously  (equilibrium)  adsorbed  on  the
solid  phase[7].  In  the  case  of  1D  infiltration,  note  that  the  terms
representing the x-direction and xz-direction are ignored. S2 can be
described by a linear equation:

S 2 = KdC2 (8)

where, Kd is the distribution coefficient, cm3/g. 

2.3.4    Initial and boundary conditions

NO−3 NH+4

The  initial  solute  conditions  were  defined  using  the  measured
concentration of urea,  -N, and  -N (Table 1). The IWC was
defined  as θr.  The  boundary  conditions  of  the  1D  vertical  and  2D
urea  solution  infiltration  experiments  and  simulation  are  shown  in
Figure 1 a and c[11,24]. Moreover, a non-uniform finite element mesh
was  generated  by  HYDRUS-2D  for  2D  infiltration,  with  its  sizes
gradually increasing with distance from the boundary that interfaced
with  the  water  (Figure  1c)  to  accurately  model  large  spatial
gradients in soil water pressure heads caused by infiltrating water[25]. 

2.3.5    Parameter inverse solution procedure and evaluation

NH+4 NO−3

The  HYDRUS  implements  a  Marquardt-Levenberg  parameter
inversion  technique  for  inverse  soil  hydraulic  parameters,  solute
reaction  parameters  from  measured  soil  water  content,  and  soil
solute  (urea,  -N,  and  -N)  concentrate  data[22].  The  inverse
method  is  based  on  the  minimization  of  a  suitable  objective
function,  which  expresses  the  discrepancy  between  the  observed
and predicted values.  The objective  function is  defined as  the  sum
of squared residuals (SSQ)[2]:

S S Q =
M∑
j=1

v j

N∑
i=1

wi j

[
q∗j(x,z, ti)−q∗j(x,z, ti,b)

]2 (9)

q∗j(x,z, ti)
q∗j(x,z, ti,b)

where,  N  represents  the  number  of  measurements  for  the  jth
measurement  set  (e.g.,  soil  water  contents  and  soil  solute
concentrations);    represents  the  measurement  at  time  ti,
location  x,  and  depth  z;    represents  the  corresponding
model  prediction  value  obtained  with  the  vector  of  optimized
parameters b (e.g., θr, θs, α, n, and Ks); and vj and wij are the weights
associated with a particular measurement set or point, respectively.
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Weighting coefficients  were assumed to  be equal  to  1  in  all  cases,
representing  that  all  data  carried  equal  significance  during  the
HYDRUS  inversion  process.  The  soil  hydraulic  parameters  of  the
VG-M  model  were  inversed  by  measured  cumulative  infiltration
and soil water content at the end of the infiltration.

The HYDRUS-1D can estimate the hydrolysis rate constant for
urea  hydrolysis  (μw,1)  by  utilizing  the  measured  urea  content  at
various  observation  points  of  the  1D  vertical  urea  solution
infiltration experiment.  Genetic algorithms (GA) have been widely
used  in  modeling  different  water  resources  engineering  parameter
optimization problems[26].  In this  study,  the GA and the HYDRUS-
1D  were  combined  to  determine  the  optimal  value  of  the
distribution  coefficient  (Kd),  nitrification  rate  constant  for
ammonium nitrogen (μw,2, μs,2),  and denitrification rate constant for
nitrate  (μw,3).  The  main  flowchart  of  parameter  optimization  is
shown in Figure 2.

Quality  in  soil  hydraulic  and  solute  reaction  parameters
inversion  and  HYDRUS  simulation  was  assessed  using  the  root
mean square error (RMSE), mean bias error (MBE), and coefficient
of determination (R2) between measured and estimated values[5]. 

2.4    Structural equation modeling
To understand  the  direct  and  indirect  effects  of  the  factors  on

the  soil  water  and  solute  distribution  characteristic  of  furrow
irrigation,  structural  equation modeling (SEM) was used.  The total
effects of factors are the sum of direct and indirect path coefficients.
The  indirect  effects  were  calculated  by  multiplying  the  path
coefficients  of  factors  in  SEM[27].  The  analyses  and  SEM  were
performed  using  the  lavaan  package  in R[28].  The  reliability  of  the
SEM  was  evaluated  with  the  following  indicators:  Chi-square,
standardized  root  mean  square  residual  (SRMR),  comparative  fit
index (CFI), p-value of the model, the degrees of freedom (Df), and
root mean square error of approximation (RMSEA). The p-value of
the models>0.05,  CFI>0.95,  RMSEA<0.06, SRMR<0.09, and Chi-
square/Df<3,  indicating  the  model  fit  well  and  is  reliable  for  the
data[27,29].
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Figure 2    Flowchart of parameter optimization
  

3    Results and analysis
 

3.1    Parameter inversion and verification 

3.1.1    Soil hydraulic parameters
Through the HYDRUS-1D, the soil hydraulic parameters were

inversed  based  on  the  cumulative  infiltration  and  the  soil  water
content  at  the  measured  points  obtained  from  a  1D  vertical  urea
solution  infiltration  experiment  conducted  on  clay  loam and sandy
loam  (Figure  1a).  The  parameter  θr  in  Equation  (4)  is  often
considered  an  empirical  fitting  parameter  that  is  not  sensitive  to
changes  in  the  shape  of  the  soil  water  characteristic  curve
(SWCC)[11,30]. Thus, the θr was approximated for air-dried soil water
content  (0.035  and  0.023  cm3/cm3  for  clay  and  sandy  loam  soils,
respectively)  during  the  inverse  solution.  The  inversion  results  of
other soil hydraulic parameters (i.e., θs, α, n, and Ks) and the errors
(SSQ  and  R2)  of  clay  and  sandy  loam  soils  under  various  urea
solution concentration treatments are listed in Table 2.

 
 

Table 2    Inversed soil hydraulic parameters and errors for clay loam and sandy loam during the inverse process

Treatment
Clay loam Sandy loam

Soil hydraulic parameters Errors Soil hydraulic parameters Errors
θs/cm3∙cm–3 α n KS/cm∙min–1 SSQ R2 θs/cm3∙cm–3 α n KS/cm∙min–1 SSQ R2

CK 0.4330 0.0003 1.1912 0.0009 0.7980 0.9996 0.3170 0.0154 1.2010 0.0220 0.1770 0.9971
T1 0.4390 0.0004 1.2240 0.0010 0.1878 0.9991 0.3360 0.0224 1.2960 0.0246 0.1980 0.9981
T2 0.4450 0.0006 1.2250 0.0016 0.5220 0.9996 0.3400 0.0255 1.3000 0.0257 0.1200 0.9988
T3 0.4510 0.0009 1.2390 0.0023 0.4890 0.9995 0.3500 0.0268 1.4000 0.0281 0.3150 0.9989
T4 0.4560 0.0011 1.2760 0.0023 0.4120 0.9993 0.3540 0.0320 1.4500 0.0283 0.1120 0.9991
T5 0.4640 0.0014 1.2850 0.0026 0.6770 0.9991 0.3600 0.0331 1.5540 0.029 0.2430 0.9991
T6 0.4730 0.0019 1.3090 0.0033 0.1080 0.9985 0.3600 0.0354 1.5970 0.0307 0.4960 0.9988
T7 0.4800 0.0025 1.3800 0.0043 0.6340 0.9972 0.3650 0.0382 1.6500 0.0342 0.2050 0.9966

Note: θs, α, n, and KS are the parameters of the van Genuchten–Mualem model, respectively; SSQ is the sum of squared residuals; R2 is the coefficient of determination.
 

The  inversed  parameters  were  input  into  HYDRUS-2D  to
simulate  the  clay  loam  and  sandy  loam  (IWC=θr)  of  furrow  urea
solution infiltration process and the soil water content at the end of
the infiltration experiment  under  urea solution concentrations of  0,
0.4,  0.8,  1,  3,  and 5  g/L (CK,  T2,  T4,  T5,  T6,  and T7).  The mean
values  of  the  RMSE,  MBE,  and  R2  between  the  measured  and
simulated cumulative infiltration and soil water content of clay loam
soil  (sandy loam soil)  at  different  urea concentrations were 0.3176
(0.2700)  cm,  –0.0584  (0.0168)  cm,  0.9950  (0.9967)  and  0.0449
(0.0309)  cm3/cm3,  –0.0027  (–0.0038)  cm3/cm3,  0.8729  (0.8604),
respectively.  These  errors  were  similar  to  the  reported  studies[11,31],

indicating that the soil hydraulic parameters were reliable in furrow
irrigation process simulation. 

3.1.2    Solute reaction parameters

NH+4
NO−3

The first-order  urea  hydrolysis  rate  constants  (μw,1),  first-order
nitrification  rate  constant  (μw,2, μs,2)  of  -N,  denitrification  rate
constant  (μw,3)  of  -N,  and  distribution  coefficient  (Kd)  were
determined  using  HYDRUS-1D  and  GA.  This  determination  was
based  on  the  inversed  soil  hydraulic  parameters  (Table  2)  and
measured solute  concentration at  days  0,  1,  3,  5,  and 10 following
the conclusion of 1D vertical urea solution infiltration experiments.
The results and errors are listed in Table 3.
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Table 3    Inversed solute reaction parameters and errors
during the inverse process

Solute
reaction

parameters

Clay loam Sandy loam

Values SSQ/g∙cm–3 R2 Values SSQ/g∙cm–3 R2

μw,1/min–1 5.420×10–4 3.491×10–10 0.9969 4.640×10–4 3.482×10–10 0.9967
Kd/cm3∙g–1 2.969

4.319×10–11 0.9971
1.890

2.834×10–12 0.9950μw,2/min–1 7.776×10–5 1.524×10–4

μs,2/min–1 7.776×10–5 1.524×10–4

μw,3/min–1 3.865×10–6 1.633×10–11 0.9945 1.536×10–6 1.089×10–11 0.9893

NH+4
Note: μw,1 is the first-order rate constant of urea hydrolysis; μw,2, and μs,2 are the
first-order nitrification rate constants of  -N in water and solid phase, respec-
tively; μw,3 is the first-order denitrification rate constant; and Kd is the distribution
coefficient.
 

NH+4 NO−3

NH+4 NO−3

The  solute  reaction  parameters  inversed  through  1D  vertical
urea solution infiltration experiments were also used to simulate the
2D furrow solute transport process to evaluate the reliability of the
parameters.  The mean values of the RMSE, MBE, and R2 between
the measured and simulated solute concentrations (CK, T2, T4, T5,
T6, and T7) of urea,  -N, and  -N in clay loam soil  (sandy
loam  soil)  were  0.1188  mg/cm3,  –0.0239  mg/cm3,  and  0.9544
(0.1216  mg/cm3,  –0.0128  mg/cm3,  and  0.9564),  0.0052  mg/cm3,
0 mg/cm3, and 0.9356 (0.0061 mg/cm3, 0.0001 mg/cm3, and 0.9164),
0.0966  mg/cm3,  0.0198  mg/cm3,  and  0.9381  (0.0819  mg/cm3,
0.0252  mg/cm3,  and  0.9379),  respectively.  Meanwhile,  the  RMSE,
MBE, and R2 of the measured and simulated concentration of urea,

-N,  and  -N  at  different  treatments  were  acceptable  and
varied  within  ranges  similar  to  those  reported  in  previous
studies[2,11,31],  indicating  that  the  solute  reaction  parameters  were
reliable in furrow irrigation process simulation. 

3.2    Analysis  of  soil  water and solute transport  characteristics
under different furrow irrigation conditions 

3.2.1    Urea solution concentration

NH+4
NO−3

Due to the similarity in the simulation results of soil water and
nitrogen  transport  between  clay  loam  and  sandy  loam  under
different  conditions,  clay  loam  was  used  as  an  example  for
explanation.  The  distributions  of  the  soil  water,  urea,  -N,  and

-N in clay loam soil at different urea concentrations (C=0.4, 1,
and  5  g/L)  was  simulated  based  on  the  following  conditions:  soil
initial  water  content  (IWC)  of  0.128  cm3/cm3  (40%  of  FC),  water
depth (WD) of  10 cm, soil  bulk density  of  1.35 g/cm3,  and furrow
bottom width (FW) of 20 cm (Figure 3).
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When the cumulative infiltration reached 80 mm in clay loam,
the  infiltration  time  for  simulation  at  C=0.4  g/L  was  248.8  min,

NH+4

NH+4

NH+4
NO−3

NH+4

significantly longer than those at C=1 g/L and C=5 g/L,  by 6.10%
and  25.78%,  respectively.  The  infiltration  rate  increased  with  urea
concentration C,  attributed to urea hydrolysis  producing   with
strong  adsorption  and  soil  structure-altering  ability,  enhancing  soil
infiltration capacity[5]. The urea concentration slightly influenced the
wetting  pattern  at  the  end  of  the  infiltration,  but  the  distribution
range  of  the  wetting  pattern  increased  with  increasing  urea
concentration  in  the  redistribution  process  (Figure  3).  The  results
showed that the vertical and horizontal distribution distances of the

-N in  clay  soil  on  the  3rd  day  in  the  redistribution  process  at
urea concentration of 5g/L were longer than those of the simulations
at C=0.4 g/L and C=1 g/L by 10.14%, 8.59% and 10.45%, 7.72%,
respectively. However, the distribution range of the  -N was less
than that of the soil water and  -N. This result can be attributed
to the adsorption of  .

NH+4
NO−3

NH+4
NH+4

NO−3

NH+4
NO−3 NO−3

NO−3
NO−3

NH+4

NO−3

Figure  4  shows  the  vertical  distributions  of  urea,  -N,  and
-N  contents  at  the  end  of  infiltration  and  during  the

redistribution process (0-10 d)  at C=1 g/L.  Urea content  decreased
with soil depth and distribution time (Figure 4a) due to continuous
hydrolysis into  -N by urease, and was almost completed on the
5th  day.  During  redistribution,  -N  content  increased  to  a
maximum  on  the  3rd  day  and  then  decreased,  as  hydrolysis
dominated  initially  but  nitrification  surpassed  hydrolysis  after  the
3rd  day  (Figure  4b).  -N  content  was  initially  lower  than  the
initial  value  and  then  increased  above  it,  reaching  a  maximum  at
the  wetting  front  at  the  end  of  infiltration  (Figure  4c).  This  was
because  nitrification  of  -N  was  low  during  infiltration,
replenishing  a  small  amount  of  -N.  As    cannot  be
adsorbed,  urea  solution  leached  -N,  resulting  in  concentrated
distribution  at  the  wetting  front.  -N  content  increased  with
distribution  time  due  to  continuous  nitrification  from  -N
(Figure  4c),  with  a  higher  nitrification  rate  constant  than
denitrification rate constant of  -N.
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Figure 4    Redistribution of solutes under urea concentration of 1 g/L
  

3.2.2    Water depth
NH+4 NO−3The distributions of the soil water, urea,  -N, and  -N in

clay  loam  at  C=1  g/L  were  simulated  under  the  following
conditions:  IWC=0.128  cm3/cm3  (40% of  FC),  soil  bulk  density  of
1.35 g/cm3, FW=20 cm, and WD of 5, 10, and 15 cm (Figure 5).

NH+4 NO−3

The  results  showed  that  the  infiltration  rate  increased  with
increasing WD, and the infiltration times for simulation with WD=
5  cm were  300  min,  which  was  considerably  longer  than  those  of
simulation  with  WD=10  cm  and  WD=15  cm,  by  52.14%  and
115.05%,  respectively.  The  main  reason  was  that  the  increase  in
WD increased  the  infiltration  perimeter  and infiltration  area  of  the
furrow.  At  the  end  of  infiltration,  the  wetting  patterns  under
different  WDs  (5,  10,  and  15  cm)  revealed  that  the  vertical
distribution  range  of  soil  water,  urea,  -N,  and  -N
decreased  with  increasing  WD,  while  the  horizontal  distribution
range  increased  (Figure  5).  Specifically,  the  vertical  distribution
distance of soil water under WD=5 cm was greater than that under
WD=10  cm  and  WD=15  cm  by  7.42%  and  16.7%,  respectively.
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Conversely,  the  horizontal  distribution  distance  under  WD=15  cm
was greater than that under WD=10 cm and WD=5 cm by 20.14%
and  51.33%,  respectively.  On  the  3rd  day,  the  vertical  distance  of

-N  under  WD=5  cm  was  greater  than  that  under  WD=10  cm
and  WD=15  cm  by  4.72%  and  8.19%,  respectively.  Similarly,  on
the  10th  day,  the  horizontal  distribution  distance  of  -N  under
WD=15 cm was greater than that under WD=10 cm and WD=5 cm
by 6.49% and 15.65%, respectively.
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concentration of 1 g/L at WD of 5, 10, and 15 cm, respectively
  

3.2.3    Furrow bottom width
NH+4 NO−3The distributions of the soil water, urea,  -N, and  -N of

clay loam were simulated under the following conditions: soil IWC
of  0.128  cm3/cm3  (40%  of  FC),  WD=10  cm,  C=1g/L,  soil  bulk
density of 1.35 g/cm3, and FW of 10, 20, and 30 cm (Figure 6).
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concentration of 1 g/L for FW of 10, 20, and 30 cm, respectively

NH+4 NO−3

NH+4
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Similar  to  the  influence  of  WD  on  the  infiltration  time,  the
increase  in  FW increased  the  infiltration  perimeter  and  infiltration
area  of  the  furrow,  thus  decreasing  infiltration  time  when  the
cumulative infiltration was 80 mm in the clay loam. The infiltration
time  for  the  simulation  with  FW=10  cm  was  379.5  min,  which  is
considerably  longer  than  those  of  the  simulation  with  FW=20  cm
and FW=30 cm, by 65.72% and 107.72%, respectively. The results
show  that  increasing  the  FW  enhances  the  horizontal  distribution
range  of  the  soil  water,  urea,  -N,  and  -N  while  reducing
their  vertical  distribution  range  (Figure  6).  For  instance,  the
horizontal  distance  distributions  of  the  soil  water  content  of  clay
soil  at  the  end  of  infiltration  under  FW=30  cm  were  larger  than
those  under  WD=20  cm  and  WD=10  cm  by  8.01%  and  18.66%,
respectively. The horizontal distance distributions of the  -N of
clay  soil  on  the  3rd  day  during  the  redistribution  process  under
FW=30  cm  were  larger  than  those  under  FW=20  cm  and  FW=
10  cm by  6.54% and  11.08%,  respectively.  For  the  distribution  of

-N, the horizontal distance distributions of clay soil on the 10th
day under FW=30 cm were larger than those under FW=20 cm and
FW=10 cm by 7.72% and 4.99%, respectively. This phenomenon is
because the increase in FW mainly increased the distance between
the  wetting  front  in  the  horizontal  direction  and  the  center  of  the
furrow and increased the infiltration area along the furrow bottom. 

3.2.4    Soil initial water content
NH+4 NO−3

NH+4 NO−3

NH+4 NO−3

The distributions of the soil water, urea,  -N, and  -N of
clay  loam  were  simulated  under  the  following  conditions:  WD=
10  cm,  soil  bulk  density  of  1.35  g/cm3,  FW=20  cm, C=1g/L,  and
IWC of 0.128, 0.176, and 0.208 cm3/cm3 (i.e., 40%, 55%, and 65%
of  FC).  Increasing  IWC  prolongs  the  time  to  reach  a  cumulative
infiltration of  80 mm, unlike  the  enhancing effects  of C,  WD, and
FW. For simulations with IWC=0.208 cm3/cm3, the infiltration times
(281  min)  were  8.91%  and  22.71%  longer  than  those  with
IWC=0.176 and 0.128 cm3/cm3,  respectively. The results show that
the  distribution  range  of  soil  water,  urea,  -N,  and  -N
increased  with  the  increase  of  IWC,  and  IWC  had  a  more
pronounced effect during redistribution (Figure 7). For instance, the
vertical distance distributions of soil water at the end of infiltration
under  IWC=0.208  cm3/cm3  were  4.98%  and  9.83%,  larger  than
those  under  IWC=0.176  cm3/cm3  and  0.128  cm3/cm3,  respectively.
On the  3rd  day of  redistribution,  these  increases  were  45.43% and
60.6%,  respectively.  In  the  horizontal  direction,  the  relative
increases were 18.31% and 38.73%. This phenomenon is because as
the  IWC of  soil  becomes  relatively  high,  the  soil  rapidly  becomes
saturated,  thus  accelerating  the  wetting  front  movement[11].
Additionally, the distribution ranges of urea,  -N, and  -N in
clay  loam  soil  increased  with  IWC  during  infiltration  and
redistribution (Figure 7).

NH+4 NO−3

Increasing  IWC  prolongs  the  time  to  reach  a  cumulative
infiltration of  80 mm, unlike  the  enhancing effects  of C,  WD, and
FW. For simulations with IWC=0.208 cm3/cm3, the infiltration time
(281  min)  was  8.91%  and  22.71%  longer  than  those  with
IWC=0.176 and 0.128 cm3/cm3,  respectively. The results show that
the  distribution  range  of  soil  water,  urea,  -N,  and  -N
increased  with  the  increase  of  IWC,  and  IWC  had  a  more
pronounced effect during redistribution (Figure 7). For instance, the
vertical distance distributions of soil water at the end of infiltration
under  IWC=0.208  cm3/cm3  were  4.98%  and  9.83%,  larger  than
those  under  IWC=0.176  cm3/cm3  and  0.128  cm3/cm3,  respectively.
On the  3rd  day of  redistribution,  these  increases  were  45.43% and
60.6%,  respectively.  In  the  horizontal  direction,  the  relative
increases were 18.31% and 38.73%. This phenomenon is because as
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NH+4 NO−3

the  IWC of  soil  becomes  relatively  high,  the  soil  rapidly  becomes
saturated,  thus  accelerating  the  wetting  front  movement[11].
Additionally, the distribution ranges of urea,  -N, and  -N in
clay  loam  soil  increased  with  IWC  during  infiltration  and
redistribution (Figure 7).

 
 

0.150
0.133
0.116
0.099
0.082
0.065
0.048
0.031
0.014

NH4
+−N: 

IWC=0.208
T=3rd day

mg·cm−3

0.182
0.160
0.138
0.116
0.094
0.072
0.050
0.028
0.007

NH4
+−N: 

IWC=0.176
T=3rd day

mg·cm−3

0.182
0.160
0.138
0.116
0.095
0.073
0.051
0.029
0.007

NH4
+−N: 

IWC=0.128
T=3rd day

mg·cm−3

0

(a1) (a2) (a3)

(b1) (b2) (b3)

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90
0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90
0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90

0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90
0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90
0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90

Urea: 
IWC=0.128
T=0 day

Urea: 
IWC=0.176
T=0 day

Urea: 
IWC=0.208
T=0 day

0.343
0.301
0.259
0.216
0.174
0.132
0.090
0.047
0.005

mg·cm−3

mg·cm−3

0.182
0.160
0.138
0.116
0.095
0.073
0.051
0.029
0.007

(c1) (c2) (c3)

0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90
0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90
0

−20
−40
−60
−80
−100V

er
ti

ca
l 

d
is

ta
n

ce
/c

m

Horizontal distance/cm

0 30 60 90

mg·cm−3

NO3
−−N: 

IWC=0.128
T=10th day

0.150
0.133
0.116
0.099
0.082
0.065
0.048
0.031
0.014

mg·cm−3

0.150
0.133
0.116
0.099
0.082
0.065
0.048
0.031
0.014

0.343
0.301
0.259
0.216
0.174
0.132
0.090
0.047
0.005

mg·cm−3

0.343
0.301
0.259
0.216
0.174
0.132
0.090
0.047
0.005

NO3
−−N: 

IWC=0.176
T=10th day

mg·cm−3

NO3
−−N: 

IWC=0.208
T=10th day

NH+4 NO−3Note: (a1-a3) urea, (b1-b3)  -N, (c1-c3)  -N.
NH+4 NO−3Figure 7    Distribution of urea,  -N, and  -N under urea

concentration of 1 g/L for soil IWC of 0.128, 0.176, and
0.208 cm3/cm3, respectively

 
With  the  increase  in  IWC,  the  soil  water  content  in  the  soil

wetting  pattern  also  increased,  and  the  influence  of  IWC  on  soil
water content was more significant in the redistribution process. For
example,  the  mean  value  of  soil  water  content  under  IWC=
0.208  cm3/cm3  was  0.396  cm3/cm3,  which  was  larger  than  that  of
simulation  under  IWC=0.176 cm3/cm3  and  IWC=0.128 cm3/cm3 by
0.3%  and  3.9%  at  the  end  of  infiltration,  respectively.  However,

NH+4 NO−3

compared  with  the  increase  in  soil  water  content  with  IWC,  the
solute (urea,  -N, and  -N) content in the soil wetting pattern
decreased  with  the  increase  in  IWC.  For  instance,  compared  with
the simulation of IWC=0.176 cm3/cm3 and IWC=0.208 cm3/cm3, the
relative  increases  in  the  mean  value  of  urea  content  of  simulation
under IWC=0.128 cm3/cm3 were 11.57% and 22.61% at the end of
infiltration.  This  increment  is  attributed  to  the  same  cumulative
infiltration, and the mass of solute that enters the soil at the end of
infiltration  is  the  same  at  different  IWC  values.  However,  the
increase  in  IWC  expands  the  distribution  range  of  the  solute,
thereby  reducing  the  concentration  of  solute  in  the  wetting  pattern
under higher soil initial water content conditions. 

3.3    SEM  between  soil  water,  solute  transportation,  and
different influential factors

NO−3

NO−3 NO−3

NH+4

To quantitatively analyze the effect of the factors (C, WD, FW,
and  IWC)  on  the  soil  water  and  solute  transport  characteristics
under  furrow  irrigation,  the  wetting  pattern  was  divided  into
horizontal  (H)  and  vertical  (V)  parts.  The  vertical  (V)  part  is  the
wetting  pattern  under  the  furrow  bottom  (i.e.,  under  the  DE
boundary  in Figure  1b),  and  the  rest  is  the  horizontal  (H)  part.  To
reduce  the  risk  of  water-deep  drainage  and  -N  leaching,  the
wetting pattern should have a larger ratio of horizontal and vertical
transporting  distance  of  the  wetting  front  (X(H/V)).  Hence,  the C,
WD,  FW,  and  IWC  were  considered  as  exogenous  variables.  In
addition, the total content of soil water (Water (H)), the total content
of soil  -N ( -N(H)) in the horizontal (H) part, the horizontal
transporting  distance  of  the  wetting  front  (X(H)),  the  X(H/V),  and
infiltration  time  (T)  were  considered  as  endogenous  variables  to
quantitatively  analyze  the  effects  of  factors  on  the  distribution  of
soil  water  and solute  using  SEM. The IWC was  set  as  40%,  46%,
52%,  58%,  and  65% of  FCs[32,33];  the  WD in  furrow were  set  as  5,
7.5, 10, 12.5, and 15 cm[1,34]. The FW values were changed to 10, 15,
20, 25, and 30 cm[1,35] to simulate the soil water and solute transport
of  furrow  irrigation  at  concentrations  of  0.4,  0.8,  1,  3,  and  5  g/L.
The SEM was finally established based on simulated data on the 5th
day (as a representative), because urea is not directly absorbable as
a  nutrient  by  plants,  and  was  basically  hydrolyzed  into  -N by
urease (Figure 4). The SEM is shown in Figure 8.
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Note: Df  is the degrees of freedom, CFI is a comparative fit  index, RMSEA is the root mean square error of approximation, and SRMR is the standardized root mean
square residual. X(H) is the horizontal transporting distance of the wetting front, and X(H/V) is the ratio of the horizontal and vertical transporting distance of the wetting
front.

Figure 8    SEM representing connections between various factors and distribution characteristics of soil water and solute for
(a) clay loam and (b) sandy loam

 

The  SEM  revealed  that  the  WD,  FW,  and  C  had  direct  and
negative effects on the infiltration time, and the IWC positively and

directly  influenced  the  infiltration  time.  The  WD,  FW,  and  IWC
directly  affected  the  X(H/V).  Among  the  factors,  the  WD had  the
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largest  effect  on  X(H/V),  with  coefficients  of  0.590  and  0.672  for
clay  loam  and  sandy  loam,  respectively.  This  phenomenon  is
because  the  WD,  FW,  and  IWC  positively  affect  the  X(H)
(Figure  8).  Although  the  IWC  had  the  largest  effect  on  X(H),  the
WD  had  the  largest  effect  on  X(H/V).  This  phenomenon  may  be
because  the  increase  in  WD  increases  X(H)  and  decreases  the
vertical transporting distance of the wetting front (X(V)) (Figure 5).
Moreover,  the  increasing  IWC  increases  both  X(H)  and  X(V)
according to the results in the above sections.

NO−3

NO−3
NO−3

NO−3

NO−3

NO−3

NO−3

NO−3

NO−3
NO−3

The  interactions  among  the  X(H),  Water(H),  and  -N(H)
were  also  analyzed  using  SEM.  The  X(H)  directly  and  positively
affected  the  Water(H)  (Figure  8),  and  the  Water(H)  directly  and
positively affected the  -N (H). The X(H) indirectly affected the

-N  (H)  through  the  Water(H),  with  path  coefficients  of  0.108
and 0.086 for clay loam and sandy loam, respectively. Additionally,
IWC and FW directly affected Water(H) among the four factors (C,
WD,  FW,  and  IWC),  but  the C  and  WD  had  no  direct  effect  on
Water(H) (Figure 8). Furthermore, the results indicated that the FW
directly  and  negatively  affected  the  -N(H)  among  the  four
factors  (C,  WD,  FW,  and  IWC),  with  path  coefficients  of  –0.321
and –0.324 for  clay  loam and sandy loam,  respectively;  and the C
directly  and  positively  affected  the  -N(H),  with  path
coefficients  of  0.857  and  0.863  for  clay  loam  and  sandy  loam,
respectively.  The IWC, C,  WD, and FW also indirectly  influenced
the  -N(H) through the X(H) and Water(H) (Figure 8), with path
coefficients  of  0.091,  0.043,  0.022,  and  0.015  for  clay  loam  and
0.106,  0.034,  0.011,  and  0.007  for  sandy  loam,  respectively.  The
total  effect  of the IWC on the  -N(H) was 0.900 and 0.897 for
clay loam and sandy loam, respectively. The total effect of the FW
on the  -N(H) was –0.306 and –0.317 for clay loam and sandy
loam,  respectively.  This  result  confirms  that  the  increases  in  the
IWC, WD, and C increase the  s-N(H). Conversely, higher FW
leads to a decrease in  -N(H). 

4    Discussion
 

4.1    Determination  of  soil  hydraulic  and  solute  reaction
parameters

NH+4
NO−3

NH+4
NO−3

Accurately determining soil hydraulic parameters (e.g., θr, θs, α,
n, and Ks) and solute reaction parameters using appropriate methods
is the basis for effectively simulating water and nutrient transport in
soil. This study determined soil hydraulic parameters under various
urea  solutions  using  1D  vertical  infiltration  experiment  data  by
HYDRUS.  The  verified  results  showed  the  mean  value  of  the
RMSE,  MBE,  and  R2  between  the  measured  and  simulated
cumulative infiltration and soil water content of clay loam soil and
sandy  loam  soil  were  similar  to  the  reported  studies[2,11,31].  This
indicated that the soil hydraulic parameters were reliable in furrow
irrigation process simulation. The HYDRUS cannot simultaneously
inverse the reaction parameters for the three solutes (urea,  -N,
and  -N)  of  the  urea  first-order  decay  chain,  especially  in
variably  saturated  flow[13].  Ranjbar  et  al.[17]  simulated  the  nitrogen
uptake and distribution of furrow irrigation during the maize growth
period  using  HYDRUS-2D.  The  nitrification  rate  constant  of  urea
and  ammonium nitrogen  (μw,1, μw,2, μs,2)  was  determined  using  the
trial  and  error  method.  However,  this  method  is  time-consuming
and labor-intensive. In this study, the first-order urea hydrolysis rate
constants (μw,1) were inversed using HYDRUS first. Then, the first-
order nitrification rate constant (μw,2, μs,2) of  -N, denitrification
rate constant (μw,3) of  -N, and distribution coefficient (Kd) were
determined  by  combining  GA  and  HYDRUS-1D  based  on  the
inversed  soil  hydraulic  parameters  and  the  measured  solute

NH+4 NO−3

concentration  during  the  distribution  process.  The  verification
results  show  that  the  mean  values  of  the  RMSE,  MBE,  and  R2

between the measured and simulated solute concentrations (CK, T2,
T4, T5, T6, and T7) of urea,  -N, and  -N in soil and sandy
loam soil were acceptable and varied within ranges similar to those
reported  in  previous  studies[2,11,31].  These  results  indicate  that  the
solute reaction parameters were reliable in furrow irrigation process
simulation,  and  the  combination  of  GA  and  HYDRUS  is  an
effective strategy to determine the solute reaction parameters in the
decay chain. 

4.2    Modeling  furrow  irrigation  using  the  parameters
determined  through  the  one-dimensional  vertical  infiltration
experiment

NO−3

The  2D problem is  more  complicated  than  the  1D problem in
terms of accuracy, cost, and time issues[2]. Moreover, conducting 2D
experiments  is  challenging  and  requires  more  work  intensity
compared  with  1D experiments.  Several  studies  have  attempted  to
simplify a 2D problem into a 1D problem. Tafteh and Sepaskhah[14]

used  HYDRUS-1D  to  simulate  water  and  nitrate  leaching  at
different  nitrogen  fertilization  rates  (as  urea)  under  furrow
irrigation.  They confirmed that  HYDRUS-1D was able to simulate
deep percolation of soil water and  -N leaching with outstanding
accuracy. The soil water and solute transport in deeper soil profiles
might be dominated by gravitational flow, which may be described
using  HYDRUS-1D[14].  However,  the  transfer  of  soil  water  and
solute in furrow irrigation is 2D, which may not be simplified into a
1D problem under  many complex situations.  In this  study,  the soil
hydraulic  parameters  and  solute  reaction  parameters  determined
based on vertical urea solution infiltration experiments were used in
HYDRUS-2D  to  simulate  the  urea  solution  infiltration  and  decay
process  of  furrow  irrigation,  and  the  errors  between  the  measured
and simulated values of soil water and solute were acceptable. This
may be because when the soil is a homogeneous and isotropic rigid
porous medium, and the water above it is essentially still during the
infiltration,  the  soil  hydraulic  parameters  and  solute  reaction
parameters  are  independent  of  the  spatial  dimensions  of  soil
samples.  These  parameters  are  mainly  correlated  to  soil  texture,
bulk  density,  and  soil  structure.  The  results  confirmed  that  the
required  parameters  for  HYDRUS-2D  were  determined  based  on
HYDRUS-1D.  Describing  2D  problems  using  HYDRUS-2D  is  an
efficient and feasible strategy, which can ensure a balance between
cost and reliability in simplifying a 2D problem into a 1D problem. 

4.3    Soil  water  and  solute  transport  characteristics  under
different furrow irrigation conditions

NH+4

NH+4 NO−3

The results showed that the urea solution concentration (C) had
obvious influence on the soil water and solute distribution range in
the  redistribution  process.  Meanwhile,  the  inversed  parameter
values of α and n in the VG-M model increased with the C for both
clay  loam  and  sandy  loam  (Table  2).  This  phenomenon  may  be
because the   hydrolyzed from the urea increases the volume of
macro  pores[4,5],  thus  decreasing  the  water  retention  capacity  and
increasing  the  water  infiltration  capacity  of  the  soil.  Finally,  the
distribution  range  of  water,  urea,  -N,  and  -N
simultaneously increased with the urea concentration.

The  SEM  revealed  that  WD  and  FW  significantly  and
positively influenced the X(H/V). The IWC also positively affected
the X(H) and X(H/V), because it made the soil saturated faster, and
this  feature  increased  the  wetting  front  movement  distance,  thus
increasing X(H) and X(H/V)[11].  However,  the positive influence of
IWC in soil water and the solute distribution range were observed in
both vertical and horizontal directions. An increase in the IWC can
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also  increase  the  risk  of  the  deep  drainage  of  water  and  -N
leaching. Therefore, fertigation should be conducted when the IWC
is  low,  even  if  the  IWC  positively  affects  the  X(H),  X(H/V),
water(H),  and  -N(H).  The C had a direct  effect  on  -N(H)
but no effects on the X(H/V), which may be because C  influenced
soil  water  and  the  solute  distribution  range  in  both  vertical  and
horizontal directions. Moreover, increase in C can also increase the
volume of soil macro pores, as well as the risk of the deep drainage
of  water  and  -N  leaching.  Therefore,  suitable  urea  solution
concentration  and  fertigation  strategies  should  be  taken  in  furrow
irrigation.  For  instance,  the  strategy  of  first  applying  water  for
approximately  half  of  the  total  irrigation  time  and  then  applying
fertilizer solution for approximately half of the total irrigation time
may  reduce  the  risk  of  the  deep  drainage  of  water  and  -N
leaching[36–38].  According to  the  results  of  this  study,  it  is  suggested
that  WD and  FW should  be  appropriately  increased  during  furrow
irrigation  to  increase  the  horizontal  distribution  of  -N.  To
reduce  the  risk  of  deep  leaching  of  -N,  farmers  should  avoid
fertigation  when  the  soil  water  content  is  high  in  the  range  of
suitable water contents for crop growth. 

5    Conclusions
In this study, the column infiltration experiment and 2D furrow

infiltration  experiment  were  conducted  using  clay  loam and  sandy
loam  soils  under  multiple  urea  solution  concentrations.  Soil
hydraulic and solute reaction parameters were inversed through the
column infiltration experiment  to  explore  the  soil  water  and solute
transport characteristics under different furrow irrigation conditions.
The following conclusions were drawn from the study:

1) The soil hydraulic parameters and solute reaction parameters
inversed  by  HYDRUS-1D  and  GA  through  1D  urea  solution
infiltration  experiments  were  reliable  in  simulating  the  soil  water
movement  and  urea  hydrolysis  process  of  furrow irrigation  during
infiltration  and  distribution  after  infiltration.  Moreover,  the  solute
reaction parameters in the decay chain were effectively determined
using a combined strategy of GA and HYDRUS.

NO−3
NH+4

NO−3
NH+4

NH+4 NO−3

2)  The  urea  in  the  soil  profile  was  completely  hydrolyzed  on
the 5th day of the redistribution process. The  -N content in the
soil  profile  increased  with  the  distribution  time,  and  the  -N
content initially increased to the maximum value on the 3rd day of
the  redistribution  process  and  then  decreased.  The  distribution  of
urea  and  -N  nitrogen  had  a  similar  trend  with  soil  water,  and
the  distribution  range  of  the  -N  was  less  than  that  of  the  soil
water.  The  nitrogen  (urea,  -N,  and  -N)  content  in  soil
decreased with both vertical and horizontal distance.

NO−3

3)  The  infiltration  rate  of  furrow  irrigation  increased  with C,
WD,  and  FW  but  decreased  with  IWC.  The  distribution  range  of
soil water and nitrogen increased with C and IWC, and an increase
in WD and FW mainly increased the horizontal distribution range of
the soil  water  and nitrogen.  The SEM revealed that  the IWC, FW,
and WD had positive effects on the X(H/V), among which WD had
the  maximal  effect,  with  coefficients  of  0.590  and  0.672  for  clay
loam  and  sandy  loam,  respectively.  The  WD  and  FW  should  be
appropriately  increased  during  furrow  irrigation.  Additionally,  to
reduce  the  risk  of  deep  leaching  of  -N,  fertigation  should  be
avoided when the soil water content is high in the range of suitable
water contents for crop growth. 
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