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Abstract. Cotton (Gossypium hirsutum L.) is an important cash crop in the Xinjiang Autonomous Region 

of China where agricultural development is severely hampered by the scarcity of water resources and 

increasing soil salinity. We developed a new method of establishing cotton crops to maintain crop yields 

while reducing water use and suppressing salinity. The method consists of dry seeding after wetting with 

drip irrigation, without the traditional winter or spring irrigation. We verified that the HYDRUS-3D 

software package could successfully simulate the distribution of water and salinity at the seedling stage in 

2009 and used it to determine the irrigation volumes during the seedling stage in 2010. The observed and 

simulated results were in accordance, and soil salinity did not exceed the salinity threshold in the root 

zone, indicating that HYDRUS-3D could accurately simulate water and salt transport and was useful for 

designing appropriate irrigation regimes. A double drip line with single mulch and a low emitter 

discharge should be applied in dry seeding and after wetted under moderate soil salinity. In addition, in 

order to help local agricultural production, we chose some impact factors (emitter spacing, emitter 

discharge and salinity content) based on the current local situation, evaluated the factors’ effects on water 

and salinity distribution, irrigation uniformity (Christiansen uniformity coefficient, CU) and leaching rate 

(Lr), in order to determine the optimal irrigation volume at the seedling stage using by HYDRUS-3D. 

Keywords: cash crop, water-saving technology, water and salt transport, salinity threshold, computer 

software model 

Introduction 

Xinjiang has the largest area of cotton (Gossypium hirsutum L.) production in China, 

where cotton is an important economic crop. It is classified as a salt-tolerant crop, but 

its tolerance is both limited and variable at different growth stages (Sharif et al., 2019; 

Long et al., 2019). Different growth stages of cotton have salinity thresholds, above 

which growth is adversely affected. Jia et al. (1987) reported that cotton growth was 

seriously suppressed at a salinity of 5 g kg-1. Sun et al. (2009a) reported that 

thresholds > 4.2 and > 3.3 g kg-1 at depths of 20 cm and 40 cm, respectively, during the 

seedling stage had an impact on cotton yield. Dong et al. (2009) found that seedling 

emergence was 40% and seedling survival rate was 30% at salinities > 4 g kg-1 in a 
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coastal, saline cotton field in Shandong province. Wang et al. (2010) found that the 

salinity threshold was 5.8 g kg-1 for cotton seedlings in the southern part of the Xinjiang 

Uygur Autonomous Region of China. Feng et al. (2011) reported threshold values of 

5.03 g kg-1 at budding and 9.8 g kg-1 at flowering, with more suitable values of 2.77 and 

5.84 g kg-1, respectively. Sun et al. (2009b) found that a salinity of 2.8 dS m-1 had no 

effect on cotton yield at bolling. These results indicate that the threshold of salt 

tolerance of cotton is < 6 g kg-1. Ramoliya and Pandey (2002) found that cotton was 

particularly sensitive to salinity during the seedling stage. High salinity can inhibit seed 

germination, emergence, growth. Highly saline soils can reduce nutrient uptake via 

ionic imbalances and competition, factors that lead to crop stunting, accompanied by 

lower quality and yield. Soil salinity must therefore be maintained at levels below the 

salt-tolerance threshold, particularly during the seedling stage. 

Xinjiang is a typical arid and semi-arid region in China with scarce water 

resources. Increasing urban and industrial water demands is decreasing the availability 

of water for agriculture. Efficiency measures are required to address this problem. 

Drip irrigation with plastic mulch is one of the best methods to conserve water and 

increase field crop yields (Zhang et al., 2017; Zong et al., 2020; Qin et al., 2016; Yuan 

et al., 2019; Ospanbayev et al., 2017). The technique can regulate soil temperature, 

decrease soil salinity and enhance water-use efficiency (Cook et al., 2006; Li et al., 

2017a; Filipović et al., 2016; Hu et al., 2018; Ning et al., 2015). Some studies have 

reported that cotton roots were mostly distributed in the upper 0.4 m of soil when drip 

irrigation was applied, and most roots were within the upper 0.2-0.3 m (Wei et al., 

2002; Liu et al., 2011). Agricultural practices in the study region for increasing water 

content and decreasing salinity in the soil include winter and spring surface irrigation 

in early November and mid-March, with volumes of 3000 and 1500 m3 ha-1, 

respectively. Irrigating at these times has advantages, but winter and spring irrigation 

can also raise the water table, increase deep water percolation and increase soil 

salinity. A new method has been developed to save water and ensure cotton 

emergence, and the most meet requirement water and salinity threshold during the 

seedling stage: dry seeding followed by drip irrigation with mulching during 

establishment, without winter and spring irrigation. This method can improve cotton 

yield, emergence rate, soil temperature and water conservation (Wang et al., 2006, 

2012). Irrigation volume, however, is usually based on experience and can lead to the 

waste of freshwater and a decrease in emergence rate. These problems must therefore 

be solved. 

Various empirical, analytical and numerical models have been developed (Philip, 

1968; Warrick, 1974; Moncef et al., 2002; Kandelous et al., 2008; Dabral et al., 2012; 

Saxena et al., 2018; Nouri et al., 2019; Kilic, 2020; Karimi et al., 2020) and are widely 

used. Most of these studies, however, used either planar or axi-symmetrical two-

dimensional models (Nazari et al., 2020; Ghazouani et al., 2019; Shiri et al., 2020; 

Karandish and Šimůnek, 2018). Drip irrigation, though, presents a fully three-

dimensional flow problem, especially when two adjacent wetting patterns begin to 

overlap (Kandelous et al., 2011). The confluence of wetting fronts is common, and 

cotton is always planted in the overlap zone (the zone irrigated by both of a pair of 

adjacent drippers), hence knowledge of the distributions of water and salinity in the 

zone is very important for achieving high crop yields. The optimal irrigation volume 

must therefore be known to ensure efficient crop production and soil conservation. 

Numerical modeling using HYDRUS(2D/3D) software (Šimůnek et al., 2008), which is 
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widely used to simulate the movement of water, heat and/or solutes in two or three 

dimensions in variably saturated porous media, was thus used in this study. (He et al., 

2018; Grecco et al., 2019; Haghnazari et al., 2020). Cote et al. (2003) used HYDRUS-

2D software to analyze soil water and solute transport under subsurface drip irrigation. 

Karandish and Šimůnek (2018) studied the soil water movement under single point 

source drip irrigation. Zhang et al. (2018) studied the variation of horizontal diffusion 

radius and vertical infiltration depth of point source infiltration in clay loam soil under 

different emitter discharge, initial soil moisture content and volume mass, and the 

results showed that the horizontal and vertical diffusion of water in Latosol had an 

exponential relationship with drip irrigation time and positive correlation with flow rate. 

Zhao et al. (2018) established the dynamic model of soil water movement under the 

condition of point source drip irrigation and carried out numerical simulation according 

to the theory of unsaturated soil water movement. Fan et al. (2020) established the 

mathematical model of soil water movement and solute movement of buried point 

source and used the model to describe the distribution law of water and fertilizer 

movement of sandy loam and loam under the condition of subsurface drip irrigation. 

Shan et al. (2019) established the mathematical model of emitter flow rate of point 

source drip irrigation, analyzed the change process of each factor in the model with the 

emitter flow rate, and determined the main factors affecting the emitter flow rate design 

of point source drip irrigation based on the equivalent cylindrical wetted body model. 

To sum up, HYDRUS(2D/3D) software has been widely applied for different crops, 

such as almond, citrus, wine grapes, maize, eggplant, olive orchards and cotton (Phogat 

et al., 2020; Scognamiglio et al., 2019; Autovino et al., 2018) and also employed to 

desgin optimal irrigation strategies (Karandish and Šimůnek, 2019). Therefore, we 

decide to employed the HYDRUS(2D/3D) software to conduct research. The objectives 

of this study were to: (i) evaluate the accuracy and usefulness of the HYDRUS-3D 

model, (ii) determine optimal irrigation volumes under dry seeding and wet-

establishment conditions using the model and (iii) provide a reference for designing 

suitable drip-irrigation schedules and system arrangements. 

Materials and methods 

Experimental site 

Field experiments were conducted in 2009 and 2010 at the Management of Irrigation 

Station of BaZhou District in Korla County, China (41°35′N, 86°10′E, 903 m a.s.l.). 

The region is classified as a warm-temperate arid zone with a continental climate. The 

mean annual precipitation is approximately 58 mm (Liang et al., 2019), most of which 

falls between June and August. Mean annual evaporation from a free-water surface is 

2273-2788 mm (Li et al., 2018). The long-term mean annual temperature is 10.5 °C, 

with a maximum of 43.6 °C and a minimum of -9.4 °C (Liang and Shi, 2021). Annual 

total sunshine is 3036 h, and the annual frost-free period is 188 d (Chen et al., 2018). 

The emergence period of cotton generally lasts 10-15 days (from sowing to emergence), 

which requires low temperature of 12.1-13.2 ℃, effective accumulated temperature 

(≥12 ℃) of 57.3-1172 ℃ and active accumulated temperature (≥10 ℃) of 88.2-463.2 ℃. 

The seedling stage (from emergence to budding) generally lasts 30-40 days, requiring 

low temperature of 16.9-18.2 ℃, effective accumulated temperature (≥19 ℃) of 32.2-

323.0 ℃ and active accumulated temperature (≥10 ℃) of 331.6-1411.6 ℃. The bud 
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stage (from budding to flowering) generally lasts 25-30 days, requiring low temperature 

of 12.8-18.1 ℃, effective accumulated temperature (≥20 ℃) of 16.1-189 ℃ and active 

accumulated temperature (≥10 ℃) of 608.2-1061.6 ℃. The flowering and Bolling stage 

(flowering to boll opening) generally lasts 50-70 days, requiring low temperature of 

15.4-18.7 ℃, effective accumulated temperature (≥20 ℃) of 34.6-324.5 ℃ and active 

accumulated temperature (≥10 ℃) of 1114.6-1636.4 ℃ (Su et al., 2015). 

The soil is sandy loam textured consisting 48% sand, 46% silt and 6% clay in the 

upper 0.6 m of the profile (Li et al., 2019). The average bulk density is 1.56 g cm-3 and 

the average field capacity is 0.255 cm3 cm-3 in the upper 0.6 m of the profile (Tan et al., 

2018). The mineral content of the water used for irrigation is 0.8 g L-1. 

 

Experimental design 

Three treatment combinations were each applied to three 13.5 × 10 m (135 m2) 

plots, for a total of nine plots, in both 2009 and 2010. Each plot in 2009 comprised 

nine beds, each supplied with water by a single irrigation pipe, in which four rows of 

cotton seeds were planted 0.1 m apart, with 0.2 m between rows (Fig. 1) and covered 

with plastic mulch. The emitter spacing was 0.3 m, and the discharge rate of the 

emitters was 3 L h-1. Each plot in 2010 also had nine beds, each with four rows of 

cotton that were covered with plastic mulch, but double (lateral) irrigation pipes were 

used. The emitter spacing was 0.3 m, and the discharge rate of the emitters was 

1.8 L h-1. The lateral pipes were 0.6 m apart, and two rows of cotton plants were 

planted 0.1 m apart and 0.1 m either side of each pipe, with a gap of 0.4 m in the 

center of the bed between each double row. The leaf area index (LAI) of cotton was 

determined by dividing the total actual leaf area by land area at the initial growth 

stage. The length and width of each leaf on 5 medium-level growing plants were 

recorded every 5 days and the products calculated as leaf area. Then actual leaf area 

was obtained by summing up all the leaf areas and converting the sum using a 

correction coefficient of 0.73 (Su et al., 2015). The average initial soil water contents 

in the plots were 0.21 and 0.20 cm3 cm-3 and the salinities were 7.3 and 8.3 g kg-1 in 

the 0-40 cm layer in 2009 and 2010, respectively. The salinity content was moderate 

(Hafsi et al., 2017). Soil samples were collected from four layers (0-10, 10-20, 20-30, 

and 30-40 cm) at two locations (0 and 30 cm from an emitter, and in the center of the 

overlap region between two emitters, respectively) in each plot. The electrical 

conductivity (EC) of soil-solution extracts (1:5 soil–water) was measured with a DDS-

307A conductivity meter (Shanghai Precision & Scientific Instrument Inc., Shanghai, 

China). Salinity thresholds are usually expressed in g kg-1 in China, so we determined 

the relationship between g kg-1 and dS m-1 as follows. A 1:5 soil–water mixture was 

shaken for 3 min and filtered. Sixty milliliters of filtrate was placed in a porcelain dish 

and heated in a water bath. The filtrate was then oven-dried in the dish for 4 h, cooled 

for 30 min, and weighed. The filtrate was dried for a further 2 h and reweighed, 

checking that the two measurements were equal. The solid residue was then mixed 

with 15% hydrogen peroxide, heated in a water bath, and the other operations were 

repeated. The relationship between S and EC1:5 is given by Equation 1. 

 

 
2

1:54.088 0.997S EC R= =  (Eq.1) 

 

where S is the salinity (g kg-1) and EC1:5 is the measured conductivity (dS m-1). 
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Figure 1. Schematic layout of the lateral pipes and cotton plants in each bed in the 

experimental plots 

 

 

Irrigation volume and fertilizer application 

Cotton seeds were planted on 26 April 2009 and on 28 April 2010. During the seedling 

stage, the irrigation volumes were 750 m3 ha-1 on 30 April 2009 and 750 m3 ha-1 on 2 May 

2010. A compound fertilizer, consisting of urea 375 kg ha-1, ammonium phosphate 

300 kg ha-1, potassium sulfate 300 kg ha-1 and farm manure 215 kg ha-1 was incorporated 

into the soil before planting. Fertilizer was also applied during cotton growth every two 

irrigation cycles (every 7 d) at rates of urea 45 kg ha-1 between budding and the start of 

bolling and urea 75 kg ha-1 thereafter to the bolling peak. From the end of the seedling 

stage to the boll stage, spray insecticides were applied to cotton fields every 5-7 days to 

prevent cotton diseases and insect pests. Cotton was toppled at the end of July to control 

the growth of the main stem and ensure the formation of cotton yield. 

 

Numerical modeling 

Water-flow simulation 

The equation governing flow for these conditions is given by the following modified 

form of Richards’ equation (Eq. 2): 

 

 -A A

ij iz

i j

h
K K K S

t x x

     
= +        

 (Eq.2) 
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where θ is the volumetric water content (cm3 cm-3), h is the pressure head (cm), t is time 

(min), xi (i = 1, 2, 3 for a three-dimensional model) are spatial coordinates (cm), S is the 

sink term (cm3 cm-3 min-1), 
A

ijK  and 
A

izK  are components of the dimensionless 

anisotropy hydraulic KA (dimensionless) and K is the unsaturated hydraulic-conductivity 

function (cm min-1) given by conductivity tensor (Eq. 3): 

 

 ( ) ( ) ( ), , , , , , , ,s rK h x y z K x y z K h x y z=  (Eq.3) 

 

where Kr is the relative hydraulic conductivity (dimensionless) and Ks is the saturated 

hydraulic conductivity (cm min-1). 

The soil hydraulic properties were specified based on the van Genuchten model 

(Eqs. 4–6): 
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where θs is the saturated water content (cm3 cm-3); θr is the residual water content 

(cm3 cm-3); α, n and l are shape parameters, with m = 1-1/n; and Se is the effective 

saturation. 

 

Salt-transport simulation 

Solute transport within the soil profile, which is controlled by both infiltration and 

diffusion, can be described by the advection-diffusion equation (Eq. 7): 

 

 
w i
ij

i j i

q cc c
D

t x x x
 

    
= −      

 (Eq.7) 

 

where c is the solute concentration in the liquid (g L-1), 
w

ijD  is the effective dispersion 

coefficient tensor in the soil matrix (cm2 min-1) and qi is a component of the fluid flux 

density. 

 

Root uptake 

The water-stress response-function model of Feddes et al. (1978) was used to account 

for water stress, and the threshold slope model of Khosla (1996) was used for salinity 
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stress. Parameters of the water-and salinity-stress response functions were obtained from 

the literature (Feddes et al., 1978; Khosla, 1996; Rahneshan et al., 2018; Azad et al., 

2018). A multiplicative model was used to account for the combined effects of water and 

salinity stress (Kumar et al., 2021). Cotton roots were sampled at a regular network of 

sampling points and measured using DT-SCAN (Chen et al., 2020). Root distributions of 

57, 38 and 5% at depths of 10, 20 and 30 cm, respectively, were assumed based on the 

analysis the results. HYDRUS does not allow a temporally variable root zone, so a 

constant root distribution was used during the simulations (Han et al., 2015). 

 

Initial and boundary conditions 

Measured soil water contents and salinity were used as the initial conditions in the 

flow domain. Temporally variable boundary conditions under the mulch were applied 

for evaporation, transpiration, and precipitation were obtained from meteorological 

data. Daily precipitation and reference evapotranspiration (ETo) were recorded by a 

weather station within 30 m of the experimental field. The daily crop potential 

evapotranspiration (ETp) was calculated by Equation 8: 

 

 p c oET K ET=   (Eq.8) 

 

where Kc is the crop coefficient (0.45) at the seedling stage (Liu et al., 2013). 

The ETp consists of potential transpiration (Tp) and potential evaporation (Ep), which 

are described by Equation 9 (Mahey et al., 1984; Campbell and Norman, 1989). 

 

 (1 )k LAI

p pT e ET− = −
 (Eq.9) 

 p p pE ET T= −
 

 

where k is the radiation-extinction coefficient (0.58 for cotton; Srinet et al., 2019) and 

LAI is the leaf area index (0.05-0.20 at the seedling stage; Su et al., 2015). 

The variable-flux boundary condition for irrigation was based on the length of daily 

irrigation. Water volumes coupled with irrigation timing were used to determine the 

input values for the variable-flux boundary condition used as the drip-irrigation source 

in the HYDRUS-3D simulation. The atmospheric boundary condition was used for bare 

soil. A constant-flux boundary condition was used along boundary elements 

representing the emitter during the application of water in simulations of the field 

experiment. The constant boundary fluxes represented the corresponding measured 

fluxes of the field experiments. The flux was calculated by dividing the discharge rate 

by the ponded-surface area of the boundary that represented an emitter in the HYDRUS 

model, because the HYDRUS model cannot describe changes in the ponded-surface 

area. We thus chose a constant value that was measured and calculated using the Bresler 

(1978) equation for 2009 and 2010, respectively. We used the equation in 2010 because 

the measured and calculated radii of the ponded-surface area in 2009 were 6.8 and 

7.7 cm, respectively. The emitter boundary became a zero-flux boundary after each 

irrigation. Zero-flux boundary conditions were also used for all three dimensions both 

during and after irrigation. A zero-flux condition was also used along the soil surface, 

because evaporation could be neglected due to the use of plastic mulch during 

irrigation. A free-drainage boundary condition was applied along the lower boundary. 
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HYDRUS-3D uses the Galerkin finite-element method to solve the governing water-

flow equation and the advection-diffusion equation. The transport domain was a set of 

rectangular parallel pipes (170 cm long, 30 cm wide and 150 cm deep). Running the 

HYDRUS-3D model required specifying the hydraulic parameters θs, θr, Ks, α, n, l, DL 

(Longitudinal Dispersivity) and DT (Transverse Dispersivity) (Table 1). 

 
Table 1. Estimated soil hydraulic parameters in 2009 and 2010 

 
θr 

(cm3 cm-3) 

θs 

(cm3 cm-3) 

α 

(cm-1) 
n 

Ks 

(cm d-1) 
l 

DL 

(cm) 

DT 

(cm) 

2009 0.0311 0.411 0.019 1.6 24.91 0.5 35.4 5.3 

2010 0.0391 0.420 0.016 1.8 30.24 0.5 30.0 6.7 

 

 

Statistical analysis 

The performance of the model simulation was evaluated using two statistical indices. 

The mean absolute error (MAE) and the root mean square error (RMSE) quantified the 

differences between the observations and simulations and were calculated as 

Equations 10 and 11, respectively. 

 

 
1

1 N

i i

i

MAE P O
N =

= −  (Eq.10) 

 

 
2

1

1
( )

N

i i

i

RMSE P O
N =

= −  (Eq.11) 

 

where Pi is a simulated value, Oi is an observed value and N is the total number of 

observed values. 

Results and discussion 

Soil water content (SWC) and salinity 

SWC varied spatially, decreasing horizontally with distance from the drippers and 

vertically increasing with depth because most of the roots were distributed in the upper 

soil in both 2009 and 2010 (Figs. 2 and 3, respectively). Average SWCs at the end of 

the seedling stage were 0.22 and 0.18 cm3 cm-3 in 2009 and 2010, respectively. Average 

SWCs at the end of the seedling stage were 80 and 70% of the field capacity in 2009 

and 2010, respectively. Chen et al. (2019) found that a reasonable SWC ranged from 60 

to 80% of the field capacity at various stages, indicating that the irrigation volume was 

able to meet the water requirements of the crop. SWC was higher in 2009 than in 2010, 

perhaps salinity was higher in 2009 and exceeded the threshold for cotton at the 

seedling stage, thereby decreasing root uptake. Ramos et al. (2011), and Bazihizina et 

al. (2017) also found that higher salinity could decrease soil osmotic potential, reduce 

root uptake and thus increase SWC. 

Soil salinity also varied over time in both 2009 and 2010 (Figs. 4 and 5, 

respectively), perhaps because evapotranspiration and root uptake increased. Salinity 

also increased horizontally with distance from the dripper and vertically with depth 
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because the salt moved into deeper soil with the water. From irrigation event finished to 

the end of seedling stage, the soil salinity content increased by 55%, 28%, 22%, 9% 

and 57%, 29%, 22%, 13% for 10 cm, 20 cm, 30 cm, 40 cm in 2009 and 2010, 

respectively. Li et al. (2018) also found that the upper soil TDS climbed up faster driven 

by their more pronounced transpiration through root water uptake. The reason is that 

cotton root mainly distribution in the upper soil layer and as evapotranspiration effects 

progressively prevailed, soil water started to transport towards the upper soil, it is result 

that the water was consumed and salinity left on the upper soil. 

Average salinities at the end of the seedling stage were 6.3 and 5.8 g kg-1 in 2009 and 

2010, respectively. Salinity was higher in 2009 than 2010, perhaps because the 

experimental layout differed between 2009 and 2010, including number of drip lines 

and emitter discharge. Chen et al. (2019) found that salt accumulation in the root zone 

was lower with a double than a single drip line under the same volume of irrigation. 

Emitter discharge could also account for the higher salinity in 2009 than 2010. A lower 

rate can limit surface ponding and improve the movement of water vertically but not 

horizontally, but a higher rate will have the opposite effect. Ghazouani (2019) found 

that increasing the rate of discharge increased the horizontal size of the wetted area and 

decreased the depth of wetted soil in the same soil type. Che et al. (2021) reported that a 

lower emitter discharge could leach salinity more than a higher rate. The optimal drip-

irrigation layout should thus have a double drip line and a low emitter discharge to 

ensure that the cotton does not suffer from salinity stress. 

Water movement and solute transport can be complicated problems with drip 

irrigation due to three-dimensional infiltration (before the wetting fronts overlap) and to 

both two- and three-dimensional infiltration (after the wetting fronts overlap). The 

overlapped zone varied widely with the crop planted, so the distributions of water and 

salinity were also criteria for evaluating reasonable irrigation volumes. The distribution 

and change of water and salinity in the overlap zone was similar to under dripper. SWC 

and salinity were 0.21 and 0.18 cm3 cm-3 and 6.5 and 5.9 g kg-1 in 2009 and 2010, 

respectively (not shown in figure). SWC was thus sufficient, and the salinity did not 

exceed the threshold and provided a suitable environment for cotton growth. The 

irrigation volume was also reasonable in 2010. The HYDRUS model is thus a feasible 

tool for designing optimal irrigation strategies. 

 

 

Figure 2. Variations of soil water content after single irrigation over time in 2009 
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Figure 3. Variations of soil water content after single irrigation over time in 2010 

 

 

  

Figure 4. Variations of soil salinity after single irrigation over time in 2009 

 

 

 

Figure 5. Variations of soil salinity after single irrigation over time in 2010 
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Model performance 

RMSE is an index of the accuracy of model simulation. RMSE has the advantage of 

expressing the error in the same units as the variable, so it has often been used to 

compare simulated and measured parameters (Li et al., 2017; Xie et al., 2020; Chen et 

al., 2020). The lower the RMSE, the more accurate the simulation. MAE is another 

widely used index for evaluating the accuracy of model simulation (Chen et al., 2019). 

RMSE ranged from 0.008 to 0.022 cm3 cm-3 for SWC and from 0.29 to 0.5 g kg-1 for 

salinity, and MAE ranged from 0.005 to 0.011 cm3 cm-3 for SWC and from 0.24 to 

0.6 g kg-1 for salinity (Tables 2–5). These values confirmed the strong relationship 

between measured and simulated SWC and salinity and indicated that the model could 

successfully simulate water movement and solute transport. 

 
Table 2. Statistical comparison of measured and simulated soil-water contents at different 

positions in 2009 

Position 
Depth 

(cm) 

3 d 24 d 44 d 

Observed Simulated Observed Simulated Observed Simulated 

Wide strip 

10 0.280  0.275  0.238  0.226  0.215  0.210  

20 0.274  0.283  0.243  0.234  0.239  0.220  

30 0.301 0.290  0.279  0.242  0.223  0.234  

40 0.312  0.294  0.211  0.251  0.231  0.245  

Narrow 

strip 

10 0.271  0.275  0.206  0.224  0.184  0.200  

20 0.275  0.286  0.224  0.232  0.210  0.216  

30 0.280  0.289  0.264  0.242  0.237  0.230  

40 0.298  0.293  0.244  0.251  0.228  0.240  

Statistical 

analysis 

RMSE (cm3 cm-3) 0.009 0.019 0.012 

MAE (cm3 cm-3) 0.010 0.018 0.011 

 

 
Table 3. Statistical comparison of measured and simulated salinities at different positions in 

2009 

Position 
Depth 

(cm) 

3 d 24 d 44 d 

Observed Simulated Observed Simulated Observed Simulated 

Wide strip 

10 2.84  2.84  3.76  3.44  5.84  4.64  

20 3.20  3.64  4.92  3.80  5.08  4.80  

30 3.92  4.08  5.80  4.16 6.32  5.80 

40 4.88  4.48  5.40  4.80  6.60  6.20 

Narrow 

strip 

10 4.62  3.96  4.52  4.16  6.36  5.80  

20 6.00  5.04  6.48  5.20  6.80  6.50  

30 6.20  5.32  6.80  5.72  7.04  6.60  

40 6.40  5.60  6.64  6.00  6.40  6.80  

Statistical 

analysis 

RMSE (cm3 cm-3) 0.63 0.72 0.50 

MAE (cm3 cm-3) 0.54 0.60 0.50 
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Table 4. Statistical comparison of measured and simulated soil-water contents at different 

positions in 2010 

Position 
Depth 

(cm) 

3 d 24 d 44 d 

Observed Simulated Observed Simulated Observed Simulated 

Wide strip 

10 0.264 0.254 0.191 0.20 0.178 0.174 

20 0.272 0.260 0.200 0.210 0.174 0.187 

30 0.280 0.274 0.220 0.218 0.200 0.203 

40 0.302 0.280 0.240 0.230 0.223 0.219 

Narrow 

strip 

10 0.270 0.260 0.175 0.196 0.141 0.174 

20 0.275 0.268 0.180 0.206 0.151 0.187 

30 0.288 0.274 0.209 0.217 0.160 0.203 

40 0.300 0.288 0.219 0.228 0.233 0.210 

Statistical 

analysis 

RMSE (cm3 cm-3) 0.008 0.014 0.022 

MAE (cm3 cm-3) 0.005 0.011 0.017 

 

 
Table 5. Statistical comparison of measured and simulated salinities at different positions in 

2010 

Position 
Depth 

(cm) 

3 d 24 d 44 d 

Observed Simulated Observed Simulated Observed Simulated 

Wide strip 

10 4.44 4.32 4.8 4.41 4.5 5.00 

20 4.92 4.76 5.5 4.82 5.8 5.21 

30 5.03 5.10 5.70 5.24 6.00 5.64 

40 5.10 5.40 6.01 5.68 6.60 6.42 

Narrow 

strip 

10 3.53 3.68 4.20 4.00 5.21 4.81 

20 3.74 4.16 4.81 4.48 5.52 5.23 

30 4.42 4.67 5.42 4.96 6.00 5.68 

40 5.10 5.21 5.68 5.44 6.20 6.00 

Statistical 

analysis 

RMSE (cm3 cm-3) 0.29 0.44 0.36 

MAE (cm3 cm-3) 0.24 0.39 0.32 

 

 

Accurate model simulation and the analysis of simulation errors are crucial for 

designing suitable irrigation regimes and for ensuring the applicability of the model 

(Shan et al., 2019). The analysis of our results identified several criteria for accurate 

simulation. The HYDRUS (2D/3D) model can not currently describe root growth, so a 

constant value must be chosen. The distribution of roots can control the dynamics of 

water and solutes, so these processes must be understood. Understanding root growth 

and distribution may play a vital role in simulating the dynamics of water and salinity 

throughout all growth stages. Future versions of the model must incorporate root 

development to minimize the simulation error. LAI determines the accuracy of Tp, and 

the relationship between Tp and LAI is positive but the relationship between Tp and Ep is 
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negative. Tp is overestimated if LAI is overestimated and Ep is underestimated, and the 

simulation may lead to water stress in the soil. Tp is underestimated if LAI is 

underestimated and Ep is overestimated, and the simulation may lead to salinity stress in 

the soil. Ning et al. (2021) found that overestimation of evaporation can lead to high 

salinity near the surface, which caused osmotic stress. LAI is small for cotton at the 

seedling stage, and choosing zero in the simulation produced good results (Li et al., 

2019). LAI in our study, however, was small at the initial seedling stage but increased 

by the end of the seedling stage, so we could not choose zero. Selecting zero may affect 

the accuracy of the simulation, so we selected values from 0.05 to 0.20 during the 

seedling stage and obtained satisfactory results. LAI varies with growth stage and should 

be measured carefully and often at various stages using advanced equipment. 

The accuracy of the simulation results was affected by the input parameters, so 

knowing the effects of the input parameters and using suitable methods of measurement 

or calculation are necessary to ensure that the results are sufficiently reliable and can 

play a vital role in the design of rational irrigation schedules. Chen et al. (2019) 

demonstrated that the inability of HYDRUS-2D to accurately predict all scenarios was 

not a limitation of the model but a limitation of our understanding of the parameters, 

such as actual ET, water uptake by plants and root growth and distribution. 

 

Effects of examined various factors on the optimal irrigation volume 

Optimal irrigation schedule and irrigation system determined by emitter discharge, 

emitter spacing, salinity content, soil textural and so on. Optimal irrigation volume not 

only can meet seedling emergency water content and salinity threshold, but also ensure 

crop demand water and not exceed salinity threshold during the seedling stage. In order 

to providing guide for local production, based on the local conditions we selected some 

factors, additional simulations were conducted with HYDRUS-3D, and evaluation 

irrigation uniformity (Christiansen uniformity coefficient, CU) and leaching rate (Lr) 

using the information presented in Table 6. 

 
Table 6. Parameters used in additional HYDRUS-3D simulations 

Case Soil type 
Emitter spacing 

(cm) 

Emitter 

discharge (L h-1) 

Irrigation 

volume 

Water content 

(cm3 cm-3) 

Salinity 

(g kg-1) 

Ⅰ 

Sandy loam 

30 1.6, 2.4, 3.2 10 0.15 8 

Ⅱ 20, 30, 40 1.6 10 0.15 8 

Ⅲ 30 1.6 10 0.15 6, 8, 10 

 

 

Emitter discharge 

Emitter discharge play an important effect on water movement and salinity transport. 

Figure 6 showed that the water content and salinity distribution under the same 

irrigation volume. The water content is decrease with distance from the emitter and 

depth increase, but the salinity the opposite. Compared to among the various emitter 

discharge, emitter discharge bigger and water content higher in horizonal, but inverse 

for in vertical. As for salinity distribution, emitter discharge bigger and salinity content 

lower in horizonal, but inverse for in vertical. The CU value were 0.757, 0.728 and 

0.705 for emitter discharge 1.6 L h-1, 2.4 L h-1, 3.2 L h-1, respectively, we concluded 

that the CU decrease with emitter discharge increase, and the relationship between CU 
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and emitter discharge (Ed) has a followed power function (CU = 0.7948Ed
-0.102, 

R2 = 0.9983). Wang et al. (2020) found that the CU decrease with emitter discharge 

increase at the same irrigation volume and emitter spacing. Leaching rate results were 

shown in Table 7. According to Table 6 results, we found that smaller emitter discharge 

favor to pushing salinity to deeper soil, and the relationship between Lr and emitter 

discharge (Ed) has a followed linear function (Lr = 0.1842Ed
-0.071, R2 = 0.9938). Wang et 

al. (2012), Liu et al. (2012), and Martynenko, et al. (2020) also showed that smaller 

emitter discharge is more favorable to soil movement and salinity leaching in vertical 

direction. Figure 7 showed that water and salinity distribution at the end of seedling 

stage determined on optimal irrigation volume was 720 m3 hm-2, 1050 m3 hm-2 and 

1275 m3 hm-2 for emitter discharge 1.6 L h-1, 2.4 L h-1, 3.2 L h-1 by using HYDRUS-3D, 

respectively. Both irrigation volume (V) and emitter discharge (Ed) can describe linear 

function relationship (V = 346.88Ed + 182.5, R2 = 0.988). Based on Figure 7, it is shown 

that the soil water content and salinity can meet crop demand for growth. Above all, in 

order to ensure the crop health development, smaller emitter discharge should be 

priority to consideration. 

 

 

 

Figure 6. Distribution water content (A) and salinity content (B) at different emitter discharge 

after irrigation finished 



Shan et al.: Determining optimal drip-irrigation volumes after wetting for mulched dry-seeded cotton (Gossypium hirsutum L.) 

during the seedling stage using HYDRUS-3D 
- 3693 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(5):3679-3702. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1905_36793702 

© 2021, ALÖKI Kft., Budapest, Hungary 

Table 7. The leaching rates at various emitter discharge after irrigation finished 

Depth (cm) 
Emitter discharge (L h-1) 

1.6 2.4 3.2 

10 0.292 0.289 0.280 

20 0.230 0.229 0.225 

30 0.169 0.163 0.156 

40 0.055 0.035 0.021 

Leaching rate in the soil profile 0.184 0.176 0.170 

 

 

 

 

Figure 7. Distribution water content (A) and salinity content (B) at the end of seedling stage 

under optimal irrigation volume with various emitter discharge 

 

 

Emitter spacing 

Emitter spacing is an important part of drip irrigation system and also an important 

factor effecting on water movement and salinity transport. Figure 8A and B showed that 

the simulation results of water and salinity distribution under emitter spacing 20 cm, 
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30 cm and 40 cm after irrigation is finished, respectively. According to Figure 8, it can 

be seen that the water content order is emitter spacing 20 cm > 30 cm > 40 cm in 

horizonal direction and in vertical direction. For the distribution of salinity content, the 

law is the opposite. The main reason is that the spacing is smaller, the wetting front 

confluence quickly, this will make the wet front advance fast, the wetting range is 

larger, the leaching effect is well. Li et al. (2017b) also showed that smaller emitter 

spacing more beneficial to salt leaching. The CU value were 0.886, 0.757 and 0.679 for 

emitter spacing 20 cm, 30 cm, 40 cm, respectively, we concluded that the relationship 

between CU and emitter spacing (Es) has a followed power function relationship 

(CU = 2.8Es
-0.384, R2 = 0.9998). Hu et al. (2018) showed that small emitter spacing more 

better improve CU. Leaching rate results shown in Table 8, it is illustrated that the 

leaching rate decreases with depth increased, as well as emitter spacing increases. Both 

leaching rate (Lr) and emitter spacing (Es) can be described power function 

(Lr = 1.921Es
-0.692, R2 = 0.9993). Figure 9 showed that optimal irrigation is 555 m3 hm-2, 

720 m3 hm-2, 840 m3 hm-2 for emitter spacing 20 cm, 30 cm, 40 cm, respectively. The 

relationship between irrigation volume (V) and emitter spacing (Es) has followed linear 

function (V = 14.25Es + 277.5, R2 = 0.9918). Take the CU and Lr into account, smaller 

spacing should be selected. 

 

 

 

Figure 8. Distribution water content (A) and salinity content (B) at different emitter spacing 

after irrigation finished 
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Table 8. The leaching rates at various emitter spacing after irrigation finished 

Depth (cm) 
Emitter spacing (cm) 

20 30 40 

10 0.321 0.292 0.280 

20 0.269 0.230 0.184 

30 0.229 0.169 0.115 

40 0.16 0.055 0.032 

Leaching rate in the soil profile 0.241 0.184 0.149 

 

 

 

 

Figure 9. Distribution water content (A) and salinity content (B) at the end of seedling stage 

under optimal irrigation volume with various emitter spacing 

 

 

Salinity content 

Salinity content can impact on the crop whole development stage and yield, and it is 

necessarily to consideration factor in design optimal irrigation schedule (Ning et al., 

2021). The water content decreased with far away from emitter and depth increase 

(Fig. 10A), but as for salinity the law was opposite (Fig. 10B). The CU value were 

almost the same 0.757 for salinity content 6 g kg-1, 8 g kg-1, 10 g kg-1, respectively. The 

results were similar to Long et al. (2019), thus we concluded that the salinity has no 
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significance on CU. The leaching rate decreased with depth increase, but leaching rate 

increased as initial salinity content increased (Table 9). Both leaching rate (Lr) and 

initial salinity content (S) could be described power function (Lr = 0.0075S1.50, 

R2 = 0.970). Figure 11 showed that optimal irrigation was 450 m3 hm-2, 720 m3 hm-2, 

1050 m3 hm-2 for emitter spacing 6 g kg-1, 8 g kg-1, 10 g kg-1, respectively. The 

relationship between irrigation volume (V) and Salinity (S) had followed linear function 

(V = 14.25S + 277.5, R2 = 0.9967). 

 

 

 

Figure 10. Distribution water content (A) and salinity content (B) at different salinity content 

after irrigation finished 

 

 
Table 9. The leaching rates at various initial salinity content after irrigation finished 

Depth (cm) 
Salinity content (g kg-1) 

6 8 10 

10 0.17 0.292 0.362 

20 0.134 0.230 0.284 

30 0.098 0.169 0.207 

40 0.03 0.055 0.067 

Leaching rate in the soil profile 0.064 0.184 0.227 
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Figure 11. Distribution water content (A) and salinity content (B) at at the end of seedling stage 

under optimal irrigation volume with various salinity content 

Conclusions 

Improving water-use efficiency and constraining secondary soil salinity are effective 

measures for overcoming the limitation of agricultural development in arid and semi-arid 

regions. New technology, suitable system schemes and suitable irrigation regimes are 

essential for achieving these two goals. We found that dry seeding and planting after pre-

germination can significant save water compared to conventional winter and spring 

irrigation. Based on the salinity results, the suitable schedule is double line with one row, 

and emitter discharge should not choose large under soil salinity medium degree. 

HYDRUS-3D can become a useful tool for obtaining information about water movement 

and solute transport and for designing suitable irrigation regimes. Some problems need to 

be addressed before the technology can be better applied, such as accounting for variable 

soil texture and temperature and accommodating other crops. The HYDRUS model could 

also be improved in the future by incorporating root distribution and development. It is 

hoped that the research results can provided some value reference for designing robust 

irrigation system and irrigation schedule. Besides improving the function of the model, 
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some key factors should be considered such as temperature. We will comprehensively 

consider water, salt, the temperature in the future study, not only in the seedling period 

but in the whole growth period. Reasonable irrigation volume is applied based on soil 

water stress threshold value, soil salinity stress threshold value, and temperature stress 

threshold of cotton at various growth stages. 
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