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ABSTRACT 

Trickle irrigation is one of the most conservative irrigation techniques since it implies 

supplying water directly on the soil through emitters. Emitters dissipate energy of water at the 

end of the trickle irrigation system and provide water at emission points. The area wetted by an 

emitter depends upon the discharge of emitter, soil texture, initial soil water content, and soil 

permeability. The objectives of this research were to predict water distribution profiles through 

different soils for different conditions and quantify the distribution profiles in terms of main 

characteristics of soil and emitter. The wetting patterns were simulated at the end of each hour 

for a total time of application of 12 hrs, emitter discharges of 0.5, 0.75, 1, 2, 3, 4, and 5 lph, and 

five initial volumetric soil water contents. Simulation of water flow from a single surface emitter 

was carried out by using the numerically-based software Hydrus-2D/3D, Version 2.04. Two 

approaches were used in developing formulas to predict the domains of the wetted pattern. In 

order to verify the results obtained by implementing the software Hydrus-2D/3D a field 

experiment was conducted to measure the wetted diameter and compare measured values with 

simulated ones. The results of the research showed that the developed formulas to express the 

wetted diameter and depth in terms of emitter discharge, time of application, and initial soil 

water content are very general and can be used with very good accuracy. 
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 الخلاصة

إٌ انغشع انشئٛسٙ  ٛبد انش٘ انًًكُُخ انزٙ رؼزًذ ػهٗ رٕفٛش انًٛبِ نهزشثخ يٍ خلال انًُقطبد.انش٘ ثبنزُقٛط ْٕ أحذ رقُ

لإسزخذاو انًُقطبد ْٕ رشُزٛذ طبقخ انًٛبِ فٙ َٓبٚخ يُظٕيخ انش٘ ٔرجٓٛض انًٛبِ ػهٗ ْٛئخ رظبسٚف قهٛهّ. ٔرؼزًذ انًُطقخ 

ٔانًحزٕٖ انشطٕثٙ الإثزذائٙ نهزشثخ ثبلإضبفخ انٗ َفبرٚخ  انزشثخ سجخانًجزهخ ثزظبسٚف انًُقطبد ػهٗ رظشٚف انًُقطخ َٔ

ػلاقبد ثبلإضبفخ انٗ إسزُجبط رزهخض أْذاف ْزا انجحث ثًُزجخ انزٕصٚغ انشطٕثٙ فٙ يقذ انزشثخ نًخزهف إَٔاع انزشة  انزشثخ.

ط انزشطٛت فٙ َٓبٚخ كم سبػخ أًَب خرًذ ًَزج نهزؼجٛش ػٍ رٕصٚغ انشطٕثخ فٙ يقذ انزشثخ ثذلانخ أْى خٕاص انزشثخ ٔانًُقطبد.

نزش/  5ٔ 4ٔ  3ٔ  2ٔ   1ٔ  0,75ٔ 0,5يٍ ٔقذ انزشغٛم انكهٙ ٔنًذح إثُزٗ ػششح سبػخ ٔرى رحذٚذ رظبسٚف انًُقطبد ة 

نًحبكبح أًَبط  2,04إطذاس  Hydrus. ٔقذ إسزخذو ثشَبيج خيخزهف خإثزذائٛ خخ يحزٕٚبد سطٕثٛسبػخ ثبلإضبفخ انٗ خًس

هٗ سطح انزشثخ. كًب رى إسزخذاو أسهٕثٍٛ لإسزُجبط ػلاقبد نهزؼجٛش ػٍ أًَبط انزشطٛت. ٔنغشع انزحقق انزشطٛت يٍ يُقطخ ػ

أظٓشد َزبئج انجحث أٌ  .خيٍ َزبئج انؼلاقبد انًسزُجطخ رى إجشاء رجبسة حقهٛخ نقٛبط انقطش انًجزم ٔيقبسَزّ يغ انقٛى انًحسٕث

ل ثذلانخ رظشٚف انًُقط ٔٔقذ اأرسٔاء ٔانًحزٕٖ انشطٕثٙ الإثزذائٙ انًؼبدلاد انًسزُجطخ نهزؼجٛش ػٍ قطش ٔػًق الإثزلا

 ًٔٚكٍ إسزخذايٓب يغ دقخ جٛذح. خشبيه

 

 أًَبط انزشطٛت, انش٘ ثبنزُقٛط, انقطش انًجزم, انؼًق انًجزم. الكلمات الرئيسة:
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1. INTRODUCTION 

Trickle irrigation is one of the most conservative irrigation techniques since it implies 

supplying water directly on soil through emitters.  A typical trickle irrigation system includes a 

pump, filters, main and sub main lines, manifolds, laterals, fittings, and emitters. Emitters 

dissipate the energy of water at the end of the trickle irrigation system and provide water directly 

on the soil. The area wetted by an emitter depends upon the discharge, soil texture, soil moisture 

content, and soil permeability. So far many researches developed mathematical, empirical, and 

numerical means to represent the wetted surface area and the inverted bulb-shaped cross-section 

of the soil profile Schwartzman, and Zur, 1986, and Amin, and Ekhmaj, 2006. Others 

developed computerized software to simulate the shape of wetting profile through the soil. 

Hydrus 2D/3D is one of the software that can be used to simulate water distribution profile 

through soil under a point source for a variety of conditions, including scheduling of irrigation, 

discharge of emitters, volumes of water, and initial moisture content of the soil. A brief review of 

previous related researches is illuminated below. 

Schwartzman, and Zur, 1986 developed empirical formulas to estimate the dimensions of 

the soil wetted from a surface point-source. Their formula was based upon results of their 

experiments that were conducted on two types of soils namely Gilat loam and Sinai sand and for 

emitter discharges 1.19 *10
-6

 and 5.6* 10
-6  m3

/s. Their empirical formulas are: 
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)
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where: 

     wetted diameter, cm, 

       volume of applied water, l, 

       discharge of the point source, lph, 

       saturated hydraulic conductivity of the soil, cm/hr, and 

        wetted depth, cm. 

Lafolie, et al., 1989 presented an improved numerical model to simulate saturated-

unsaturated water flow in general and from a trickle source in particular.  Elmaloglou, and 

Grigorakis, 1997 analyzed infiltration through homogeneous unsaturated soil from a surface 

drip line.  They used two flow rates for each soil and solved the flow equation numerically and 

the linearized form analytically. Hammami, et al., 2002 analyzed axi-symmetrical water 

distribution from a surface point source by solving Richards' equation using an alternating 

direction implicit finite difference method. They presented an expression to predict the wetted 

soil depth below an emitter; the expression requires measuring the radius of the wetted soil 

surface and utilizing known values of the hydraulic conductivity of the soil, initial water content, 

and water content through the wetting front.  

Amin and Ekhmaj, 2006 developed an empirical formula to estimate surface wetted radius 

and vertically wetted distance from a surface emitter. Their formula was based upon average 

change of water content within the wetted zone, total volume of applied water, application rate, 

and saturated hydraulic conductivity. They verified and modified the formula of Schwartzman 
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and Zur, 1986 by including the average change in water content as a parameter. Their formulas 

are as follows:  

 

                                   
                                                                                               

 

                               
                                                                                                          

 

where: 

       average change of volumetric water content in the wetted zone,    

                                ⁄ . 

From their experiments they found that soil texture, volume of applied water, and discharge of 

emitter are the most important factors that affect the vertical and horizontal domains of wetted 

zone. 

Kandelous, et al., 2011 used Hydrus-2D/3D to analyze the wetting patterns from three 

different configurations of emitters, including an axi-symmetrical two-dimensional wetting from 

a point source; a two-dimensional wetting from a line source; and a three-dimensional wetting 

from a point source. Their results indicated that wetting patterns from subsurface drip irrigation 

prior to the overlapping of the wetting patterns can be accurately described by using an axi-

symmetrical two-dimensional domain. 

Boštjan, et al., 2014 used Hydrus-2D/3D to study the effect of discharge of a surface emitter 

and initial moisture content of the soil on the extent of the wetted bulb. They modified the 

parameters of the model of Schwartzman and Zur by using their results of simulation.  

The objectives of this research were to predict water distribution profiles through different 

soils and different conditions and quantify the distribution profiles in terms of main 

characteristics of soil and emitter. The wetting patterns from a surface point-source were 

simulated by using two systems of textural classifications namely the United States Department 

of Agriculture, USDA, and United Kingdom, UK. Simulation of water flow from a single 

surface emitter was carried out by using the numerically-based software Hydrus-2D/3D, Version 

2.04. Two approaches were then used to develop formulas to predict the domains of the wetted 

patterns. In order to verify the results obtained by implementing the software Hydrus-2D/3D a 

field experiment was conducted to measure the wetted radius and compare measured values with 

simulated ones. The results of the research showed that the developed formulas to express the 

wetted diameter and depth in terms of emitter discharge, application time, and initial soil water 

content are very general and can be used with very good accuracy. Trickle irrigation was 

improved by a lot of researches and studies. One of the improvements of trickle system design 

concern the methods of estimating wetting patterns. Analytical, empirical, and numerical models 

were used to predict wetting patterns from a point source. 

 

2. MATERIALS AND METHODS 

In this research, modeling of water flow under single surface emitter was carried out by using 

the numerically-based software Hydrus-2D/3D, Version 2.04. This software is based upon 

Microsoft-Windows and was developed by Šimůnek, et al., 2006. The software is composed of 

the computational computerized program and an interactive user interface  . 

The hydraulic properties of an unsaturated soil, θ(h) and K(h), in Richard’s equation depends 

upon the pressure head. Hydrus-2D/3D includes the following analytical tools to estimate the 

hydraulic properties of the soil [Brooks, and Corey, 1964.; van Genuchten, 1980.; Vogel, and 

Císlerová, 1988.; Durner, 1994.; and Kosugi, 1996.] as follows: 



Journal of Engineering             Volume   22  September  2016 Number 9 
 

 

106 

 

     {
   

     

   |  |   
     

                                       

                                                                                                           

 

         
 [  (    

  ⁄ )
 
]
 

                                                                                                              

 

where: 

 

   
    

     
               

 

 
                                                                                                                     

 

and 

    effective saturation, dimensionless, 

    saturated volumetric water content of the soil,       ⁄ , 

    residual water content,       ⁄ , 

     pore-size distribution index, dimensionless,  

     inverse of the air-entry value (or bubbling pressure),     , and 

      pore-connectivity parameter, dimensionless. 

 

Hydrus-2D/3D utilizes Galerkin's finite-element method to solve Eq. (5) through (7). The 

hydraulic parameters                , and the initial distribution of soil-water content are 

required to run the model. Since water flow from a surface-point source is three dimensional axi- 

symmetric, half of the domain needs to be simulated in Hydrus-2D/3D [Gardenas, et al., 2005; 

and Kandelous, and Šimůnek, 2010b.]. Therefore, the simulated horizontal dimension of the 

wetting pattern represents half of the wetted diameter. In this research, simulations were carried 

out on a rectangular domain 100 cm wide and 150 cm deep; a single surface emitter is placed at 

the top left-hand corner of the domain. 

Along the upper boundary the flux was considered to be zero except along the boundary of 

the emitter where a constant flux was assumed to represent the emitter. Along the bottom 

boundary free drainage was assumed while on all remaining boundaries a zero flux was assumed 

[Fig.1]. 

On a fixed surface area, that represents the area of infiltration, a constant flux boundary was 

applied; this area is achieved when a steady state condition is attained and it represents the area 

that would be obtained when the flux has been redistributed with the pressure head at the surface 

being equal to zero. The radius of the constant-flux boundary condition is calculated by 

assuming that the flow rate per unit area is equal to the saturated hydraulic conductivity of the 

soil, since the pressure head is zero, i.e.: 

 

   
  

 
                                                                                                                                                       

 

where: 

    flow rate,      ⁄ , 

     surface area     ,    , 

    flux per unit area, cm/hr, and 

     radius of the infiltration surface area,   .  
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Wetting patterns from a surface point source were simulated by using two systems of textural 

classifications namely the United States Department of Agriculture, USDA, and United 

Kingdom, UK. The soil characteristics of the two systems are shown in Table 1 and Table 2, 

respectively. 

The wetting patterns for both systems of classification were predicted at the end of each hour 

for a total time of irrigation of 12 hrs. Emitter discharges of 0.5, 0.75, 1, 2, 3, 4, and 5 lph were 

used to simulate the wetting patterns. Five initial volumetric soil water contents were used in the 

simulation process. Accordingly the total number of simulations conducted to carry out the basic 

analysis was 9660 runs. 

 

3. FIELD WORK 

In order to verify the results obtained by implementing the software Hydrus-2D/3D a field 

experiment was conducted to measure the wetted radius and compare measured values with 

simulated ones. The experiments were conducted at Al-Raied Research Station of the National 

Center for Water Resources Management, Ministry of Water Resources, in Abu-Graib, 25 km 

west of Baghdad. The research site is located at 33˚20ʹ north latitude and 44˚12ʹ east longitude.  

The soil texture of the research station is classified as silty clay loam. The apparent specific 

gravity is 1.14 which indicates a high organic content of the soil and emitter discharges used 

were 2.5, 3.75, 5, and 6 lph. Table 3 shows other physical properties of the soil that were 

obtained from a laboratory analysis of soil samples.  

 

4. DOMAIN OF THE WETTING PATTERN, FIRST APPROACH 

In this approach a multiple-regression analysis was used to develop empirical formulas to 

predict wetted diameter and depth. For each soil texture the data obtained by applying Hydrus-

2D/3D software for different discharges, initial soil water contents, and application time were 

used to conduct a multiple-regression analysis. The software entitled Statistica Version 10 was 

used to conduct the analysis. The software is based upon an optimization procedure to find the 

best fit formula for a given set of conditions. By doing so an empirical formula was obtained to 

predict wetted diameter and depth for each soil texture as identified by the saturated hydraulic 

conductivity . 

Statistical parameters were used to test the discrepancy between the results obtained from the 

developed formulas and those obtained from Hydrus-2D/3D software. These parameters include 

root mean square error, RMSE, and modeling efficiency, EF. These parameters are expressed as 

follows: 

 

      √
∑         

 
   

 
                                                                                                                          

 

      
∑        

  
   

∑      ̅   
   

                                                                                                                          

 

where: 

              = number of values,  

         M  = values predicted by using Hydrus-2D/3D software, 

              = values obtained from the developed formulas, and 

         ̅  = mean of values obtained from Hydrus-2D/3D software. 
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Table 4 shows the developed formulas which express the wetted diameter and wetted depth in 

terms of emitter discharge, initial soil water content, and application time for the USDA soil 

classification system. The table also shows the values of the statistical parameters including 

modeling efficiency and root-mean square error. From the results depicted in the table it is clear 

that the RMSE between the values predicted by using Hydrus-2D/3D software and those 

obtained from the developed formulas ranged from 0.08 cm to 2.24 cm, while the EF was greater 

than 97%. Similar formulas to predict the wetted diameter and depth for the UK soil 

classification system are shown in Table 5. From the results depicted in the table it can be seen 

that the RMSE ranged from 0.42 cm to 2.40 cm, while the EF was greater than 96%. 

 

5. DOMAIN OF THE WETTING PATTERN, SECOND APPROACH 
An attempt was made to reduce the number of formulas needed to predict the wetted diameter 

and depth. To accomplish the results of simulation obtained by using Hydrus-2D/3D software for 

both systems of soil classification, USDA and UK, were sorted according to pre specified six 

ranges of saturated hydraulic conductivity. Then for each range an empirical formula was 

obtained by using regression analysis through Statistica software. Thus, as should be expected 

the developed formulas depend upon the saturated hydraulic conductivity. Table 6 and Table 7 

show the formula developed to predict wetted diameter and depth together with the statistical 

parameters for both systems of soil classification. As can be noted that although the formulas are 

simpler in form but the values of the RMSE was slightly increased and the EF values were 

slightly reduced. 

 

6. VERIFICATION OF THE RESULTS 

Verification of the developed formulas was done by comparing the values of the wetted 

diameter obtained from the formulas with values obtained from experimental work, results from 

Hydrus-2D/3D software, and results obtained from the formulas developed by Schwartzman 

and Zur, 1986 and Amin and Ekhmaj, 2006. Table 8 shows the results of such comparison and 

considered statistical criteria. 

It is clear from Table 8 that the developed formulas and results obtained from Hydrus-2D/3D 

software are closest to the measured values. However, the results obtained from the other two 

models differ appreciably from measured values. This discrepancy was mainly because those 

models were empirically derived for a given range of saturated hydraulic conductivity and do not 

include the initial water content. 

 

7. SUMMARY AND CONCLUSIONS 

Wetting patterns from a surface point source were simulated by using two systems of soil 

textural classifications namely the United States Department of Agriculture, USDA, and United 

Kingdom, UK. Simulations were carried out by using the numerically-based software Hydrus-

2D/3D, Version 2.04, which solves Richard’s equation of nonlinear movement of water in 

unsaturated soils. The soils were classified as functions of the saturated hydraulic conductivity.  

In order to verify the results obtained by implementing the software Hydrus-2D/3D a field 

experiment was conducted to measure the wetted radius and compare measured values with 

simulated ones . 

Two approaches were used in developing formulas to predict the domains of the wetted 

pattern. A nonlinear regression analysis provided by Statistica Version 10 was used to develop 

empirical formulas to predict wetted diameter and depth. A comparison was carried out between 

the results from the formulas with values obtained from experimental work, results from Hydrus-

2D/3D software, and results obtained from the formulas developed by Schwartzman and Zur, 



Journal of Engineering             Volume   22  September  2016 Number 9 
 

 

109 

 

1986 and Amin and Ekhmaj, 2006. The developed formulas and results obtained from Hydrus-

2D/3D software were closest to the measured values. 
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NOMENCLATURE 

     saturated hydraulic conductivity of the soil,     ⁄ , 

    pore-connectivity parameter, dimensionless. 

    pore-size distribution index, dimensionless, 

    discharge of the point source, lph, 

   time,    , 

    volume of applied water,       , 

    wetted diameter,   , 

    wetted depth,   , 

    shape parameter (coefficient in the soil water retention   

    function),     , 

     initial soil water content,       ⁄ , 

     residual water content,       ⁄ , 

   = saturation volumetric soil-water content,       ⁄ . 

 

 

 

 

 
 

Figure 1. Schematic representing the boundary conditions used in numerical simulations. 
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Table 1. Hydraulic parameters of the soil for twelve texture class of the USDA soil-texture 

triangle [according to Carsel and Parish, 1988.]. 

N
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n
 

T
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1 29.70 0.045 0.430 0.145 2.68 Sand 

2 14.60 0.057 0.410 0.124 2.28 Loamy Sand 

3 4.42 0.065 0.410 0.075 1.89 Sandy Loam 

4 1.31 0.100 0.390 0.059 1.48 Sandy Clay Loam 

5 1.04 0.078 0.430 0.036 1.56 Loam 

6 0.40 0.067 0.450 0.020 1.41 Silty Loam 

7 0.26 0.095 0.410 0.019 1.31 Clay Loam 

8 0.25 0.034 0.460 0.016 1.37 Silt 

9 0.20 0.068 0.380 0.008 1.09 Clay 

10 0.12 0.100 0.380 0.027 1.23 Sandy Clay 

11 0.07 0.089 0.430 0.010 1.23 Silty Clay Loam 

12 0.02 0.070 0.360 0.005 1.09 Silty Clay 

 

Table 2. Hydraulic parameters of soil for eleven textural classes of the UK soil texture triangle  

as obtained from the program of Rosetta Lite [Schaap, et al., (2001)]. 
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T
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1 24.50 0.050 0.380 0.070 3.08 Sand 

2 5.10 0.040 0.380 0.040 1.82 Loamy Sand 

3 1.70 0.050 0.410 0.010 1.65 Sandy Silt Loam 

4 1.67 0.040 0.390 0.030 1.40 Sandy Loam 

5 1.28 0.060 0.470 0.010 1.67 Silt Loam 

6 0.74 0.100 0.490 0.020 1.21 Clay 

7 0.62 0.080 0.390 0.030 1.23 Sandy Clay 

8 0.59 0.070 0.380 0.030 1.31 Sandy Clay Loam 

9 0.56 0.100 0.500 0.010 1.41 Silty Clay 

10 0.49 0.080 0.460 0.010 1.57 Silty Clay Loam 

11 0.45 0.080 0.430 0.010 1.48 Clay Loam 

 

 

 



Journal of Engineering             Volume   22  September  2016 Number 9 
 

 

112 

 

 

Table 3. Physical properties of the soil at the research station. 

Texture * 
Average 

apparent 

specific 

gravity
 

Soil 

Water 

content at 

33 kPa, 

% by vol. 

Soil Water 

content at 

1500 kPa, 

% by vol. 

Soil 

Water 

content 

initial, 

by vol. 

Hydraulic 

Conductivity, Ks, 

cm/hr 

Silty Clay Loam 

Sand 

(%) 

Silt 

(%) 

Clay 

(%) 

17.2 48.8 34 1.14 34.85 18.9 19.9 4.7 

 

 

 

Table 4. Empirical formulas to predict wetted diameter and wetted depth by using regression 

analysis for USDA soil classification system. 

  , 

cm/hr 
Wetted Diameter   , cm EF

 
RMSE, 

cm 
Wetted Depth, Z, cm   EF

 
RMSE, 

cm 

29.7                      
      

 0.97 1.34                      
      0.99 1.20 

14.59                      
     

 0.98 1.20                      
      0.99 1.16 

4.42                      
     

 0.99 1.20                      
      0.99 1.08 

1.31                      
     

 0.98 1.98                      
      0.98 1.57 

1.04                      
     

 0.98 2.24                      
      0.98 1.10 

0.40                      
     

 0.99 1.94                     
      0.99 0.36 

0.26                      
     

 0.99 1.50                     
      0.99 0.20 

0.25                      
     

 0.99 1.41                     
      0.99 0.16 

0.20                      
     

 0.99 1.46                     
      0.99 0.27 

0.12                       
     

 0.99 0.87                     
      0.99 0.14 

0.07                       
     

 0.99 0.57                     
      0.99 0.08 

0.02                       
     

 0.99 0.35                     
      0.98 0.09 
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Table 5. Empirical formulas to predict wetted diameter and wetted depth by using regression 

analysis for UK soil classification system 

  , 

cm/hr 
Wetted Diameter   , cm EF

 
RMSE, 

cm 
Wetted Depth, Z, cm   EF

 
RMSE, 

cm 

24.5                      
      

 0.96 1.90                      
      0.99 2.40 

5.10                      
     

 0.99 0.91                      
      0.99 0.70 

1.70                      
     

 0.99 2.00                      
      0.99 1.14 

1.67                      
     

 0.99 1.87                      
      0.98 1.17 

1.28                      
     

 0.98 2.44                      
      0.98 1.23 

0.74                      
     

 0.99 1.72                     
      0.99 0.71 

0.62                      
     

 0.99 1.83                     
      0.98 1.03 

0.59                      
     

 0.99 2.14                     
      0.99 0.97 

0.56                      
     

 0.99 2.11                     
      0.99 0.43 

0.49                      
     

 0.99 2.37                     
      0.99 0.42 

0.45                      
     

 0.99 2.40                     
      0.99 0.44 

. 

 

Table 6. Empirical formulas to predict wetted diameter by using regression analysis and 

statistical analysis for groups soils. 

No 
  , 

cm/hr 
Wetted Diameter   , cm EF

 
RMSE, 

cm 

1 29.7-24.5                   
       

     
 0.96 1.87 

2 14.59-4.42                  
       

     
 0.97 5.35 

3 1.7-1.04                 
      

    
 0.96 4.36 

4 0.74-0.40                  
       

    
 0.99 2.05 

5 0.26-0.2                  
       

    
 0.99 1.50 

6 0.12-0.02                  
       

     
 0.99 1.40 
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Table 7. Empirical formulas to predict wetted depth by using regression analysis and statistical 

analysis for groups soils. 

No 
  , 

cm/hr 
Wetted Depth, Z, cm   EF

 
RMSE, 

cm 

1 29.7-24.5                  
      

    
 0.99 2.56 

2 14.59-4.42                  
      

    
 0.99 1.60 

3 1.7-1.04                 
      

    
 0.97 1.82 

4 0.74-0.40                  
       

    
 0.95 1.75 

5 0.26-0.2                   
      

    
 0.98 0.50 

6 0.12-0.02                   
      

    
 0.97 0.30 

 

Table 8. Comparison of measured wetted diameters with those simulated by various techniques. 

E
m

it
te

r 
d
is

ch
ar

g
e,

 

lp
h

 

T
im

e,
 h

rs
 

Wetted diameter
6
 W, cm

 

M
ea

su
re

d
1

 

H
y
d
ru

s2
 

S
im

u
la

te
d

3
 

A
m

in
4
 

Z
u
r5

 

2.5 

1 44 42.0 44.4 24.6 30.0 

2 49 50.7 53.2 29.6 34.9 

3 54 57.3 59.1 33.0 38.2 

3.75 

1 50 48.3 49.2 27.4 35.1 

2 58 57.7 60.0 33.0 40.9 

3 65 64.8 65.7 36.8 44.7 

5.0 

1 51 53.5 53.0 29.5 39.3 

2 61.5 63.3 63.5 35.6 45.8 

3 68 70.8 70.7 39.7 50.0 

6.0 

1 55 57.1 55.5 31.0 42.2 

2 64 67.1 66.6 37.3 49.1 

3 70 75.0 74.1 41.6 53.7 

RMSE (cm) 2.5 2.7 24.4 15.6 

EF 0.91 0.9 -8.5 -2.9 
1
 measured wetted diameter from field work. 

2
 simulated wetted diameter by using Hydrus software. 

3
 simulated wetted diameter by using the formulas in Table 4 and Table 5. 

4
 simulated wetted diameter by using Amin, and Ekhmaj, 2006. 

5
 simulated values of wetted diameter by using Schwartzman, and Zur, 1986. 

6
 saturated hydraulic conductivity equals 4.7 cm/hr and initial soil water content equals 19.9%. 


