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Abstract 
 
There is an increasing trend to require more efficient use of water resources, both in urban and rural 
environments. Drainage water can be beneficially reused for agricultural irrigation before being discarded 
after its use. The quality of the discarded water depends on many factors, including the irrigation water 
quality and irrigation management, i.e., the salt content and the quantity of irrigation water to be applied 
during the vegetation period. 
 
A variety of analytical and numerical models have been developed during the past several decades to 
predict water and solute transfer processes between the soil surface and groundwater table. The 
HYDRUS-1D software package is one of such models simulating water movement and solute transport in 
the soil. In this study, we use HYDRUS-1D to analyze water flow and solute transport in soil columns 
115 cm long and with a diameter of 40 cm, irrigated with waters of different quality at different leaching 
rates. Three different irrigation water salinities (0.25, 1.5, and 3.0 dS/m) and four leaching fractions (10, 
20, 35, and 50% more water than required) were used in a fully randomized, factorial design experiment. 
Each experiment was run in three replicates, resulting in a total of 36 lysimeters. Following every 
irrigation, drainage waters were collected using the plastic pods situated under each lysimeter. Water 
fluxes, concentrations of individual ions (Na+, K+, Ca2+, Mg2+, Cl-, SO4

2-, CO3
2-, and HCO3

-), EC of the 
soil solution, and SAR were monitored at five depths (20, 40, 60, 80, and 100 cm) in all soil columns. The 
soil used for the experiments was SCL. In all leaching experiments, the salts accumulated in the profile 
due to irrigation with salty water could be leached out from the soil. More soluble salts, such as Cl-, 
leached more easily than the less soluble salts, such as CO3

-2 and HCO3
-. 

 
The results showed that HYDRUS-1D was able to successfully simulate soil water salinity and movement 
of salts (ions) in the soil profile. The RMSE values for all treatments and for different soil depths varied 
for EC (dS/m) between 2.50-5.21 and 1.36-4.38 and for SAR between 1.26-3.18 and 1.45-1.88 during the 
first (2010) and second (2011) experimental year, respectively. The RMSE values for ions Ca2+, Mg2+, 
Na+, K+, SO4

2-, and Cl- were between 0.50-24.14 in 2010, and 0.28-14.25 in 2011. HYDRUS-1D proved 
to be a powerful tool for analyzing solute concentrations related to overall soil salinity. 
 
 

1. Introduction 
 
Salinization is, due to the presence of various ions in irrigation water, the most widespread 
problem in irrigated areas with arid and/or semi-arid climate throughout the world. Salinization 
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generally occurs when salts accumulate in the soil profile, depending on the relationship between 
irrigation applied by farmers, natural precipitation, evapotranspiration, and leaching. When the 
concentration of salts exceeds a level harmful to crops, crop yields decrease and fruit quality 
worsens. It is unavoidable that some salts accumulate in the root zone since all waters used for 
irrigation inevitably contain soluble ions, concentrations of which depend on the type of water 
source. The higher the content of salts in irrigation water, the faster the process of soil 
salinization. Evaporation and transpiration are the predominant mechanisms causing the 
accumulation of salts in irrigated agricultural soils. Both evaporation and transpiration processes 
remove water from the soil, while leaving salts behind and increasing their concentrations in 
remaining soil water (Corwin et al., 2007; Gonçalves et al., 2006).  Therefore, the higher the 
evaporation and/or transpiration rates, the faster the soil salinization. The increase of salinity of 
water due to evaporation is often called evapoconcentration. 
 
Salinity restrains root water uptake of plants by increasing the osmotic pressure in soil water and 
thus making it more difficult for plants to extract water from the soil. Some components of 
salinity may cause specific-ion toxicity and imbalance the nutritional stability of plants. In 
addition, the salt composition of soil water influences the composition of cations in the exchange 
complex of soil particles, which may significantly influence soil permeability and tilth 
(Yurtseven and Sönmez, 1992; Corwin et al., 2007). 
 
Soils not only contain a mixture of salts, but the distribution of these salts is not uniform 
spatially, nor constant with a soil depth and/or time. Non uniformity within a field is caused in 
large part by irrigation systems that do not supply water evenly (Hoffman and van Genuchten, 
1983). Excessive salts accumulated in soil profiles of irrigated lands can be leached out by 
adding more water than required to meet the evapotranspiration needs of the crops. The ratio of 
additional irrigation water, with respect to evaporation and transpiration, is usually expressed as 
a leaching fraction (LF) or a leaching requirement (LR), which are identical mathematical 
expressions, but with different meanings. The LF is simply a ratio of the total amount of water 
passing through the soil profile to the total amount of applied irrigation water. On the other hand, 
the LR is defined as the fraction of infiltrated water that must pass through the root zone to keep 
soil salinity from exceeding a level that would significantly reduce crop yield under steady-state 
conditions with associated good management and uniformity of leaching (USSL Staff, 1954; 
Rhoades, 1974). 
 
Many methods are available to determine the impact of irrigation water quality and existing farm 
irrigation management in soil salinity. The most precise assessment of salinity is taking soil 
samples and carrying out laboratory analyses of salinity and its components using several types 
of laboratory instruments and methods. However, classical methods of evaluating soil salinity are 
time demanding, expensive, and require a lot of effort, yet cannot completely cover the spatial 
and temporal variability at the field scale (Rasouli et al., 2012). On the other hand, it is possible 
to use ground-based geophysical measurements of the apparent soil electrical conductivity (ECa), 
such as electrical resistivity (ER) or electromagnetic induction (EM) surveys (Corwin and Lesch, 
2003), to assess soil salinity across individual fields. However, even these types of methods are 
too time-consuming to be applied cost-effectively at larger scales, i.e., at regional scales (Lobel 
et al., 2010). For this reason, quicker and cheaper methods and tools are required to assess soil 
salinity for decision-making needs. 
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Mathematical models that can consider various soil, climate, and crop factors have been 
suggested as useful tools for evaluating the optimum management strategies for saline conditions 
(Ramos et al., 2011; Rasouli et al., 2012). A variety of analytical and numerical models have 
been developed during the past several decades to predict water and solute transfer processes 
between the soil surface and groundwater table. The HYDRUS-1D software package (Šimůnek 
et al. 2008) is one of such models simulating water movement and solute transport in the soil. 
The objective of this study is to use HYDRUS-1D to analyze water flow and solute transport in 
soil columns irrigated with waters of different quality at different leaching rates, and to assess its 
applicability for practical applications. 
 
 

2. Material and Methods 
 
2.1. Experimental Conditions 
 
The experiment was carried out on soil columns 115 cm long and 40 cm diameter constructed 
from plastic pipes obtained by cutting 6 m long waste-water pipes. The soil columns were 
installed as outdoor lysimeters at the experimental field of the Agricultural College of Ankara 
University. The columns were filled with a sieved soil collected from the experimental field of 
the Agricultural College. The texture of the soil was classified as Silt Clay Loam with 58% sand, 
21% silt, and 21% clay. The CEC (Cation Exchange Capacity) of the soil was 177.2 mmolc kg-1. 
Each column was equipped with TDR (Soil Moisture, TRACE) probes at four different depths 
(15, 35, 50, and 75 cm). 
 
Large pots were placed below the bottom of the columns to collect drainage water after each 
irrigation application. Drainage waters and soil samples collected monthly during the irrigation 
period were analyzed for salt contents and individual components, i.e., EC, pH, Na+, K+, Ca2+, 
Mg2+, Cl-, SO4

2-, CO3
2-, HCO3

-, NO2
-, NO3

-, NH4
+.  Soil samples were taken at five different soil 

depths (20, 40, 60, 80, and 100 cm). The study was carried out on 36 soil columns using three 
irrigation water salinities (0.25, 1.5, and 3 dS m-1; denoted below as treatments T1, T2, and T3) 
with NaCl and CaCl2 salts, four leaching rates (10, 20, 35, and 50% more water than required; 
denoted below as treatments Y1, Y2, Y3, and Y4), and three replicates in fully randomized, 
experimental design. 
 
The soil was first irrigated at the seeding time of alfalfa (i.e., the soil was at the field capacity). 
Volumes of applied irrigation water and water drained from the bottom of the columns during 
each irrigation event were measured so that actual evapotranspiration of the crop could be 
obtained for each treatment. Actual evapotranspiration was calculated from the difference 
between irrigation and drainage depths. During a given time interval, the water balance is: 
 
 ET I P D S= + − −∆  (1) 
 
where (all values are cumulative during a particular time interval) ET is evapotranspiration (cm), 
I is irrigation (cm), P is precipitation (cm), D is drainage (cm), and ΔS is the change in stored 
soil water (cm). 
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The experiments were conducted in the first year (2010) between May 1st and October 8th and in 
the second year (2011) between May 1st and October 13th. Irrigation times, amounts of applied 
and drainage waters, and the soil sampling dates are given in Table 1. 
 
The amounts of irrigation water were calculated for the non-saline treatments and from 
gravimetrically measured soil water contents and TDR measurements. Total amounts of drainage 
water were measured during the experiments as well so that leaching fractions (LF) could be 
calculated. Leaching fractions were calculated using the formula below (Ayers and Westcot, 
1985): 
 

 Drainage Water Amount *100
Irrigation Water Amount

LF =  (2) 

 
Table 1. Irrigation and drainage water amounts (average of T1 - non-saline treatments), application times, 

and soil sampling dates for both the first (2010) and second (2011) year experiments. 
 
 1 2 3 4 5 6 7 8 9 

2010 
Irrig. time (Julian day) 18 38 49 67 79 96 110 127 143 
Irrigation water (L) 12,88 12,88 12,88 25,25 25,25 30,9 30,9 30,9 30,9 
Drainage water (L) 2,07 1,63 1,63 5,49 4,52 7,3 5,91 5,51 1,76 
Soil sampling June 1 July 2 Aug 2 Sept 1 Oct 4     

2011 
Irrig. time (Julian day) 67 86 100 117 131 149    
Irrigation water (L) 28,33 28,33 30,9 30,9 25,75 25,75    
Drainage water (L) 5,00 4,85 5,09 4,88 4,64 4,30    
Soil sampling June 27 July 28 Aug 30 Sept 30      
 
 
2.2. Model Description 
 
The HYDRUS-1D program numerically solves the Richards equation for variably-saturated 
water flow and the convection-dispersion equation for heat and solute transport. The flow 
equation incorporates a sink term to account for water uptake by plant roots. The heat transport 
equation considers transport due to conduction and convection with flowing water. The solute 
transport equations consider convective-dispersive transport in the liquid phase, as well as 
diffusion in the gaseous phase. The transport equations also include provisions for nonlinear and 
non-equilibrium reactions between the solid and liquid phases, linear equilibrium reactions 
between the liquid and gaseous phases, zero-order production, and two first-order degradation 
reactions: one which is independent of other solutes, and one which provides the coupling 
between solutes involved in sequential, first-order decay reactions. In addition, physical non-
equilibrium solute transport can be accounted for by assuming a two-region, dual-porosity type 
formulation which partitions the liquid phase into mobile and immobile regions. 
Attachment/detachment theory, including the filtration theory, is included to simulate transport 
of viruses, colloids, and/or bacteria.  
 
The program may be used to analyze water and solute movement in unsaturated, partially 
saturated, or fully saturated porous media. The soil profile itself may be composed of different 
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soil layers. The water flow part of the model can deal with prescribed head and flux boundaries, 
boundaries controlled by atmospheric conditions, and free drainage boundary conditions.  
 
The UnsatChem module (Šimůnek and Suarez, 1994) of the HYDRUS-1D software package 
(Šimůnek et al., 2008), simulating the major ion chemistry/transport and carbon dioxide transport, is 
used in this study. 
 
2.3. Statistical Analysis 
 
In addition to a visual check, field measured values were compared with the results of the 
HYDRUS-1D simulations using the mean absolute error (MAE), the root mean square error 
(RMSE), and the relative error (RE). Which are defined as follows; 
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where Oi and Pi are observed and model-predicted values in units of a particular variable, N is 
the number of observations, and Obsavg is the mean observed value. In general, RMSE ≥ MAE. 
The degree to which the RMSE value exceeds MAE is usually a good indicator of the presence 
and extent of outliers, or the variance of the differences between the modeled and observed 
values (Legates and McCabe, 1999; Kobayashi and Salam, 2000). RE was used to evaluate the 
quality of the RMSE value. The simulation is considered to be excellent when a relative error is 
less than 10%, good if it is greater than 10% and less than 20%, fair if it is greater than 20% and 
less than 30%, and poor if it is greater than 30% (Loague and Green, 1991). 
 
 

3. Results and Discussion 
 
The HYDRUS-1D simulations were carried out for two experimental years of 2010 and 2011. A 
simulation time period started on May 1st of both 2010 and 2011 and ended on October 8th and 
13th, 2010 and 2011, respectively, which corresponded to the irrigation period of alfalfa in 
relation with the climatological factors. Nine and six irrigations were applied during the first and 
second year, respectively. The leaching fractions, calculated (Eq. 2) using the ratio between 
irrigation and drainage water amounts, were 12, 17, 20, and 22 % in 2010, and 8, 16, 23, and 28 
% in 2011, experimental years for Y1, Y2, Y3, and Y4 treatments, respectively. 
 
The main physical and chemical parameters of the soil are given in Table 2. The solution 
concentrations of irrigation waters are given in Table 3.  
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The soil was sandy clay loam (SCL) with a water holding capacity of 74.4 mm m-1, and a bulk 
soil density of 1.31 g cm-3. At the beginning of the experiment, pH and the EC of the saturation 
extract were 8.18 and 0.816 dS cm-1, respectively. CEC and exchangeable cations were measured 
in the laboratory on soil samples. CEC was 177.15 mmolckg-1, and the exchangeable cations 
were Ca2+=125.85, Mg2+=41.35, Na+=4.85, and K+=4 mmolckg-1. Actual crop ET and the total 
annual rainfall were 1595.7 and 136.7 mm in 2010, respectively, and 1124.1 mm and 189.4 mm 
in 2011, respectively. 
 
 

Table 2. Physical and chemical soil characteristics (initial conditions). 
 

Sand (%) 58 SAR ((mmolc L-1)0.5) 0.78 
Silt (%) 21 Soil hydraulic parameters  

Clay (%) 21 Ks (cm day-1) 31.44 
Texture SCL α (cm-1) 0.059 

Bulk density (g cm-3) 1.31 n 1.48 
EC (dS m-1) 0.816 θr 0.1 

Soluble cations (mmolc L-1)  θs 0.39 
Ca2+ 4.9 Exc. cations (mmolc kg-1)  
Mg2+ 2.265 Ca2+ 125.85 
Na+ 1.48 Mg2+ 41.35 
K+ 0.275 Na+ 4.85 
Alk 4.595 K+ 4 

SO4
2- 3.045 CEC (mmolc kg-1) 177.15 

Cl- 1.28 Actual average ET (cm day-1) 0.985 (2010), 0.667 (2011) 
  Total rainfall (cm) 13.67 (2010), 18.94 (2011) 

 
 

Table 3. Ion contents of irrigation waters used in the experiments (mmolc L-1). 
 

 Ca2+ Mg2+ Na+ K+ Alk SO4
2- Cl- Tracer 

Water 1 (T1) 0.7 1.14 0.43 0.07 1.6 0.24 0.50 0 
Water 2 (T2) 13.24 0.56 1.94 0.04 1.9 0.35 13.08 0 
Water 3 (T3) 26.12 0.57 3.56 0.05 1.9 0.37 27.74 0 

 
 
Simulation results were evaluated against measured data using several statistical measures (eqs. 
3, 4, and 5), providing information about how well the model approximated collected 
experimental data. The results of the statistical analysis are given in Table 4. The statistical 
measures are given for each depth (20, 40, 60, 80, and 100 cm), as well as for the entire soil 
profile, as an average over the entire experimental year (2010 and 2011). 
 
In general, the MAE and RMSE values increased and RE values decreased with the increasing 
soil depth. Also, almost in all experiments, the soil salt and ion concentrations increased with 
depth. As an example, the measured and simulated values of the soil Cl- and EC, with depths of 
the soil profile for both years and for the T2Y4 and T3Y4 treatments, are shown in Figure 1. 
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Table 4. Results of the statistical analysis. 
 
  2010    2011 
Depth 

 
0 20 40 60 80 100  Depth 

 
0 20 40 60 80 100 

 EC (dS m-1)   EC (dS m-1) 
MAE 1.75 3.01 2.33 2.65 3.48 4.61  MAE 0.96 1.45 1.72 1.77 2.77 3.61 

RMSE 2.50 4.07 2.76 3.24 3.93 5.21  RMSE 1.36 1.64 2.04 1.99 3.35 4.38 
RE 1.58 0.85 0.72 0.73 0.75 0.82  RE 0.86 0.55 0.68 0.61 0.73 0.80 

MAE 2.67  MAE 2.05 
RMSE 3.73  RMSE 2.68 

RE 0.85  RE 0.77 
 SAR   SAR 

MAE 0.94 1.72 1.46 1.47 2.33 2.60  MAE 1.03 1.36 1.35 1.54 1.24 1.30 
RMSE 1.26 2.15 1.72 1.80 2.66 3.18  RMSE 1.54 1.65 1.65 1.88 1.45 1.58 

RE 1.74 0.60 0.44 0.42 0.49 0.56  RE 2.12 1.02 0.83 0.90 0.47 0.46 
MAE 1.75  MAE 1.30 

RMSE 2.22  RMSE 1.63 
RE 0.56  RE 0.76 

 Ca2+   Ca2+ 
MAE 10.90 15.11 11.46 12.08 12.67 14.62  MAE 7.35 8.38 9.34 9.52 8.06 8.19 

RMSE 17.18 19.00 13.67 14.30 14.95 17.39  RMSE 10.83 10.88 12.85 11.67 12.32 10.91 
RE 1.29 0.90 0.87 0.78 0.75 0.77  RE 0.81 0.68 1.02 0.82 0.85 0.70 

MAE 12.82  MAE 8.47 
RMSE 16.20  RMSE 11.60 

RE 0.88  RE 0.81 
 Mg2+   Mg2+ 

MAE 1.97 8.60 6.74 8.06 9.49 11.65  MAE 0.93 2.62 3.20 4.35 5.40 5.60 
RMSE 2.49 12.24 8.18 9.43 10.58 13.03  RMSE 1.26 3.46 3.71 5.05 6.36 6.90 

RE 3.29 1.14 0.93 0.95 0.95 0.97  RE 1.66 0.93 0.85 0.85 0.90 0.96 
MAE 7.74  MAE 3.68 

RMSE 9.94  RMSE 4.85 
RE 1.09  RE 1.00 

 Na+   Na+ 
MAE 3.00 10.67 9.16 10.93 16.09 19.51  MAE 1.33 2.39 2.11 2.91 4.71 6.30 

RMSE 3.89 15.03 11.09 12.60 17.60 22.63  RMSE 1.77 2.79 2.87 3.88 6.30 8.11 
RE 1.97 0.98 0.79 0.78 0.82 0.91  RE 0.89 0.55 0.50 0.57 0.64 0.72 

MAE 11.56  MAE 3.29 
RMSE 14.97  RMSE 4.82 

RE 0.96  RE 0.71 
 SO4

2-   SO4
2- 

MAE 0.87 13.92 8.83 11.25 15.85 20.95  MAE 0.93 3.24 3.26 3.56 4.77 5.15 
RMSE 1.10 24.09 12.42 15.55 19.77 24.14  RMSE 1.60 4.25 4.71 4.65 9.52 6.85 

RE 3.42 1.62 1.27 1.26 1.15 1.08  RE 4.99 1.07 1.10 1.06 1.58 1.09 
MAE 11.95  MAE 3.49 

RMSE 18.03  RMSE 5.80 
RE 1.41  RE 1.38 

 Cl-   Cl- 
MAE 15.54 12.87 10.20 7.03 8.25 11.79  MAE 9.09 6.91 9.60 8.67 7.99 8.53 

RMSE 23.03 18.95 15.41 9.85 12.89 18.72  RMSE 13.15 9.19 14.25 11.81 10.37 12.65 
RE 1.67 1.16 1.20 0.66 0.70 0.79  RE 0.95 0.56 1.00 0.69 0.52 0.59 

MAE 10.95  MAE 8.47 
RMSE 17.03  RMSE 12.02 

RE 1.02  RE 0.70 
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Figure 1. Measured (M) and simulated (S) Cl and soil EC values for both experimental years 
(2010 an 2011) and for the T2Y4 and T3Y4 treatments.  
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The RMSE values for all treatments and for different soil depths varied for EC (dS m-1) between 
2.50-5.21 and 1.36-4.38 and for SAR between 1.26-3.18 and 1.45-1.88 during the first (2010) and 
second (2011) experimental year, respectively. The RMSE values for ions Ca2+, Mg2+, Na+,  
SO4

2-, and Cl- were between 0.50-24.14 in 2010, and 0.28-14.25 in 2011. 
 
 

4. Conclusions 
 
The results showed that HYDRUS-1D was able to successfully simulate soil water salinity and 
movement of salts (ions) in the soil profile. The model described better scenarios with lower 
values of salt concentrations (EC). Similar results were obtained for individual ion 
concentrations. The same results were reported by other researchers (e.g., Gonçalves et al., 2006; 
Ramos et al., 2011). HYDRUS-1D proved to be a powerful tool for analyzing solute 
concentrations related to overall soil salinity. 
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