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The availability of water and nutrients in the root zone of the crop is very important for 
improving agricultural production. Studies on water and nutrient distribution in the 
crop root zone are essential for the appropriate design of drip fertigation systems. In the 
present study, water and potassium (K) dynamics under drip fertigated Kinnow 
mandarin in the sandy loam soil were studied. To simulate the water and potassium 
dynamics in the soil, HYDRUS 2D model was calibrated and validated. The results 
revealed that the HYDRUS-2D model was able to simulate both water and solute 

2dynamics with R  values ranging from 0.90-0.95 for soil water and 0.92-0.95 for 
potassium. The moisture content in the active root zone was near field capacity at 24 
and 48 h after irrigation but significantly declined after 72 h. Potassium concentration 
was found higher in the upper layers of the soil (0-30 cm) and lower in deeper layers 
(30-60 cm) at 24, 48 and 72 h after fertigation. The results indicated that soil moisture 

-1and potassium were efficiently utilized by Kinnow trees with 4 Lh  dripper without 
much wastage, as the active root zone of the Kinnow was found between 15-30 cm 

-1depth. Thus, 4 Lh dripper was the optimum discharge size for drip fertigation in sandy 
loam soils. This information can be helpful for designing of drip fertigation system for 
citrus crop under sandy loam soils for improving productivity. 
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1. INTRODUCTION

Kinnow mandarin (Citrus reticulata Blanco), a hybrid 
of King mandarin (Citrus nobilis) and Willow leaf mandarin 
(Citrus deliciosa), is a commercially important fruit variety 
of citrus. Kinnow has become the most favorable cultivar 
among citrus growers in northern India because it has 
adapted very well under arid and semi-arid climatic 
conditions where other citrus varieties have failed (Sharma 
et al., 2007). In India, the productivity of citrus including 
Kinnow is less compared to the productivity of citrus 
elsewhere. One of the main reasons for the decline in yield 
and quality of citrus is the water stress during critical growth 
stages of the crop and nutrient deficiency in the soil of citrus 
orchards (Wang et al., 2006). Secondly, due to a lack of 
awareness among the farmers about the quantity of water 
and fertilizers to be applied to citrus crops at different 
growth stages under drip fertigation. To supply water and 
nutrients to the plants in proper amounts, judicious applica-

tion of irrigation and fertilizer can be helpful in designing 
drip irrigation schedules for perennial horticultural crops. 
However, the appropriate design of a drip fertigation system 
requires detailed knowledge of water and nutrient distribu-
tion in the root zone(Singh et al., 2020a).

Sufficient water and nutrients availability in the root-
zone of the crop is essential for higher quality and produc-
tion of citrus (Mostert and Van, 2000). This information can 
be obtained either by conducting field experiments or by 
modelling studies (Dash et al., 2023). However, conducting 
field experiments to obtain such information is costly and 
time consuming. Therefore, numerical simulation is an 
efficient approach for investigating optimal drip manage-
ment practices (Cote et al., 2003). Moreover understanding 
the soil hydraulic behaviour is essential for modelling the 
dynamics of moisture in soil (Singh et al., 2021a). Numerical 
models can represent a powerful tool to analyze the wetting 
pattern during the distribution and redistribution process 
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(Provenzano, 2007, Singh et al., 2021b). Thus, a properly 
calibrated and validated water and solute transport model 
has to be selected which is effective in reducing cost and 
time. Several models have been developed to simulate water 
and nutrient distribution in soil under drip fertigation. These 
models serve as valuable tools in designing drip fertigation 
system. Simunek et al. (1999) developed the HYDRUS-2D 
software package for simulating two dimensional move-
ment of water, heat and multiple solutes in variably 
saturated media. Mathematical models to simulate the water 
and potassium movement under drip fertigation were 
developed by Rivera et al. (2008).The accuracy of numeri-
cal, analytical and empirical models were evaluated to 
estimate wetting patterns under surface and subsurface drip 
irrigation (Kandelous and Simunek, 2010). Similarly, water 
and nitrate distribution pattern from point source drip 
irrigation was studied using HYDRUS-2D (Li et al., 2005, 
Skaggs et al. 2004. Several researchers have simulated the 
soil water and nutrient dynamics in the different seasonal 
crops like Onion, Potato and Okra under drip irrigation 
system using HYDRUS-2D. (Ajdary et al., 2007; Patel and 
Rajput, 2008, 2010; Satpute et al., 2015; Singh et al., 2020b; 
Surendran and Chandran, 2022). Attempts have been made 
by the researchers to understand the dynamics of water and 
nitrate under perinneal crops like citrus. For instance, Phogat 
et al., 2013 used the HYDRUS-2D model to simulate water 
and nitrate movement in the soil under orange tree planted in 
lysimeter for Australian soil conditions. Seasonal simula-
tion of water, salinity and nitrate dynamics under drip 
irrigated mandarin was studied by Phogat et al. 2014 using 
HYDRUS-2D. However, potassium dynamics studies especially 
in perinneal fruit crops like citrus are very few in the Indian 
context. Among the essential nutrients, potassium (K) plays 
a vital role in improving the yield and quality in citrus. 
Application of K increases the citrus fruit yield and quality 
and is more effective in increasing the fruit weight, peel 
thickness and juice volume (Ashraf et al., 2010, Quaggio et 
al., 2011). The review suggests that modeling of soil 
nutrient dynamics particularly potassium (K) in citrus under  
drip fertigation  are  very few, signifying the importance of 
the present study. Therefore, the objective of this study was 
to study the water and potassium dynamics under drip 
fertigated Kinnow mandarin cultivated in the sandy loam 
soils using the HYDRUS-2D model.

45-60 cm depth was majorly dominated by sandy loam soil. 
The different chemical properties like pH, EC (Jackson, 
1973), available nitrogen (Subbiah et al., 1956), phospho-
rous (Olsen et al., 1954) and potassium (Hanway and 
Heidal, 1952) were also estimated by standard laboratory 
methods. The chemical properties of experimental soil are 
presented in Table 2.

Experimental Design

The experimental field consisted of 3 rows of 10 year 
old Kinnow trees with 27 trees in each row, and spacing of 
trees was 4 m × 5 m. The recommended dose of Nitrogen 

-1 -1(N) and Phosphorus (P) was 800 g plant yr  and 400 g 
-1 -1plant yr , respectively. The amount of N and P applied in 

each treatment were same as that of recommended dose, but 
the amount of Potassium (K) applied was varied as 600,700 

-1 -1and 800 g plant yr  under different treatments. To apply the 
N, P and K nutrients; urea, urea phosphate and muriate of 
potash (MoP) fertilizers were used. The experiment 
consisted of nine treatments having three levels of irrigation 
i.e. 60, 80 and 100% of crop evapotranspiration (ET ) and c

three levels of potassium fertilizer i.e. 600, 700 and 800 g 
-1 -1plant yr . The fertilizer levels were in the main plot 

treatments whereas the irrigation levels were in the sub-plot 
treatments. All the treatments were replicated three times 
following a split plot design (Desai et al., 2014). The 
treatments used in the experiment are presented below:-

-1 -1T  = 60% of ET  with 600 g K plant yr ; T  = 60% of 1 c 2

-1 -1ET  with 700 g K plant yr ; T  = 60% of ET  with 800 g K c 3 c

-1 -1 -1 -1plant yr ; T  = 80% of ET  with 600 g K plant yr ; T  = 80% 4 c 5

-1 -1of ET  with 700 g K plant yr ; T  = 80% of ET  with 800 g K c 6 c

-1 -1 -1 -1plant yr ; T  = 100% of ET  with 600 g K plant yr ; T  = 7 c 8

-1 -1100% of ET  with 700 g K plant yr ; T  = 100% of ET  with c 9 c

-1 -1800 g K plant yr .

Crop Water Requirement

Crop evapotranspiration was calculated using the 
previous five years average of meteorological data, in 
CROPWAT software. CROPWAT software developed by 
FAO, uses Penman-Montieth equation for estimation of ET  c

and is used for scheduling of irrigation (Allen et al., 1998). 
The quantity of water applied to Kinnow mandarin trees was 
calculated by the formulas provided below:-

ET  = ET  × K ...(1)c o c                                                                        

Where, ET  = Crop evapotranspiration (mm); ET  = c o

Reference evapotranspiration (mm); K = Crop coefficient.c 

Drip Irrigation System 

Drip irrigation system consisted of underground sub 
main line of 50 mm diameter and lateral lines of 16 mm 

-1diameter. The laterals had two drip emitters of 4 Lh  

discharge at a spacing of 50 cm placed at each tree. Treatment 
wise laterals were connected from sub main line for 
irrigation of the Kinnow trees with different levels of 
irrigation and potassium. Each lateral line was provided 
with flow control valve at the start of line to control the 
duration of irrigation and fertigation treatment. The 
duration of operation of drip system was determined for 
different levels of irrigation based on water requirement and 
emitters discharge. The efficiency of the drip irrigation 
system was considered as 90% (Sivanappan, 1994).The 
treatment wise drip irrigation and fertigation schedule 
followed based on the crop growth stages are available in 
Desai et al., 2013, 2014. The layout of drip irrigation system 
for 1 replication with 9 treatments, drip laterals and plant 
spacing is shown in Fig. 2.

Sample Collection and Analysis

The amount of water and available potassium in 
different layers of soil, their spatial and temporal distribu-
tion was determined by gravimetric method and flame 
photometer method (Hanway and Heidal, 1952), respec-
tively. The soil samples were collected from different depths 
(0-15, 15-30, 30-45, 45-60 cm) before fertigation, and after 
24, 48, and 72 h after fertigation for water and potassium 
dynamics studies. The moisture content was represented as 
volumetric water content (%) whereas the potassium content 

-1was expressed in concentration (mg mL ).

2.  MATERIALS AND METHODS

Experimental Site

The experiment was conducted in 2010-11 at the 
orchard of Centre for Protected Cultivation Technology 
(CPCT), ICAR-Indian Agricultural Research Institute, New 
Delhi (latitude of 28°22'48”N and longitude of 77°7'48”E 
and average elevation of 230 m above mean sea level). 
Climate of Delhi is categorized as semi-arid, subtropical 
with hot dry summer and cold winter and it falls in the Agro-
eco-region-IV. The average annual temperature in Delhi is 
24°C. The months of May and June are the hottest with an 
average maximum temperature of 39.7°C. The mean tempera-
ture in the winters is 14°C with the coldest month in January, 
and the minimum temperature as low as 1°C. The mean 
annual rainfall of Delhi is 710 mm of which 75% is received 
during the monsoon season (June to Sept). The relative 
humidity ranges from 34.1 to 97.9 % and wind speed ranges 

-1from 0.45 to 3.96 ms .

Soil Properties of Experimental Plot

The soil samples from the experimental plot were 
collected from 0 to 60 cm depth at an interval of 15 cm to 
determine the soil physical and chemical properties. The 
physical properties of soil namely particle size distribution, 
bulk density, field capacity, permanent wilting point and 
hydraulic conductivity (Jackson, 1973) are presented in 
Table 1. Soil moisture retention characteristics of experi-
mental soil at various matric potentials were determined by 
Pressure Plate Apparatus (Richards and Weaver, 1944). The 
moisture characteristics curve of soil of experimental field 
is provided in Fig. 1. In all the four layers, from 0-15 cm to 
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Table: 1
Physical properties of soil of the experimental site

Depth Mineral content Textural class Hydraulic conductivity Bulk density FC PWP
-1 -3(cm) % mass (cm h ) (g cm ) (%) (%)

Sand Silt Clay

0-15 72 12 16 Sandy loam 1.29 1.53 21.67 6.25
15-30 69 10 21 Sandy loam 1.32 1.59 26.86 6.22
30-45 56 20 24 Sandy loam 1.23 1.57 27.34 9.86
45-60 52 26 22 Sandy loam 1.15 1.56 26.81 9.94

Table: 2
Chemical properties of soil

Depth (cm) pH EC Available
-1(dsm ) N P K

-1 -1 -1(kg ha ) (kg ha ) (kg ha )

0-15 8.1 0.16 87.52 9.51 175.42
15-30 8.3 0.14 81.69 6.13 136.73
30-45 8.5 0.13 74.35 3.11 98.73
45-60 8.5 0.13 65.20 2.87 87.14
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Fig. 2. Layout of drip irrigation system for Kinnow trees

Fig. 1. Moisture characteristics curve of soil of experimental plot
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(Provenzano, 2007, Singh et al., 2021b). Thus, a properly 
calibrated and validated water and solute transport model 
has to be selected which is effective in reducing cost and 
time. Several models have been developed to simulate water 
and nutrient distribution in soil under drip fertigation. These 
models serve as valuable tools in designing drip fertigation 
system. Simunek et al. (1999) developed the HYDRUS-2D 
software package for simulating two dimensional move-
ment of water, heat and multiple solutes in variably 
saturated media. Mathematical models to simulate the water 
and potassium movement under drip fertigation were 
developed by Rivera et al. (2008).The accuracy of numeri-
cal, analytical and empirical models were evaluated to 
estimate wetting patterns under surface and subsurface drip 
irrigation (Kandelous and Simunek, 2010). Similarly, water 
and nitrate distribution pattern from point source drip 
irrigation was studied using HYDRUS-2D (Li et al., 2005, 
Skaggs et al. 2004. Several researchers have simulated the 
soil water and nutrient dynamics in the different seasonal 
crops like Onion, Potato and Okra under drip irrigation 
system using HYDRUS-2D. (Ajdary et al., 2007; Patel and 
Rajput, 2008, 2010; Satpute et al., 2015; Singh et al., 2020b; 
Surendran and Chandran, 2022). Attempts have been made 
by the researchers to understand the dynamics of water and 
nitrate under perinneal crops like citrus. For instance, Phogat 
et al., 2013 used the HYDRUS-2D model to simulate water 
and nitrate movement in the soil under orange tree planted in 
lysimeter for Australian soil conditions. Seasonal simula-
tion of water, salinity and nitrate dynamics under drip 
irrigated mandarin was studied by Phogat et al. 2014 using 
HYDRUS-2D. However, potassium dynamics studies especially 
in perinneal fruit crops like citrus are very few in the Indian 
context. Among the essential nutrients, potassium (K) plays 
a vital role in improving the yield and quality in citrus. 
Application of K increases the citrus fruit yield and quality 
and is more effective in increasing the fruit weight, peel 
thickness and juice volume (Ashraf et al., 2010, Quaggio et 
al., 2011). The review suggests that modeling of soil 
nutrient dynamics particularly potassium (K) in citrus under  
drip fertigation  are  very few, signifying the importance of 
the present study. Therefore, the objective of this study was 
to study the water and potassium dynamics under drip 
fertigated Kinnow mandarin cultivated in the sandy loam 
soils using the HYDRUS-2D model.

45-60 cm depth was majorly dominated by sandy loam soil. 
The different chemical properties like pH, EC (Jackson, 
1973), available nitrogen (Subbiah et al., 1956), phospho-
rous (Olsen et al., 1954) and potassium (Hanway and 
Heidal, 1952) were also estimated by standard laboratory 
methods. The chemical properties of experimental soil are 
presented in Table 2.

Experimental Design

The experimental field consisted of 3 rows of 10 year 
old Kinnow trees with 27 trees in each row, and spacing of 
trees was 4 m × 5 m. The recommended dose of Nitrogen 

-1 -1(N) and Phosphorus (P) was 800 g plant yr  and 400 g 
-1 -1plant yr , respectively. The amount of N and P applied in 

each treatment were same as that of recommended dose, but 
the amount of Potassium (K) applied was varied as 600,700 

-1 -1and 800 g plant yr  under different treatments. To apply the 
N, P and K nutrients; urea, urea phosphate and muriate of 
potash (MoP) fertilizers were used. The experiment 
consisted of nine treatments having three levels of irrigation 
i.e. 60, 80 and 100% of crop evapotranspiration (ET ) and c

three levels of potassium fertilizer i.e. 600, 700 and 800 g 
-1 -1plant yr . The fertilizer levels were in the main plot 

treatments whereas the irrigation levels were in the sub-plot 
treatments. All the treatments were replicated three times 
following a split plot design (Desai et al., 2014). The 
treatments used in the experiment are presented below:-

-1 -1T  = 60% of ET  with 600 g K plant yr ; T  = 60% of 1 c 2

-1 -1ET  with 700 g K plant yr ; T  = 60% of ET  with 800 g K c 3 c

-1 -1 -1 -1plant yr ; T  = 80% of ET  with 600 g K plant yr ; T  = 80% 4 c 5

-1 -1of ET  with 700 g K plant yr ; T  = 80% of ET  with 800 g K c 6 c

-1 -1 -1 -1plant yr ; T  = 100% of ET  with 600 g K plant yr ; T  = 7 c 8

-1 -1100% of ET  with 700 g K plant yr ; T  = 100% of ET  with c 9 c

-1 -1800 g K plant yr .

Crop Water Requirement

Crop evapotranspiration was calculated using the 
previous five years average of meteorological data, in 
CROPWAT software. CROPWAT software developed by 
FAO, uses Penman-Montieth equation for estimation of ET  c

and is used for scheduling of irrigation (Allen et al., 1998). 
The quantity of water applied to Kinnow mandarin trees was 
calculated by the formulas provided below:-

ET  = ET  × K ...(1)c o c                                                                        

Where, ET  = Crop evapotranspiration (mm); ET  = c o

Reference evapotranspiration (mm); K = Crop coefficient.c 

Drip Irrigation System 

Drip irrigation system consisted of underground sub 
main line of 50 mm diameter and lateral lines of 16 mm 

-1diameter. The laterals had two drip emitters of 4 Lh  

discharge at a spacing of 50 cm placed at each tree. Treatment 
wise laterals were connected from sub main line for 
irrigation of the Kinnow trees with different levels of 
irrigation and potassium. Each lateral line was provided 
with flow control valve at the start of line to control the 
duration of irrigation and fertigation treatment. The 
duration of operation of drip system was determined for 
different levels of irrigation based on water requirement and 
emitters discharge. The efficiency of the drip irrigation 
system was considered as 90% (Sivanappan, 1994).The 
treatment wise drip irrigation and fertigation schedule 
followed based on the crop growth stages are available in 
Desai et al., 2013, 2014. The layout of drip irrigation system 
for 1 replication with 9 treatments, drip laterals and plant 
spacing is shown in Fig. 2.

Sample Collection and Analysis

The amount of water and available potassium in 
different layers of soil, their spatial and temporal distribu-
tion was determined by gravimetric method and flame 
photometer method (Hanway and Heidal, 1952), respec-
tively. The soil samples were collected from different depths 
(0-15, 15-30, 30-45, 45-60 cm) before fertigation, and after 
24, 48, and 72 h after fertigation for water and potassium 
dynamics studies. The moisture content was represented as 
volumetric water content (%) whereas the potassium content 

-1was expressed in concentration (mg mL ).

2.  MATERIALS AND METHODS

Experimental Site

The experiment was conducted in 2010-11 at the 
orchard of Centre for Protected Cultivation Technology 
(CPCT), ICAR-Indian Agricultural Research Institute, New 
Delhi (latitude of 28°22'48”N and longitude of 77°7'48”E 
and average elevation of 230 m above mean sea level). 
Climate of Delhi is categorized as semi-arid, subtropical 
with hot dry summer and cold winter and it falls in the Agro-
eco-region-IV. The average annual temperature in Delhi is 
24°C. The months of May and June are the hottest with an 
average maximum temperature of 39.7°C. The mean tempera-
ture in the winters is 14°C with the coldest month in January, 
and the minimum temperature as low as 1°C. The mean 
annual rainfall of Delhi is 710 mm of which 75% is received 
during the monsoon season (June to Sept). The relative 
humidity ranges from 34.1 to 97.9 % and wind speed ranges 

-1from 0.45 to 3.96 ms .

Soil Properties of Experimental Plot

The soil samples from the experimental plot were 
collected from 0 to 60 cm depth at an interval of 15 cm to 
determine the soil physical and chemical properties. The 
physical properties of soil namely particle size distribution, 
bulk density, field capacity, permanent wilting point and 
hydraulic conductivity (Jackson, 1973) are presented in 
Table 1. Soil moisture retention characteristics of experi-
mental soil at various matric potentials were determined by 
Pressure Plate Apparatus (Richards and Weaver, 1944). The 
moisture characteristics curve of soil of experimental field 
is provided in Fig. 1. In all the four layers, from 0-15 cm to 
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Table: 1
Physical properties of soil of the experimental site

Depth Mineral content Textural class Hydraulic conductivity Bulk density FC PWP
-1 -3(cm) % mass (cm h ) (g cm ) (%) (%)

Sand Silt Clay

0-15 72 12 16 Sandy loam 1.29 1.53 21.67 6.25
15-30 69 10 21 Sandy loam 1.32 1.59 26.86 6.22
30-45 56 20 24 Sandy loam 1.23 1.57 27.34 9.86
45-60 52 26 22 Sandy loam 1.15 1.56 26.81 9.94

Table: 2
Chemical properties of soil

Depth (cm) pH EC Available
-1(dsm ) N P K

-1 -1 -1(kg ha ) (kg ha ) (kg ha )

0-15 8.1 0.16 87.52 9.51 175.42
15-30 8.3 0.14 81.69 6.13 136.73
30-45 8.5 0.13 74.35 3.11 98.73
45-60 8.5 0.13 65.20 2.87 87.14
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Fig. 2. Layout of drip irrigation system for Kinnow trees

Fig. 1. Moisture characteristics curve of soil of experimental plot

Sujeet Desai et al. / Indian J. Soil Cons., 51(3): 219-227, 2023 221



Table: 3
Soil hydraulic parameters

-1 -1Soil layer Qr (Өr) Qs (Өs) Alpha (α) (cm ) η Ks (cm h ) L

      1 0.0404 0.3741 0.0079 1.4202 1.29 0.5
      2 0.0395 0.3749 0.0059 1.4736 1.32 0.5
      3 0.0337 0.3606 0.0048 1.5252 1.23 0.5
      4 0.0262 0.3681 0.0142 1.3874 1.15 0.5 Fig. 3. Conceptual diagram of HYDRUS-2D simulation

the shape of water retention curve, Ks represents the 
saturated hydraulic conductivity and L represents pore 
connectivity (dimensionless). Simulation was carried out 
applying irrigation from point source as in real case for each 
individual dripper. The data collected from the field were 
used to calibrate the model. The other data required for the 
model were obtained from field experiment and literatures.

System Geometry

The simulation were done for a soil profile of depth Z = 
60 cm and radius r = 30 cm with drip emitter placed at 
surface. The flux radius was taken equal to the wetted radius 

-1considering emitter in centre. Two 4 L h  drippers per tree at 
50 cm distance were placed. Fig. 3 shows the conceptual 
diagram of simulated area and boundary conditions. 

3.  RESULTS AND DISCUSSION

Calibration of Model

The initial values of water and potassium at different 
depths with respect to emitter were considered in the model 
for calibration. Field soil samples from T  treatment (80% 5

-1 -1ET  and 800 g K plant yr ) were collected to determine c

spatial and temporal distribution of water and potassium 
after 24, 48 and 72 h of fertigation. The T  treatment (80% 5

ET  and 800 g K/plant/year) was selected for the dynamics c

studies, as it was the best performing among all the nine 
treatments in terms of yield and quality of Kinnow fruits 
(Desai et al., 2014).The model simulated values were 
plotted using the output file of HYDRUS-2D. Graphical 
displays available in post processing file of models gives 

spatial and temporal distribution of water and potassium in 
simulated layers at pre-decided time. X axis shows the water 

-1content (Vol, %) and potassium concentration (mg mL ) and 
Y axis shows the depth of soil. The performance of the 
model was evaluated by plotting the simulated and observed 
values of water and potassium in soil. 

Soil Moisture Distribution

Fig. 4 shows observed and simulated water content at 
different depths followed a similar trend and not much 
difference was observed. However, the values of simulated 
soil moisture were less than observed values at various 
depths after 24, 48 and 72 h of irrigation. Simulated and 
observed moisture values matched well between 15-45 cm 
depth. The simulated values of soil moisture matched the 
measured values more closely at soil depths of 25 and 50 
cm, which is the most active root zone for water and nutrient 
uptake for citrus (Phogat et al., 2013). The root distribution 
of citrus at different levels of drip irrigation were concen-
trated between 0-60 cm (Bhatnagar and Kaul, 2012). The 
values of observed and simulated water content after 24, 48 
and 72 h of fertigation varied from 19 to 26% and 18 to 24%, 
respectively. The moisture in the soil after 24 h and 48 h of 
fertigation was almost near to field capacity in topsoil 
layers. The decline in the moisture level in the topsoil layers 
was noted at 72 h after irrigation. Drip irrigation showed 
higher soil moisture content of 26% just after the irrigation 
and decreased to 18.5% after the 48 h of irrigation (Rahul 
and Manikandan, 2021). Soil moisture content was lower in 
the deeper layers (30-45 cm and 45-60 cm) as compared to 
the upper layers (0-15 cm and 15-30 cm). Lower soil 

Governing Solute Transport Equation 

To simulate solute transport, HYDRUS-2D model uses 
the following equation:-

              ...(5)

-3Where, C [ML ] is solute concentration in the soil 
-1water, q  and q  [LT ] are the components of the volumetric r z

2 -1flux density, D , D  and D  [L T ] are the components of the rr zz rz

dispersion tensor. These components were given by (Bear, 
1972).

...(6)

...(7)

...(8)

-1Where, |q| [LT ] is the absolute value of the volumetric 
flux density; ε  and ε [L] are the longitudinal and transversal L T

2 -1dispersivities. D  [L T ] is the molecular diffusion coeffi-0

cient of the solute in free water, and τ is the tortuosity factor. 
In this study, eq’s, 2, 3 and 4 are solved numerically using 
HYDRUS-2D (Simunek et al., 1999) with initial and 
boundary conditions that closely reproduce drip irrigation 
systems. 

Initial and Boundary Conditions

Initial distribution of water content in different soil 
layers within the domain was kept as observed in the 
experimental field. For investigating the influence of drip 
emitter discharge, soil hydraulic properties and frequency 
of water input on wetting patterns, a time dependent flux 
boundary condition at the surface in a radius of 25 cm from 
emitter position was used as the wetted radius of the emitter 
was 25 cm. 

Input Parameters

Soil hydraulic properties used to parameterize the soil 
in HYDRUS-2D are listed in the Table 3, where s and r 
are saturated and residual water contents, respectively; α, 
soil water retention function is a constant related to soil 
sorptive properties; η is dimensionless parameter related to 

Ө Ө

HYDRUS-2D Model

HYDRUS-2D is a finite element model, which solves 
the Richard's equations for variably saturated water flow 
and convection-dispersion type equation for heat transport. 
The flow equation includes a sink term to account for water 
uptake by plant roots. The program is used to simulate water 
and solute movement in unsaturated, partially saturated or 
fully saturated porous media. Simulation can be done in 
non-uniform soils as well. It can simulate the flow and 
transport in the vertical plane, horizontal plane and in three 
dimensional region exhibiting radial symmetry about 
vertical axis. A detail description of model and related 
theory is presented in the report documents version 2.0 of 
HYDRUS (Simunek et al., 1999 and 2011).

Governing Water Flow Equation

The governing flow equation considers two-
dimensional isothermal Darcian flow of water in a variably 
saturated rigid porous medium and assumes that the phase 
plays an insignificant role in the liquid flow process. The 
flow equation used in the HYDRUS-2D is given by the 
following modified form of the Richard's equation:

              ...(2)

3 -3Where, θ = Volumetric water content, [L L ]; h = 
-1Pressure head [L]; S = Sink term [T ]; x  (i = 1, 2) are the i

Aspatial co-ordinates [L]; t = Time [T]; K  = Components of ij

a dimensionless; anisotropy tensor KA and K = Saturated 
-1hydraulic conductivity function [LT ] given by:

K (h, x, z) = Ks (x, z) Kr (h, x, z) ...(3)                                     

Where, Kr = Relative hydraulic conductivity and Ks = 
-1Saturated hydraulic conductivity (LT ].

AThe anisotropy tensor K  in (1) is used to account for ij

an anistropic medium.

Two-dimensional soil water flow in variably saturated, 
rigid, isotropic porous medium under surface drip irrigation 
is described by the modified form of Richards' equation. The 
equation is given by:-

...(4)
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Table: 3
Soil hydraulic parameters

-1 -1Soil layer Qr (Өr) Qs (Өs) Alpha (α) (cm ) η Ks (cm h ) L

      1 0.0404 0.3741 0.0079 1.4202 1.29 0.5
      2 0.0395 0.3749 0.0059 1.4736 1.32 0.5
      3 0.0337 0.3606 0.0048 1.5252 1.23 0.5
      4 0.0262 0.3681 0.0142 1.3874 1.15 0.5 Fig. 3. Conceptual diagram of HYDRUS-2D simulation

the shape of water retention curve, Ks represents the 
saturated hydraulic conductivity and L represents pore 
connectivity (dimensionless). Simulation was carried out 
applying irrigation from point source as in real case for each 
individual dripper. The data collected from the field were 
used to calibrate the model. The other data required for the 
model were obtained from field experiment and literatures.

System Geometry

The simulation were done for a soil profile of depth Z = 
60 cm and radius r = 30 cm with drip emitter placed at 
surface. The flux radius was taken equal to the wetted radius 

-1considering emitter in centre. Two 4 L h  drippers per tree at 
50 cm distance were placed. Fig. 3 shows the conceptual 
diagram of simulated area and boundary conditions. 

3.  RESULTS AND DISCUSSION

Calibration of Model

The initial values of water and potassium at different 
depths with respect to emitter were considered in the model 
for calibration. Field soil samples from T  treatment (80% 5

-1 -1ET  and 800 g K plant yr ) were collected to determine c

spatial and temporal distribution of water and potassium 
after 24, 48 and 72 h of fertigation. The T  treatment (80% 5

ET  and 800 g K/plant/year) was selected for the dynamics c

studies, as it was the best performing among all the nine 
treatments in terms of yield and quality of Kinnow fruits 
(Desai et al., 2014).The model simulated values were 
plotted using the output file of HYDRUS-2D. Graphical 
displays available in post processing file of models gives 

spatial and temporal distribution of water and potassium in 
simulated layers at pre-decided time. X axis shows the water 

-1content (Vol, %) and potassium concentration (mg mL ) and 
Y axis shows the depth of soil. The performance of the 
model was evaluated by plotting the simulated and observed 
values of water and potassium in soil. 

Soil Moisture Distribution

Fig. 4 shows observed and simulated water content at 
different depths followed a similar trend and not much 
difference was observed. However, the values of simulated 
soil moisture were less than observed values at various 
depths after 24, 48 and 72 h of irrigation. Simulated and 
observed moisture values matched well between 15-45 cm 
depth. The simulated values of soil moisture matched the 
measured values more closely at soil depths of 25 and 50 
cm, which is the most active root zone for water and nutrient 
uptake for citrus (Phogat et al., 2013). The root distribution 
of citrus at different levels of drip irrigation were concen-
trated between 0-60 cm (Bhatnagar and Kaul, 2012). The 
values of observed and simulated water content after 24, 48 
and 72 h of fertigation varied from 19 to 26% and 18 to 24%, 
respectively. The moisture in the soil after 24 h and 48 h of 
fertigation was almost near to field capacity in topsoil 
layers. The decline in the moisture level in the topsoil layers 
was noted at 72 h after irrigation. Drip irrigation showed 
higher soil moisture content of 26% just after the irrigation 
and decreased to 18.5% after the 48 h of irrigation (Rahul 
and Manikandan, 2021). Soil moisture content was lower in 
the deeper layers (30-45 cm and 45-60 cm) as compared to 
the upper layers (0-15 cm and 15-30 cm). Lower soil 

Governing Solute Transport Equation 

To simulate solute transport, HYDRUS-2D model uses 
the following equation:-

              ...(5)

-3Where, C [ML ] is solute concentration in the soil 
-1water, q  and q  [LT ] are the components of the volumetric r z

2 -1flux density, D , D  and D  [L T ] are the components of the rr zz rz

dispersion tensor. These components were given by (Bear, 
1972).

...(6)

...(7)

...(8)

-1Where, |q| [LT ] is the absolute value of the volumetric 
flux density; ε  and ε [L] are the longitudinal and transversal L T

2 -1dispersivities. D  [L T ] is the molecular diffusion coeffi-0

cient of the solute in free water, and τ is the tortuosity factor. 
In this study, eq’s, 2, 3 and 4 are solved numerically using 
HYDRUS-2D (Simunek et al., 1999) with initial and 
boundary conditions that closely reproduce drip irrigation 
systems. 

Initial and Boundary Conditions

Initial distribution of water content in different soil 
layers within the domain was kept as observed in the 
experimental field. For investigating the influence of drip 
emitter discharge, soil hydraulic properties and frequency 
of water input on wetting patterns, a time dependent flux 
boundary condition at the surface in a radius of 25 cm from 
emitter position was used as the wetted radius of the emitter 
was 25 cm. 

Input Parameters

Soil hydraulic properties used to parameterize the soil 
in HYDRUS-2D are listed in the Table 3, where s and r 
are saturated and residual water contents, respectively; α, 
soil water retention function is a constant related to soil 
sorptive properties; η is dimensionless parameter related to 

Ө Ө
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dimensional region exhibiting radial symmetry about 
vertical axis. A detail description of model and related 
theory is presented in the report documents version 2.0 of 
HYDRUS (Simunek et al., 1999 and 2011).
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The governing flow equation considers two-
dimensional isothermal Darcian flow of water in a variably 
saturated rigid porous medium and assumes that the phase 
plays an insignificant role in the liquid flow process. The 
flow equation used in the HYDRUS-2D is given by the 
following modified form of the Richard's equation:

              ...(2)

3 -3Where, θ = Volumetric water content, [L L ]; h = 
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Aspatial co-ordinates [L]; t = Time [T]; K  = Components of ij

a dimensionless; anisotropy tensor KA and K = Saturated 
-1hydraulic conductivity function [LT ] given by:
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Where, Kr = Relative hydraulic conductivity and Ks = 
-1Saturated hydraulic conductivity (LT ].
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Two-dimensional soil water flow in variably saturated, 
rigid, isotropic porous medium under surface drip irrigation 
is described by the modified form of Richards' equation. The 
equation is given by:-
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2020). The graphs depicting the correlation between 
observed and simulated potassium are shown in Fig. 8.

The HYDRUS-2D simulation of potassium distribu-
-1tion after 24, 48 and 72 h of fertigation with 4 Lh  discharge 

emitter in sandy loam soil are shown through colour 
spectrum in Fig. 9. The X axis shows radial distance of 30 
cm from emitter whereas Y axis shows the soil depth of 60 
cm. The figure shows that potassium in soil was found 
maximum in top layer at 24 h after fertigation. The move-
ment of the potassium in soil was very slow and was 
restricted to only top layers even after 48 and 72 h. The 
mobility of K in soil is low and mainly occurs by the process 
of diffusion (Silva et al., 2016). Availability of potassium 
depends on the soil texture at different depths and with 
maximum accumulation in clay soils followed by loam and 
maximum movement in sandy soils (Oldham and Jones, 
2020; Singh and Tomar, 2023). The soil of the study area 
was sandy loam due to which the movement was not 
significant in the deeper layers. The movement of potassium 
also depends on the availability of soil moisture. The deeper 
layer of the soils from 45-60 cm had less moisture as 
compared to upper layers (0-30 cm) due to which the 
potassium concentration was higher in the upper layers. The 
high potassium levels in the top 30 cm soil layer indicated 
that more potassium was available for Kinnow roots as the 
active root zone (highest root density) was between 15-30 
cm depth. The fibrous roots of citrus trees develops the 
dense roots above 45 cm depth and then expands radially 
and vertically with depth (Morgan et al., 2007).The 
presence of potassium in top layers even 3 days after 
fertigation revealed that the possibilities of potassium 
leaching in soil are very low as compared to other nutrients 
like nitrogen under drip fertigation and its effective 
utilization by the citrus roots sufficient water and nutrient 
concentration in the crop root zone of citrus is necessary for 
optimal nutrient uptake (Scholberg et al., 2002).

moisture content in the deeper layers in the citrus field is 
attributed to more root water uptake from the deeper soil 
(Tahir et al., 2016). To find the closeness between observed 
and simulated water content values, coefficient of determi-

2 2nation (R ) between the values were estimated. The R  
values for simulated and observed water content at different 
depths varied from 0.90-0.95. Coefficient of determination 
between the measured and simulated soil water content in 
the citrus orchards using HYDRUS ranged from 0.8-0.94  
which indicated a good model performance (Tu et al., 

2021). The graphs indicating the correlation between 
observed and simulated water content are shown in Fig. 5.

Simulation of water distribution by HYDRUS-2D after 
-1 24, 48 and 72 h of fertigation with 4 Lh emitter in sandy 

loam soil are shown in Fig. 6 through colour spectrum. The 
range of the volumetric water content (%) as per the colour 
spectrum varied from 12% to 32% expressed as decimal 
values (Fig. 6). The X axis shows radial distance of 30 cm 
from emitter whereas Y axis shows the soil depth of 60 cm. 
The figure shows that soil moisture was found maximum in 
top layers (0-15 cm and 15-30 cm) after 24 h and 48 h of 
irrigation. However, decline in the moisture level in the top 
soil layers was noted at 72 h after irrigation. Irrigation 
interval based on soil metric potential ranges from 1 to 3 
days and decreasing soil moisture content in the soil is 
observed after 48 h under drip irrigation system (Rahul and 
Manikandan, 2021). In the study 3 days irrigation interval 
was maintained as the Kinnow trees were matured. This 
indicated that soil moisture was available for citrus trees in 
the root zone upto 48 h after irrigation and 3 days irrigation 
interval was appropriate for optimum utilization of this 
moisture for crop growth. 

Potassium Distribution 

Fig.7 shows simulated and observed potassium at 
different depths followed similar trend. The observed and 
simulated values of potassium varied between 0.017 to 

-10.011 and 0.014 to 0.009 (mg mL ) respectively after 24, 48 
and 72 h of fertigation. The potassium concentration in the 
soil was found maximum between 0-30 cm depth and 
further reduced between 30-60 cm depth. Higher potassium 
concentration was found in the upper layer of the soils at 0-
25 cm and lower at 25-40 cm soil depth in the sandy loam 
soils irrespective of before or after fertigation (Mishra, 
2001). The closeness between observed and simulated 
potassium values were determined by coefficient of 

2determination. The R  values for simulated and observed 
2potassium varied from 0.92-0.95. The R  between observed 

and simulated potassium varied between 0.91-0.96 under 
drip irrigation system in different soils indicating a good 
agreement and model performance (Mirzaei and Biegi, Fig. 4. Simulated and observed water content (%) at a) 24 b) 48 

and c) 72 h after fertigation

(b)

(c)

(a)

Fig. 5. Correlation between observed and simulated water content a) 24 b) 48 and c) 72 h after fertigation

(b)
 

(c)
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Fig. 6. Simulated water distribution (%) after a) 24 b) 48 and c) 72 h of fertigation

 

-1
Fig. 7. Simulated and Observed K (mg mL ) in soil at a) 24 b) 48 

and c) 72 h after fertigation
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2020). The graphs depicting the correlation between 
observed and simulated potassium are shown in Fig. 8.

The HYDRUS-2D simulation of potassium distribu-
-1tion after 24, 48 and 72 h of fertigation with 4 Lh  discharge 

emitter in sandy loam soil are shown through colour 
spectrum in Fig. 9. The X axis shows radial distance of 30 
cm from emitter whereas Y axis shows the soil depth of 60 
cm. The figure shows that potassium in soil was found 
maximum in top layer at 24 h after fertigation. The move-
ment of the potassium in soil was very slow and was 
restricted to only top layers even after 48 and 72 h. The 
mobility of K in soil is low and mainly occurs by the process 
of diffusion (Silva et al., 2016). Availability of potassium 
depends on the soil texture at different depths and with 
maximum accumulation in clay soils followed by loam and 
maximum movement in sandy soils (Oldham and Jones, 
2020; Singh and Tomar, 2023). The soil of the study area 
was sandy loam due to which the movement was not 
significant in the deeper layers. The movement of potassium 
also depends on the availability of soil moisture. The deeper 
layer of the soils from 45-60 cm had less moisture as 
compared to upper layers (0-30 cm) due to which the 
potassium concentration was higher in the upper layers. The 
high potassium levels in the top 30 cm soil layer indicated 
that more potassium was available for Kinnow roots as the 
active root zone (highest root density) was between 15-30 
cm depth. The fibrous roots of citrus trees develops the 
dense roots above 45 cm depth and then expands radially 
and vertically with depth (Morgan et al., 2007).The 
presence of potassium in top layers even 3 days after 
fertigation revealed that the possibilities of potassium 
leaching in soil are very low as compared to other nutrients 
like nitrogen under drip fertigation and its effective 
utilization by the citrus roots sufficient water and nutrient 
concentration in the crop root zone of citrus is necessary for 
optimal nutrient uptake (Scholberg et al., 2002).

moisture content in the deeper layers in the citrus field is 
attributed to more root water uptake from the deeper soil 
(Tahir et al., 2016). To find the closeness between observed 
and simulated water content values, coefficient of determi-

2 2nation (R ) between the values were estimated. The R  
values for simulated and observed water content at different 
depths varied from 0.90-0.95. Coefficient of determination 
between the measured and simulated soil water content in 
the citrus orchards using HYDRUS ranged from 0.8-0.94  
which indicated a good model performance (Tu et al., 

2021). The graphs indicating the correlation between 
observed and simulated water content are shown in Fig. 5.

Simulation of water distribution by HYDRUS-2D after 
-1 24, 48 and 72 h of fertigation with 4 Lh emitter in sandy 

loam soil are shown in Fig. 6 through colour spectrum. The 
range of the volumetric water content (%) as per the colour 
spectrum varied from 12% to 32% expressed as decimal 
values (Fig. 6). The X axis shows radial distance of 30 cm 
from emitter whereas Y axis shows the soil depth of 60 cm. 
The figure shows that soil moisture was found maximum in 
top layers (0-15 cm and 15-30 cm) after 24 h and 48 h of 
irrigation. However, decline in the moisture level in the top 
soil layers was noted at 72 h after irrigation. Irrigation 
interval based on soil metric potential ranges from 1 to 3 
days and decreasing soil moisture content in the soil is 
observed after 48 h under drip irrigation system (Rahul and 
Manikandan, 2021). In the study 3 days irrigation interval 
was maintained as the Kinnow trees were matured. This 
indicated that soil moisture was available for citrus trees in 
the root zone upto 48 h after irrigation and 3 days irrigation 
interval was appropriate for optimum utilization of this 
moisture for crop growth. 

Potassium Distribution 

Fig.7 shows simulated and observed potassium at 
different depths followed similar trend. The observed and 
simulated values of potassium varied between 0.017 to 

-10.011 and 0.014 to 0.009 (mg mL ) respectively after 24, 48 
and 72 h of fertigation. The potassium concentration in the 
soil was found maximum between 0-30 cm depth and 
further reduced between 30-60 cm depth. Higher potassium 
concentration was found in the upper layer of the soils at 0-
25 cm and lower at 25-40 cm soil depth in the sandy loam 
soils irrespective of before or after fertigation (Mishra, 
2001). The closeness between observed and simulated 
potassium values were determined by coefficient of 

2determination. The R  values for simulated and observed 
2potassium varied from 0.92-0.95. The R  between observed 

and simulated potassium varied between 0.91-0.96 under 
drip irrigation system in different soils indicating a good 
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4. CONCLUSIONS

In this study water and potassium dynamics were 
simulated under drip fertigated Kinnow mandarin using the 
water and solute transport model HYDRUS-2D in the sandy 
loam soil. HYDRUS-2D model was able to simulate both 
water and potassium dynamics in the sandy loam soil with 
good accuracy. The values of observed and simulated water 
content varied from 19 to 26% and 18 to 24% whereas 
potassium concentration varied between 0.017 to 0.011 mg 

-1 -1 mL and 0.014 to 0.009 mg mL respectively after 24, 48 
2and 72 h of fertigation. The R  values between observed and 

simulated soil moisture and potassium ranged from 0.90-
0.95 and 0.92-0.95 respectively. The simulation studies 
indicated that potassium was present in the region of top 30 
cm, which could be easily utilized by roots of Kinnow trees 
as the highest root density was between 15-30 cm depth. The 
soil water content was maintained in the active root zone at 
24 and 48 h after irrigation but significantly declined after 
72 h which indicated that irrigation interval of three days 

-1with 4 Lh emitter in Kinnow trees was appropriate. The 
information can be helpful for designing of drip fertigation 
system for citrus crop under sandy loam soils for improving 
productivity. HYDRUS-2D model could be applied for 
different soil conditions and crops for planning appropriate 
design strategies for drip irrigation system.
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