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ARTICLE INFO 
 
ABSTRACT- Despite the benefits of herbicides, their persistence in soil can harm other 
plants in next rotations and contaminate ground water. The main purpose of this research is 
to simulate 2,4-dichlorophenoxyaceticacid(2,4-D) movement in silty clay loam soil using 
HYDRUS-1D model in a corn root zone. The maximum contaminant level goal, MCLG, 
of 2,4-D in water resources is 10 ppb. The 3.5 kg a.i ha-1 of 2,4-D was applied to the 
experimental field under two irrigation treatments including normal and deficit irrigation. 
The presence of 2,4-D along with soil water content was measured in soil profile at 
different depths during the growing season at 8, 13, 23, 30, 37 and 57 days after 
application. Both measured and simulated data showed that 2,4-D concentrations reduced 
from top to bottom of soil profile, maximum 40 cm in both irrigation treatments. The 2,4-
D residues in normal and deficit irrigation were used for calibration and validation of 
HYDRUS-1D model, respectively. In general, total measured and simulated 2,4-D 
concentration in normal irrigation treatment were 68.94 and 64.96 mg kg-1and in deficit 
irrigation treatment were 74.3 and 74.0 mg kg-1, respectively. Statistical parameters 
including NRMSE, CRM and d were used for comparison of measured and simulated data. 
These parameters were 0.267, 0.77 and 0.846 for normal irrigation and 0.189, -0.02 and 
0.937 for deficit regime, respectively. Therefore, the results showed a good agreement 
between measured values of herbicide residue and the values simulated using HYDRUS 
1D model. The numerical simulations for deficit irrigation regime were more precise than 
normal irrigation because of less microbial activity due to less soil moisture. The 
numerical models could not simulate microbial activity with acceptable accuracy. 
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INTRODUCTION  

In recent decades, pesticides have been extensively used 
in agriculture throughout the world. While chemical 
materials used for the protection of crops safeguard and 
improve yields from weeds, they also affect soil and 
environment health if not properly managed. They are 
powerful toxicants that are easily absorbed, and they 
tend to accumulate in soil, plants, foods, ground and 
surface waters. These effects mainly depend on the 
active ingredients, application rates, as well as soil 
properties such as water content, pH and adsorption 
capacity (Kucharski and Wyszkowska, 2008), on the 
one hand, and on the other, causing damage to sensitive 
crops in next crop rotation. Therefore, it is essential to 
investigate the steps of decomposition, turn and side 
effects of these compounds in agricultural soils. The 
most direct way of characterizing the transport of these 
pollutants is through field monitoring studies and 
computer simulation models, which provide an efficient 
and cost-effective alternative that can easily be adapted 
to many field situations with varying soil types and 
different land uses (Armstrong et al., 2000; Jarvis et al., 

2000; Pang et al., 2000; Worrall and Kolpin, 2004; 
Simunek et al., 2005; Köhne et al., 2006; Simunek and 
Van Genuchten, 2008; Gupta et al., 2012). 

During the past 50 years, 2,4-D was one of the most 
utilized herbicides (Munro et al., 1992), which are used 
all over the world in agricultural areas (Shen et al., 
2005). This herbicide is used widely for broadleaf weed 
control and will lead to water and soil pollution. The 
widespread use of 2,4-D in agriculture has caused 
severe pollution of water and soil (Sparks, 2003; Shukla 
et al., 2006; Wang et al., 2007). The 2,4-D herbicide 
belongs to the phenoxyacetic acids class and it could be 
mobile in aqueous phases because of its acidic carboxyl 
group (pKa = 2.8) (Aquino et al., 2007). Therefore, 
investigation of the distribution and persistence of 2,4-D 
soil residues is very important. 

The usage of models to predict the movement of 
solutes and pollutants in soil can result in savings in 
time and costs (Walker, 1987). Over the year, many 
numerical methods have been used to predict flow and 
transport process in soil layers. One of the recent 
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models in this regard is HYDRUS-1D. This model was 
created and developed to simulate the movement of 
water, solutes and heat flow in porous media in different 
moisture conditions. This model describes the 
movement of water and solute using the equations of 
Richard and equations, respectively (Simunek et al., 
1998). 

In recent years, a number of numerical simulation 
studies have been carried out on different aspects of 
HYDRUS-1D simulation in transport of pesticide 
through vegetation (Gupta et al., 2012), study of  anion  
transport (Dousset et al., 2007),  pesticide degradation 
and sorption (Close et al., 2008), equilibrium flow and 
transport processes through soil (Bernard et al., 2005; 
Simunek and van Genuchten, 2008), non-equilibrium 
process investigation (Köhne et al., 2006; Kodesova et 
al., 2008), and comparison with other models of water 
movement (Sarmah et al., 2005; Köhne et al., 2009).  

 The present research was undertaken to measure 
and simulate the persistence and behavior of 2,4-D 
under real field conditions in the soil profile. The high 
solubility of the 2,4-D may suggest that soil water 
content can be an important factor to influence both 
movement and degradation of this herbicide in soil 
profile. Therefore, irrigation water treatments, between 
the field capacity and wilting point, were considered. 
The spatial and temporal variations of 2,4-D in soil 
profile were experimentally determined. Herbicide 
mobility residues in the soil profile was also simulated 
using HYDRUS-1D model and the results were 
compared with the measured concentration. The results 
of this research would improve our understanding of 
2,4-D behavior in the soil profile under real field 
conditions. 

 
HYDRUS Model 

The transport of 2,4-D was numerically simulated using 
HYDRUS-1D (Simunek et al., 2005), which is an 
unsaturated soil zone numerical model for analysis of 
water flow and solute transport. The program 
numerically solves both the Richards’ equation for 
unsaturated water flow and the Fickian-based 
advection–dispersion equation for solute transport 
(Gupta et al., 2012). 

In HYDRUS-1D, one-dimensional movement of 
water in soil described by numerical solution of 
Richard`s equation: 

 
��
�� =

�
�� [�(�)(

�ℎ
�� + ��� �)] − ������ ���������������������������(1) 

where θ is volumetric soil water content (L3L-3), t is 
time (T), k is the unsaturated soil hydraulic conductivity 
(LT-1), h is water pressure head (L), α is angle between 
the flow direction and the vertical axis (for vertical 
movement of water in soil α=0, for horizontal 
movement α=90 and 0< α <90  is for other direction.), S 
is the roots water uptake term (L3L-3T-1) and x is spatial 
coordinate (L) (positive upward). 

In this model, various relationships are defined for 
description of soil hydraulic properties such as water 

retention curve and unsaturated hydraulic conductivity. 
The most common relationship is the Van Genuchten - 
Mualem as follows (Van Genuchten, 1980). 
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where θr and θs are the residual and saturated water 
content (L3L-3), ks is the saturated hydraulic conductivity 
(L3T-1), Se is relative saturation term, l is the pore 
connectivity parameter, α is reciprocal of the air entry 
pressure (L-1), n is related to the slope of the retention 
curve at the inflection point and m = 1 − 1/n. 

Roots water uptake (S term in equation 1) is 
determined as the volume of water taken from the soil 
by plants per unit volume per unit time. In this model, S 
is based on Feddes relationship and defined as:  
S(h)= α(h)Sp (4) 
where α(h) is water stress function and Sp is water 
absorption potential. 

For solute transport, HYDRUS-1D model considers 
advective-dispersive transport in the liquid phase as 
well as diffusion in the gaseous phase. Convective 
transport involves the passive movement of dissolved 
constituents with flowing water. Dispersive transport is 
a result of differential water flow velocities at the pore 
scale. Displacement of solutes is generally described by 
the convection-dispersion equation. For one-
dimensional vertical transfer in a variably saturated 
medium where neither adsorption nor degradation 
occurs, it is expressed as follows: 

 
�(��)
�� =

�
�� �θD

��
��� −

�(���)
�� (5) 

 
where θ is the volumetric water content, C is the solute 
concentration, t is time, D is the hydrodynamic 
dispersion coefficient, z is the positive depth measured 
downward, and v is the average pore water velocity. For 
a two-region and dual-porosity type solute transport, Eq. 
5 becomes 

 
�
�� (θ�C�) +

�
�� (θ��C��) +

�
�� (fρS�) +

�
�� [(1 −

f )ρS��] = − �
�� (vθ�C�) − θ�λ�C� − θ��λ��C��� (6) 

where the subscripts “m” and “im” refer to mobile and 
immobile regions, respectively; f = θm θ-1 is the fraction 
of adsorption sites in contact with the mobile liquid; ρ is 
the soil bulk density; S is the sink term in the flow 
equation (adsorbed concentration); λ is the first-order 
degradation constant; and v is the average pore water 
velocity in the mobile region: 
v = qθ����� (7) 
where q is the water flux. Introducing linear adsorption 
and assuming uniform water flow in homogenous soil 
leads to the following equations: 
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(θ� + fρK�) ����� + [θ�� + (1 − f)ρK�]
����
�� =

Dθ� �
���
��� − vθ�

���
�� − θ�λ�C� − θ��λ��C��������������� (8) 

 
where Kd is the distribution coefficient or first-order 
entrainment (detachment) coefficient. Diffusion transfer 
of solutes between the two water regions is modeled as 
a first-order process. First-order degradation is assumed 
to take place in the immobile region:  
 

θ�� ������ + (1 − f)ρK�
����
�� + θ��λ��C�� =α(C� − C��) (9) 

 
where α is the mass transfer coefficient. Combining Eqs. 
8 and 9 yields 
 

(θ� + fρK�) ����� = Dθ�
����
��� − vθ�

���
�� −

θ�λ�C� − α(C� − C��) (10) 
 
This equation describes the solute transport in a two-
region flow system considering adsorption and 
degradation in both mobile and immobile regions (Ladu 
et al., 2011). 
 

MATERIALS AND METHODS 
 
Field Experiments 

The experimental field was located at the Collage of 
agriculture, Shiraz University, Shiraz, Iran, at 1810 m 
altitude with mean annual rainfall of 380 mm. The mean, 
maximum and minimum temperature are 13.5, 22.7 and 
4.7oC, respectively. After wheat, corn has the largest 
area under cultivation in Iran and it is the major crop in 
the study area. 

Corn was planted on May 18, 2008; and the distance 
between crops and rows were 10 and 75 cm, 
respectively. The herbicide, 2,4-D, was sprayed on the 
soil surface with a rate of 3.5 kg a.i. ha-1 on July 12, and 
then periodical soil 2,4-D residues were measured 8, 13, 
23, 30, 37 and 54 days after application, through a 1 m 
soil depth with 10 cm increments, before harvesting 
time. 

The experimental design was a completely 
randomized design with three replications and plot sizes 
of 114 m2 (12 × 9.5 m). Soil temperature was also 
recorded at 5, 10, 30, 50 and 100 cm depths at the 
College of Agriculture Weather Station, about 500 m 
from the experimental site. 

 
Material and Apparatus  

The stock solution of 2,4-D containing 1000 mg L-1 was 
obtained from agricultural ministry of Iran. From this 

stock solution, 20, 10, 5, 2.5, 1.0, 0.5 and 0.1 mg L-1 were 
prepared by serial dilution. Each solution with three 
replications was injected into GC and calibration curve 
was obtained. 

 
Soil Description 

Based on the soil conditions (such as soil temperature, 
soil moisture content, soil texture, etc.) at different 
depths, herbicide behavior is not constant in the soil 
profile (Mersie and Foy, 1985). Therefore, before 
sowing the maize, according to the root depth, the soil 
depth was divided into 10 cm increments and soil 
samples were taken periodically with a hand-held soil 
auger through a one-meter depth with a 10 cm 
increment from each plot. Soil samples were transported 
to the laboratory and frozen at -20oC until they were 
moved to the laboratory for herbicide’s residual 
concentration analysis. The frozen soil samples at -20oC 
causes non-significant and long term changes in 
microbial abundance and activity. It will also reduce the 
vapor pressure gradient. Therefore, at -20oC, the 
herbicide concentration will be kept constant until 
analysis (Zelles et al., 1991; Pesaro et al., 2003). The 
soil texture was silty clay in depths of 0-60 cm and silty 
clay loam in 60- 100 cm. The Gulph method was also 
used for determination of soil hydraulic conductivity 
(Mohanty et al., 1994). The soil organic matter (OM) 
was measured by wet oxidation method (Darrel and 
Nelson, 1996). The physical characteristics of the soil 
profile are presented in Table1. 
 
Irrigation Treatments  
The Potential evapotranspiration was calculated using 
the Penman-Monteith FAO (Allen et al., 1998), using 
meteorological station in College of Agriculture. The 
method of irrigation was a solid set sprinkler with two 
irrigation treatments of normal and deficit irrigations 
with depths of 990 and 735 mm, respectively (Table 2). 
Irrigation water depth in normal irrigation was 
according to actual evapotranspiration or full irrigation, 
but in deficit irrigation was according to 26% less than 
full irrigation. Irrigation water depth in the deficit 
irrigation was applied according to the reduction in 
irrigation time. 
 
2,4-D Extraction and Residue Analysis  

After the herbicide application, the soil samples were 
collected on 6, 11, 21, 35 and 53 days after 2,4-D 
application. Soil Samples were thawed, air-dried at 
room temperature, and screened through a 1.2 mm sieve 
for maintaining homogenization of soil to reduce 
variability of adsorption data. The detail of 2,4-D 
extraction and residue analysis method was explained in 
Noshadi et al. (2011). 
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Table 1. Soil physical properties of research area 

Depth  
(cm) Texture* Particles (%) 

ρb
*(g cm-3) Ks(cms-)* 104 FC*(gg-1) PWP*(gg-1) OM*(gkg-1)

Sand Silt Clay 
0-10 SiC 10 44 40 1.26 2.03 23 8 14.5 
10-20 SiC 10.5 42.5 40 1.43 2.03 23 8 14.6 
20-30 SiC 11 41 40 1.43 0.472 23 8 14.6 
30-40 SiC 10 42 42 1.43 0.472 24 11 11.7 
40-50 SiC 10 40 43 1.43 0.209 24 11 10.2 
50-60 SiC 10 38 44 1.43 0.209 24 11 8.7 
60-70 SiCL 14 40 36 1.43 0.102 24 11 6.9 
70-80 SiCL 14 43 33 1.43 0.102 24 11 8.5 
80-90 SiCL 14 46 30 1.43 0.488 24 11 10.1 
90-100 SiCL 16 40 34 1.43 0.488 24 11 5.3 

* FC, field capacity; PWP, permanent wilting point; OM, organic matter; ρ, soil apparent density; SiC, silty clay and SiCL, silty 
clay loam 

 

Table 2. Irrigation water depth for both treatments during the 
growth season 

Date  Irrigation Water Depth (mm)
Normal Deficit 

7 Jun 71.00 64.00 
15 Jun 98.33 88.00 
22 Jun 72.6 54.40 
6 July 66.7 46.41 
14 July 71.3 40.66 
20 July 54.33 54.00 
31 July 94.33 63.33 
11 August 153.33 96.66 
30 August 106.66 84.33 
7 September 96.66 70.00 
23 September 105.00 73.33 
Total 990.00 735.00 

2,4-D Extraction and Residue Analysis  

After the herbicide application, the soil samples were 
collected on 6, 11, 21, 35 and 53 days after 2,4-D 
application. Soil Samples were thawed, air-dried at 
room temperature, and screened through a 1.2 mm sieve 
for maintaining homogenization of soil to reduce 
variability of adsorption data. The detail of 2,4-D 
extraction and residue analysis method was explained in 
Noshadi et al. (2011). 

 
Model Input and Calibration Process 

According to the measured data and previous studies such 
as Gupta and et al. (2012), 2,4-D was leached until 50 cm 
soil depth. Therefore, the 50 cm soil profile is enough for 
persistence and mobility of 2,4-D. In this research, soil 
depth was considered to be 60 cm, three layers of 20 cm. 
Variable soil water flux is prescribed as upper boundary 
condition. A free drainage boundary condition was 
considered at the bottom of the soil profile. 

The data required for this model are soil 
characteristics (Table 1), the irrigation water depth 
(Table 2), evapotranspiration during the growing season 
which was calculated using weather station data and 
penman-Monteith FAO equation, amount of applied 
pesticide to soil and soil boundary condition. 

The initial values of constant terms including Kd
(partitioning coefficient), dispersivity, diffusion 
coefficient of water and gas are required for model. 

These coefficients were estimated using previous 
researches and the model manual, then optimal values 
were obtained during calibration model. Initial values of 
molecular diffusion coefficient in free water (DIFW) 
and gas (DIFG) used were 0.58 and 5097.6cm2.d-1,
respectively (Idaho Environmental Quality, 2004). 
According to soil organic matter, initial values of Kd
were between 0.05- 0.28 mg-1.cm3 (Gupta et al., 2012). 
Initial values of dispersivity for soils with high clay 
content were between 0.5-4 cm (Kodesova et al., 2008). 
The initial concentration of 2,4-D in soil before 
beginning the experiment was 0.0 ppb. Normal and 
deficit irrigation treatment data were used for 
calibration and validation of the model, respectively. 
 
Statistical Analysis For Model Performance  

Normalized root mean square error (NRMSE), 
coefficient of residual mass (CRM) and index of 
agreement (d) were used for evaluation of model 
accuracy and assessing the level of agreement between 
the simulated and measured 2,4-D concentrations. 
 
NRMSE = (� (���� �����)�

� )�.� ∗ ����� (11) 

CRM = � ���� ����������
� ������

(12) 

d = 1 − � (���� �����)�
� (���̀�����̀�)�����

(13) 

��̀= �� - �� and ��̀= ��- ��
where �� and �� are measured and simulated 2,4-D 
concentration, n is the number of observations and �� is 
the mean measured data values.  

NRMSE is a parameter that allows comparing a real 
deviation between the measured and predicted values. 
The CRM represents the model trend towards 
estimating more or less. A positive CRM indicates 
positive bias in prediction, tendency to overestimate 
actual values. The index of agreement (d) was used for 
assessing the accuracy of the simulated data. The 
maximum value of d is one, which means the simulated 
and measured values are identical. 
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RESULTS AND DISCUSSION 
 
In this research, 2,4-D was applied to corn plots under 
two different irrigation treatments. The experimental 
results contained the determination of 2,4-D 
concentrations in soil profile at different depths at a 
temporal scale to monitor the persistence and mobility 
of this herbicide. The experimental results were further 
compared with the simulation of the HYDRUS-1D 
model. 

Normal Irrigation Treatment (Calibration Step) 

The HYDRUS-1D model was calibrated using 2,4-D 
soil residues in normal irrigation treatment. The 
calibrated parameters are shown in Table (3). Figure 1 
represents the comparison between the measured and 
simulated 2, 4-D concentrations in calibration step. 

On July 20th, 8 days after 2,4-D application, the 
maximum depth of 2,4-D detection was 30 cm (Fig 1-a). 
The NRMSE, CRM and d were 0.23, -0.21 and 0.7, 
respectively. The simulated concentration was 21.4% 
higher than measured concentration. The estimation is 
considered fair if the NRMSE is greater than 20 and less 
than 30%, (Jamieson et al., 1991). Therefore, the 
accuracy of simulation was fair. 

The total measured and simulated 2,4-D residues in 
soil profile at different days after application are shown 
in Table 4 for normal and deficit irrigation treatments. 
 
Table 3. Calibrated solute transport parameters in normal 

irrigation data 
Depth 
 (cm) 

Kd 
(mg-1.cm3) 

Dispersivity
(cm) 

DIFW  
(cm2.day) 

DIFG   
(cm2.day) 

0-20 0.05 3.5 0.58 5100 
20-40 0.04 3 0.58 5100 
40-60 0.03 0.5 0.58 5100 

Table 4. The total measured and simulated 2,4-D 
concentrations at different days after application 

Days after 2,4-D concentration (mg kg-1 soil ) 
normal irrigation deficit irrigation 

application Measured Simulated Measured Simulated
8 18.05 22.46 20.02 20.29 
13 16.36 12.95 16.07 13.51 
23 11.67 10.03 11.22 11.82 
30 10.74   8.32 10.05 11.33 
37   8.47   7.27   8.08   8.85 
54   3.02   3.66   7.33   8.02 

Total 68.94 64.96 74.3 74 

On August 3rd, 13 days after 2,4-D application, the 
2,4-D concentration in all layers was decreased (Fig. 1-
b). Values of NRMSE, CRM and d were 0.25, -0.2 and 
0.88, respectively, showing that simulation was fair. 

Total concentration of 2,4-D at this time was 16.36 
mg kg-1soil, which has an 11.6% reduction from the 
previous time (18.5 mg kg-1 soil).  The simulated 
concentration was 20.8% less than measured 
concentration. 

 

At 23 days after adding 2, 4-D, the simulated values 
were less than measured ones in all layers. The total 
concentration of 2, 4-D was 11.67 mg kg-1 soil, which 
was 28.7% less than 10 days ago. The total simulated 
concentrations were 11.5% less than the measured ones. 
Statistical parameters including NRMSE, CRM and d 
were 0.3, 0.3 and 0.8, respectively. Therefore, the 
simulation was not suitable. 

Thirty days after 2, 4-D application, the pesticide 
was found in 40 cm of soil depth (Fig. 1-d) because the 
irrigation water depth at this time was higher than other 
irrigations due to more corn water demand. In the top 
three layers, the concentration of 2, 4-D was reduced 
but according to the water movement and pesticide 
movement, there was some 2, 4-D in the fourth layer. 
Total measured 2, 4-D concentration was 10.74 mg kg-1 
soil, which was 8% less than 7 days ago. The simulated 
concentration was 22.5% less than the measured one. 
The values of NRMSE, CRM and d were 0.26, 0.22 and 
0.95, respectively, which represents the good ability of 
the model prediction. 

2, 4-D concentrations reduced in three top layers 
after 37 days of pesticide addition (Fig. 1-e). However, 
in the fourth layer, the concentration of 2, 4-D reached 
its maximum value at this time. The total measured and 
simulated concentrations of 2, 4-D were 8.47 and 7.27 
mg kg-1 soil, respectively.  Therefore, measured values 
were 16.5% more than simulated ones. Total measured 
2, 4-D concentrations were 21.1% less than 7 days ago. 
The NRMSE, CRM and d were 0.33, 0.068 and 0.92, 
respectively, which indicates that the model had an 
acceptable simulation. 

Finally, after 57 days of 2, 4-D application to soil, 
total measured and simulated concentrations were 3.2 
and 3.7 mg kg-1 soil, respectively (Fig 1-f). The 
measured values were 14.5% more than predicted ones. 
According to the statistical parameters, NRMSE, CRM 
and d values were 0.21, -0.16 and 0.96; therefore, 
accuracy of model was very good. 

 
Deficit Irrigation Treatment (Validation step) 

Measured and simulated concentrations of 2,4-D at 
different soil layers in six dates after herbicide 
application during the corn growing season are provided 
in Fig. 2. 

On July 20th, 8 days after herbicide application, total 
measured and simulated 2, 4-D concentrations in the 
soil were 20.20 and 20.29 mg kg-1 soil, respectively. 
The residual of 2, 4-D concentration was 1.7 mg kg-1 

more than normal irrigation treatment. In general, less 
soil moisture leads to less microbial activity (Cattaneo 
et al., 1997). In other words, microbial degradation in 
high soil moisture is higher than less soil moisture and 
therefore, 2, 4-D degradation decreased in deficit 
irrigation treatment. At this time, the herbicide reached 
the 30 cm of soil depth (Fig.2-a). Concentration of 2, 4-
D in the first layer was more than other two layers. The 
total simulated concentrations were 0.4% more than 
measured ones. Both the concentrations and their trend 
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were simulated well using HYDRUS-1D model. 
Statistical parameters also indicate this fact, because the 
NRMSE, CRM and d were 0.16, -0.004 and 0.99, 
respectively. 

At 13 days after 2, 4-D addition, pesticide 
concentration in the top layer reduced.  But in the third 
layer, it increased to 3.2 mg kg-1 soil (Fig.2-b). Total 
residual of measured and simulated 2, 4-D at this time 
was 16.7 and 13.51 mg kg-1 soil, respectively. Therefore, 
in 5 days, 2.5 mg kg-1soil (17.30%) of the pesticide 
degraded. The values of NRMSE, CRM and d were 0.26, 
0.19 ad 0.9, respectively, which shows the good 
simulation of this model. 

On August 4th, 23 days after herbicide usage, 4.8, 
3.85 and 2.57 mg kg-1 soil were detected in first, second 
and third layers of soil, respectively. Total measured 
and simulated concentration of 2, 4-D were 11.22 and 
11.82 mg kg-1 soil, respectively. The measured 
concentrations were 5.1% less than simulated ones. The 
NRMSE, CRM and d were 0.11, -0.05 and 0.92, 
respectively, which demonstrates a good agreement 
between predicted and measured values. 

Thirty days after 2, 4-D application to the soil, the 
residual of pesticide was detected in the 40 cm of soil 
depth because of high irrigation water depth as 
mentioned before (Fig. 2-d). The excess water helped 
the pesticide to move deeper in the soil profile. The 
measured and simulated 2, 4-D concentrations were 
10.05 and 11.33 mg kg-1 soil, respectively. Total 

simulated concentration was 11.3% higher than the 
measured one. The values of statistical parameters at 
this time indicate that model could predict trend and 
concentrations of 2, 4-D movement very well. The 
NRMSE, CRM and d were 0.1, -0.12 and 0.92, 
respectively.  

In 37 days after 2, 4-D application, concentration of 
the herbicide in the top layer increased slightly in 
comparison to the pervious time (Fig. 2-e). The reasons 
were volatilization of herbicide and wick effect or 
upward movement of water and solute (Hubbs and Lavy, 
1990). According to the figure and statistical parameters, 
model prediction was very accurate. The NRMSE, 
CRM and d were 0.14, -0.005 and 0.95, respectively. 

Last measurements were carried out 54 days after 
herbicide application on September 14th. Total 
measured and simulated 2, 4-D concentration in the soil 
profile at this time were 7.33 and 8.2 mg kg-1 soil, 
respectively. Therefore, total measured concentration 
was 10.6% less than the simulated one. 2, 4-D residue at 
this time in normal irrigation regime was 3.2 mg kg-1 
soil. Therefore, 2, 4-D concentration in deficit irrigation 
was 4.13 mg kg-1 soil (129.1%) higher than normal 
irrigation. Soil moisture leads to this difference between 
two irrigation treatments because more soil moisture 
causes more degradation of 2,4-D. The NRMSE, CRM 
and d were 0.28, -0.11 and 0.89, respectively, which 
shows a fair simulation of this model. 

 

Fig. 1. Measured and simulated 2,4-D concentration using HYDRUS-1D in different soil depths for normal irrigation treatment: 
a) 8 days after application, b) 13 days after application, c) 23 days after application, d) 30 days after application, e) 37 days 
after application, f) 54 days after application  
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Fig. 2. Measured and simulated 2,4-D concentration using HYDRUS-1D model in different soil depths for deficit irrigation 
treatment: a) 8 days after application, b) 13 days after application, c) 23 days after application, d) 30 days after 
application, e) 37 days after application, f) 54 days after application. 

 

It is noticeable that the model prediction was better 
in deficit treatment because of less microbial activity 
due to less soil moisture. The numerical models usually 
could not simulate microbial activity with good 
accuracy.  

 

CONCLUSIONS 
 
In this research, 2, 4-D was applied to a corn growing 
plot under two different irrigation treatments and the 
behavior (persistence and movement) of the herbicide 
concentrations in soil profile at different depths was 
determined. Then, the experimental results were 
compared with the numerical solution of the HYDRUS -
1D model. 

In normal irrigation treatment at 8, 13, 23, 30, 37 
and 54 days after application, the simulated 2,4-D 
concentrations were +21.4, -20.8, -11.7, -22.5, -14.2 and 
+14.4 percent less or more than the measured ones. But 

in deficit irrigation treatment, the simulated 2,4-D 
concentrations were +0.4, -19.1, +5.3, +12.7, +0.6 and 
11.9 percent less or more than the measured ones. In 
general, total measured and simulated 2, 4-D 
concentration in normal irrigation treatment were 68.94 
and 64.96 mg kg-1 soil and in deficit irrigation treatment 
were 74.3 and 74.0 mg kg-1 soil, respectively. Therefore, 
the results showed a good agreement between measured 
values of herbicide residue and the values simulated 
using HYDRUS 1D model. The numerical simulations 
for deficit irrigation regime were more precise because 
of less microbial activity due to less soil moisture. The 
numerical modeling could not simulate microbial 
activity with acceptable accuracy. 
Mass transport differed under different irrigation 
treatments but the bulk mass of herbicide remained 
confined to the top 15 cm of the soil. The mass balance 
showed that 88.5 and 73.6% of 2, 4- D degraded within 
53 days in normal and deficit irrigation treatments, 
respectively. Since the crop growing period was in 
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summer, high soil temperature could help the herbicide 
degradation. Numerical simulation by HYDRUS-1D 
was found to be a helpful tool towards pesticide 
mobility and prediction studies. 
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عليـــرغم فوايـــد بســـيار علـــف كشـــها، پايـــداري آنهـــا در خـــاك مـــي توانـــد بـــه-چكيـــده
و آبهـــاي زيـــر زمينـــي  و باعـــث آلـــودگي خـــاك گياهـــان در كشـــت هـــاي بعـــدي صـــدمه زده

ــش  ــف ك ــت عل ــازي حرك ــبيه س ــق ش ــن تحقي ــلي اي ــدف اص ــردد. ه ــاك D-2,4گ ــك خ در ي
ــدل  ــتفاده از مـ ــا اسـ ــوم بـ ــي لـ ــيلتي رسـ ــد. HYDRUS-1Dسـ ــي باشـ ــه ذرت مـ در مزرعـ

ــدار  ــار5/3مقـ ــوگرم در هكتـ ــاري D-2,4كيلـ و آبيـ ــاري ــم آبيـ ــم كـ ــالص تحـــت دو رژيـ خـ
و باقيمانـــده آن در نيمـــرخ خـــاك در  ــل بـــه خـــاك اضـــافه شـــد و37، 8،13،23،30كامـ

ــبيه 57 و شـ ــده ــري شـ ــدازه گيـ ــاي انـ ــد. داده هـ ــري گرديـ ــدازه گيـ ــاربرد انـ ــس از كـ روز پـ
و در هـــر از ســـط D-2,4ســـازي شـــده نشـــان داد كـــه غلظتهـــاي  ح بـــه عمـــق كـــاهش يافتـــه

ــق ــا عم ــداكثر ت ــاري ح ــم آبي ــده40دو رژي ــادير باقيمان ــرد. مق ــت ك ــاك نش ــري خ ــانتي مت س
2,4-D و ــنجي ــراي واسـ ــب بـ ــاري بترتيـ ــم آبيـ و كـ ــل ــاري كامـ ــاي آبيـ ــاك در تيمارهـ در خـ

و HYDRUS-1Dاعتبـــار ســـنجي مـــدل  اســـتفاده شـــد. غلظـــت كـــل انـــدازه گيـــري شـــده
 ــ ــده در نيمـ ــازي شـ ــبيه سـ ــب شـ ــل بترتيـ ــاري كامـ ــم آبيـ ــاك در رژيـ 96/64و94/68رخ خـ

ــب ــاري بترتيـ ــم آبيـ ــم كـ و در رژيـ ــاك ــرم خـ ــو گـ ــرم در كيلـ ــي گـ ــي0/74و3/74ميلـ ميلـ
بـــراي NRMSEو d, CRM گـــرم در كيلـــو گـــرم خـــاك بـــود. از پارامترهـــاي آمـــاري 

آ  ــراي ــا ب ــن پارامتره ــد. اي ــتفاده گردي ــري اس ــدازه گي و ان ــازي ــبيه س ــايج ش ــه نت ــاري مقايس بي
و94/0،19/0و بـــــراي كـــــم آبيـــــاري بترتيـــــب85/0،27/0،77/0كامـــــل بترتيـــــب 

و02/0 ــده ــري ش ــدازه گي ــادير ان ــين مق ــوبي ب ــابق خ ــه تط ــان داد ك ــايج نش ــابراين نت ــود. بن ب
ــدل  ــده توســـط مـ ــازي شـ ــبيه سـ ــازي HYDRUS-1Dشـ ــبيه سـ ــايج شـ ــود داشـــت. نتـ وجـ

ل بــود كــه دليــل آن مــي توانــد فعاليــت بــراي رژيــم كــم آبيــاري دقيقتــر از آبيــاري كامـ ـ
ــه ــد. ب ــاري باش ــم آبي ــم ك ــاك در رژي ــت خ ــاهش رطوب ــل ك ــه دلي ــاك ب ــي در خ ــر ميكروب كمت
ــابراين  ــتند. بن ــي نيس ــاي ميكروب ــت ه ــق فعالي ــازي دقي ــبيه س ــه ش ــادر ب ــدلها ق ــي م ــور كل ط

 در كم آبياري كه اين فعاليت كمتر بوده است، نتايج شبيه سازي بهتر شده است.
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