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Abstract. Agrohydrological models have increasingly become more and more powerful tools for precise 

agricultural water management. Although there are numerical models available, many of them are either 

oversimplified leading to unreliable results, or too complex and difficult to use. In this study, an 

agrohydrological model, which strikes a balance between the accuracy, complexity and generality, was first 

proposed by integrating a newly developed module for computing crop evapotranspiration using the dual 

crop coefficient approach by FAO56 into the widely employed HYDRUS-1D model. The proposed model 

was then validated and rigorously assessed again data from the field experiments of winter wheat grown in 

two contrasting soils. Results showed that the proposed model made good predictions for soil water content 

in various layers over the growing period. Also, it was revealed that the water initially contained in the 

subsoil accounted for about half of the total evapotranspired amount. The simulated proportions of root 

water uptake from each quarter of rooting depth coincided well with those from the previous studies under 

the condition of crops grown free from water stress. This indicates that the devised easy-to-use model had 

the potential to be utilised in studying soil-crop water relations. 

Keywords: HYDRUS-1D, soil-crop system, soil water dynamics, evapotranspiration, agricultural water 

management 

Introduction 

Agriculture is the biggest water consumer in the world. It consumes about 70% 

world’s accessible fresh water, and 60% of the applied water is wasted (Clay, 2004). It 

is, therefore, crucially important to manage precisely agricultural water use to save the 

world’s most precious resource. With advances in soil and plant sciences and computer 

technology, more and more agrohydrological models, which accounts for the key 

processes governing the water cycle in the soil-crop system, have been developed, and 

are now playing an important role in agricultural water management (see reviews by 

Bastiaanssen et al. (2007) and more recently by Siad et al. (2019)). 

In agrohydrological models, the algorithms of cascade type are often used for 

modeling soil water movement due to its simplicity (Burns, 1974; Arnold et al., 1993; 

Brisson et al., 1998; Droogers et al., 2001; Greenwood, 2001; Zhang et al., 2007, 2020; 

Renaud et al., 2008; Steduto et al., 2009; Rahn et al., 2010; Strati et al., 2018). Such 

models assume that downwards water flow only occurs when soil water content in a 

layer exceeds its field capacity and upwards flow is not allowed. The models use few 

parameters such as water content at saturation and field capacity and employ simple 

numerical algorithms. However, the determination of the flow coefficient in these 

models has proven problematic as it varies with time step, soil texture and other soil 

physical properties (Yang et al., 2009). As a result the flow coefficient often requires to 

be calibrated using a trial-and-error approach in advance. 
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On the other hand, the numerical models using Richards’ equation for soil water 

movement are more accurate, but more complex in predicting water dynamics in the 

soil-crop system. Enormous efforts have been made in developing agrohydrological 

models using the basic theory for soil water movement. Although great progress has 

been achieved (Bastiaanssen et al., 2007), the developed models use many parameters 

which are difficult to obtain, especially in the aspect of plant (Keating et al., 2003; 

Stöckle et al., 2003; Rahil and Antonopoulos, 2007). Dozens of parameters and complex 

algorithms describing crop physiology are normally involved in such as the EPIC 

models by Williams et al. (1993) and the DSSAT models by Jones et al. (2003). The 

models of this kind are often used in basic research or for specific crops, but are difficult 

to be applied universally and practically, resulting in low uptake of such models in crop 

production in agriculture (Bastiaanssen et al., 2007). Further, a review on 

agrohydrological models by Cannavo et al. (2008) revealed that a majority of models 

only dealt with a single crop. 

Although numerious agrohydrological models have been proposed during the last 

decades, the importance of coupling hydrological and crop models for water use in crop 

management has been stressed in the recent review by Siad et al. (2019). A large body 

of literature show that such models have been further developed and widely applied for 

research and practical purposes. Bao et al. (2017) compared CSM-CERES-Maize and 

EPIC models for maize production, while Dokoohaki et al. (2016) developed a new 

version of CSM-CERES-Maize model by coupling SWAP and DSSAT package. 

Tribouillois et al. (2018) used AqYield model for predicting water balance of wheat and 

crop rotations. Autovinoa et al. (2018) employed Hydrus-2D model to study soil and 

plant water status dynamics in olive orchards under different irrigation systems. 

It is clear from the above that agrohydrogical models have become powerful tools 

for agricultural water management. In spite of great efforts directed in developing 

agrohydrological models, there is still a clear need to devise models which strike the 

right balance between models’ accuracy, complexity and generality. This is especially 

true for models to be used for the practical purpose where parameter values for 

sophisticated models are ofter unavailable. 

In this study we aimed to develop and validate an agrohydrological model which 

uses the basic theory for soil water movement and relatively easily available parameters 

for crops. Since the HYDRUS-1D model (Šimunek et al., 2005) was well validated and 

widely used for simulating water movement and solute transport in agricultural soils 

(Shelia et al., 2017; Wang et al., 2017), it was chosen to form the framework of the 

agrohydrological model proposed in the study. The model was devised by combining 

the HYDRUS-1D model with a newly developed module for estimating potential 

evapotranspiration based on the dual crop coefficient approach by FAO56 (Allen et al., 

1998) which could be used over a wide range of crops with readily available parameter 

values. Upon the completion of the model, the performance of the model was 

objectively evaluated again a widely used and commonly available dataset from the 

field experiments on winter wheat grown in two contrasting soils. 



Wu et al.: A generic agrohydrological model for agricultural water management 

- 4761 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(3):4759-4773. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1803_47594773 

© 2020, ALÖKI Kft., Budapest, Hungary 

Materials and methods 

Model description and evaluation 

Model description 

The simulations in this study were carried out by using the HYDRUS-1D model 

integrated with the module for estimating potential crop transpiration and soil 

evaporation. As mentioned the above, HYDRUS-1D is a universal model simulating 

water movement and solute transport in porous media. Due to its nature of generality and 

well validated, the model has widely been applied successfully in a wide range of field. 

However, the model cannot be directly employed to simulate the dynamic process of 

water cycle in the soil-crop system during growth due to its inability of estimating 

evapotranspiration. In order to overcome the problem, we first developed a module for 

computing potential crop transpiration and soil evaporation based on the dual crop 

coefficient approach by the FAO56 (Allen et al., 1998), and then incorporated it into the 

HYDRUA-1D model. In the following we highlight the theory of developing such a 

module, while the detailed description of the HYDRUS-1D model can be seen elsewhere 

(Šimunek et al., 2005). 

The potential crop transpiration and soil evaporation were calculated according to the 

dual crop efficient approach and estimated evapotranspiration by FAO56 (Allen et al., 

1998). Both crop coefficients are dependent on crop species and its growth stages. Such 

an approach, simple though, has well validated over a wide range of crops under 

conditions of various climates and soils, and was employed by our previous studies (Yang 

et al., 2009; Zhang et al., 2009, 2010, 2020). 

Daily potential evapotranspiration (Equation 1) is calculated by the Penman-Monteith 

equation (Allen et al., 1998): 
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where Rn (MJ m-2 d-1) is the net radiation at the crop surface, G (MJ m-2 d-1) is the soil 

heat flux density, u2 (m s-1) is the 24 h average, wind speed at 2 m height, es (kPa) is the 

saturation vapor pressure, ea (kPa) is the actual vapor pressure, δ(kPa C-1) is the slope of 

the vapor pressure curve, γ (kPa C-1) is the psychrometric constant. 

The calculated potential evapotranspiration ETo is partitioned into crop evaporation 

and soil evaporation using (Allen et al., 1998) (Equations 2 and 3): 
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in which: 
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 (Eq.3) 

 

where Tpot and Epot are the potential transpiration and evaporation, respectively, Kcb and 

Ke are the basal crop coefficient for transpiration and the evaporation coefficient, 

respectively, Kcmax is the maximum evapotranspiration coefficient, and f is the soil 

fraction not covered by plants and exposed to evaporation. 
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Kcb increases with time at the crop development stage in a linear manner, and reaches 

its maximum and is stabilized in the middle growth stage when the ground is fully covered 

before it decreases with time towards crop maturity. Ke, however, changes in the opposite 

direction as Kcb. For the different crops, the values of both Kcb and Ke together with the 

definition of crop growth stages are given in Allen et al. (1998). 

Figure 1 illustrates the calculation procedures in the agrohydrological outlined the 

above. 

 

Figure 1. Flow chart of the proposed agrohydrological model for water dynamics 

 

 

The biggest advantage of employing the dual crop coefficient approach by FAO56 

(Allen et al., 1998) for estimating soil evaporation and crop transpiration was its 

generality. It could be applied with readily available parameter values for various crops. 

This approach was well validated and accepted worldwide and was successfully adopted 

in numerous agrohydrological models for calculating evapotranspiration (Zhang et al., 

2010; Rahn et al., 2010). 

Model parameters 

Only few parameters are needed for running the model. Basically they are composed 

of three different types: soil data, crop data and weather data. The van Genuchten soil 

hydraulic properties (van Genuchten, 1980) describing the relations between soil water 

content, soil hydraulic conductivity and soil water potential in different soil layers are 

required. For the crop data they are the crop species, the dates of crop sowing/planting 

and harvest, the durations of various crop growth stages (initial, development, middle and 

late) and their corresponding values of dual crop coefficients Kcb and Ke according to 
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FAO56 (Allen et al., 1998). The weather data include daily solar radiation, maximum and 

minimum air temperature, relative humidity, air speed and rainfall. The model can be run 

with the values of the above parameter together with soil boundary conditions and initial 

water content distribution in the soil profile. 

Model evaluation 

The model performance was assessed using the commonly adopted statistical indices 

of the Nash–Sutcliffe model efficiency coefficient (NSE) (Nash and Sutcliffe, 1970) 

(Equation 4), the root of the mean squared errors (RMSE) (Equation 5) and the mean 

error (ME) (Equation 6). Such an approach for assessing hydrological models was widely 

applied (Bohne and Salzmann, 2002; Yang et al., 2009; Zhang et al., 2020). 
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where Y and Y’ are the simulated and measured values, respectively, N is the total number 

of measurements, and 
'Y  is the average of the measured values. 

Experiments 

The data from field experiments on winter wheat conducted at the Institute for Soil 

Fertility Research, The Netherlands from 1983 to 1984 (Groot and Verberne, 1991) was 

used to validate the model outlined the above. The measured dataset was comprehensive, 

and has been used extensively in previous studies to test agrohydrological models (De 

Willigen, 1991; Yang et al., 2009). A brief description of the experiments is given below, 

while the detailed description of the experiments can be found elsewhere (Groot and 

Verberne, 1991). 

The experiments were conducted on two sites with contrasting soils: the Bouwing 

experiment (silty clay loam) and the PAGV experiment (silty loam) for the purpose of 

investigating the effects of both nitrogen and water on wheat growth. The crop was 

planted on 27 October, 1983, and harvested on 21 August, 1984. The total growth duation 

was 299 days. The duations of initial, development, middle and late growth stages were 

37 days, 175 days, 50 days and 37 days, respectively. The soil physical properties in the 

0-40 and 40-100 cm in the Bouwing farm, and in the 0-25, 25-40 and 40-100 cm in the 

PAGV farm were measured for determining soil hydraulic properties. The gravimetrical 

soil water content in the layers of 0–20, 20–40, 40–60, 60–80 and 80–100 cm were 

measured from soil cores taken in eight replicates at intervals of three weeks on 14 Feb., 

i.e. Day of Year 45 (DOY 45), 13 Mar. (DOY 73), 03 Apr. (DOY 94), 24 Apr. (DOY 



Wu et al.: A generic agrohydrological model for agricultural water management 

- 4764 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(3):4759-4773. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1803_47594773 

© 2020, ALÖKI Kft., Budapest, Hungary 

115), 08 May (DOY 129), 28 May (DOY 149), 19 Jun. (DOY 171), 03 Jul. (DOY 185), 

17 Jul. (DOY 199), and 07 Aug. (DOY 220) in 1984 in each experiment. Also, the 

development of root growth was measured in the experiments, and the maximum rooting 

depth of 100 cm at harvest was measured. The measured weather variables included daily 

radiation, air temperature, relative humidity and rainfall. The measurments, taken at the 

Wageningen meteorological station located at a distance of 7 km from the Bouwing 

experiment and the Swifterbant meteorological station located at a distance of 15 km from 

the PAGV experiment, covered the entire crop growth period (Groot and Verberne, 

1991). 

Preparation of model run 

Model parameterization 

The model operated with a daily time step, with the data from soil, crop and weather 

as model inputs. 

Soil data included the parameters describing the relationships of soil water content and 

hydraulic conductivity with soil water pressure head. The measurements for such 

relationships were carried out in the experiments (Groot and Verberne, 1991), but the 

measured parameters were not related in the way proposed by van Genuchten (1980). 

Since the model only used van Genuchten soil hydraulic parameters, the fitting procedure 

was implemented based on the measured layered datasets and the commonly available 

RETC software (van Genuchten, 1991). The fitted van Genuchten soil hydraulic 

properties for the various layers in both experiments are shown in Table 1 (after Yang et 

al., 2009). 

 
Table 1. Fitted van Genuchten soil hydraulic parameter values using the RETC software (after 

Yang et al., 2009) 

 0–40 cm 40–100 cm 0–25 cm 25–40 cm 40–100 cm 

s (cm3 cm-3) 0.51 0.49 0.42 0.50 0.53 

r (cm3 cm-3) 0.00 0.00 0.04 0.06 0.06 

α 0.0266 0.0046 0.0162 0.0096 0.0098 

n 1.1841 1.1835 1.299 1.3460 1.3193 

Ks (cm d-1) 40.0 2.0 160.0 33.0 200.0 

 

 

Crop data used in the model were the dates of crop sowing and harvest, and the 

durations of various crop growth stages and their associated dual coefficients for soil 

evaporation and crop transpiration. The durations of the initial, development, middle and 

late crop growth stages was calculated according to the proportionalities over the entire 

growth period given in the FAO56 (Allen et al., 1998) for the studied crop. Also, the 

corresponding values of crop coefficients were taken from the FAO56. Thus, on any day 

during growth, the crop growth stage and the coefficients for evaporation and 

transpiration could be determined, given the reference evapotranspiration ETo 

(Equation 1) was known. 

Weather data together with the geographical properties of the experimental plots were 

used for computing ETo. The weather data included daily air temperature, relative 

humidity, solar radiation, wind speed and rainfall. These items were all measured and 

used directly in the model run. 
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Computational domain and boundary conditions 

In both experiments, the calculated soil depth was 120 cm, 20 cm longer than the 

measured maximum rooting depth. The lower boundary in the Bouwing experiment was 

set as free drainage as there were layers of gravel at that depth, while in the PAGV 

experiment the lower boundary was specified as soil in saturation based on the 

experimental observations of the groundwater table (Groot and Verberne, 1991). These 

boundary conditions were identical as those used in the study by Yang et al. (2009). The 

date of the first measurements was used as the starting point, while the measured values 

of soil water content along the profile to the 120 cm depth were used as the initial 

conditions in the simulations. 

Results and discussion 

Overall assessment of the model performance 

The statistical analyses between the simulated and measured values of soil water 

content at different depths collected during growth reveal that the model performed 

satisfactorily in simulating water dynamics for the studied cases (Table 2). The calculated 

values of RMSE and ME, both less than 0.05 cm3 cm-3, are all small, and the NSE values 

are relatively high. While the model over- and under-predicted slightly for the Bouwing 

and PAGV experiments (Table 2), respectively, no noticeable mean error was found in 

the overall comparison between simulation and measurement. This is also reflected in 

Figure 2 where the best fitted line is virtually overlapped the 1:1 line. Judged from 

Table 2 and Figure 2, it is reasonable to conclude that the simulated values of soil water 

content in various layers at various time intervals are in good agreement with the 

measurements, indicating the model is able to make good predictions. 

 
Table 2. Statistical indices between the simulated and measured values of soil water content 

 
RMSE 

(cm3 cm-3) 

ME 

(cm3 cm-3) 

NSE 

(-) 

Bouwing experiment 0.033 -0.012 0.586 

PAGV experiment 0.043 0.010 0.550 

Both experiments 0.038 -0.001 0.634 

 

 

Figure 2. Comparison of soil water content between simulation and measurement in both 

experiments 
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Comparison of soil water content between simulation and measurement 

Detailed comparisons of soil water content over the entire simulation period in the 

different layers for both experiments are carried out, and Figure 3 shows some of such 

comparisons as an example. Expect for the layers of 20-40 cm where the noticeable 

discrepancies occur between simulation and measurement, all the other simulated values 

of soil water content agreed well with the measured values. Also it reveals that only in 

the top soil layer did the changes in soil water content correlate highly with rainfall, 

suggesting that the effect of rainfall mainly limited in the 20 cm depth. The discrepancies 

in the 20-40 cm layer might be due to the fact that this is the region where the boundary 

lies to separate the topsoil from the subsoil, and thus is difficult to determine soil 

hydraulic properties with accuracy (Yang et al., 2009). Overall Figure 3 confirms the 

results from statistical analyses shown previously that the model is capable of reproducing 

the results from the experiment. 
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Figure 3. Comparison between the measured and simulated volumetric soil water content at 

different soil layers in the Bouwing experiment (a) and in the PAGV experiment (b) 
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smaller than the potential ones (Figure 4b). However, the situation in the PAGV 

experiment was rather opposite. Figure 5 demonstrates that only in a very small period 

towards the harvest when the simulated values of soil evaporation and crop transpiration 

did not achieve the potential values, the demanded crop evapotranspiration for the 

maximum growth was met, suggesting that the crop was not stressed induced by water 

deficit. 

 

 

(a) 

 

(b) 

Figure 4. Simulated daily and cumulative potential and actual evaporation (a) and 

transpiration (b) in the Bouwing experiment 
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(a) 

 
(b) 

Figure 5. Simulated daily and cumulative potential and actual evaporation (a) and 

transpiration (b) in the PAGV experiment 
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In the studied experiments the amounts of water uptake from different soil layers were 

calculated (Figure 6). During the first 50 days of the simulation period, the daily water 

uptake was small and mainly occurred in the top 20 cm layer due to the infancy of the 

crop. With the increase in time, roots gradually penetrated to the deeper soil and water 

uptake occurred in a wider region. 53.4% and 44.9% of total water uptake were from the 

top 20 cm soil layer in the Bouwing and PAGV experiments, respectively. Since only a 

small amount of rainfall water reached the soil below 20 cm depth (Figure 3), it supports 

the argument by Greenwood et al. (2010) that water initially contained in the subsoil 

played an important role in meeting the crop demand for water. In the studied cases, 

approximately a half of the total tranpirated water was from the subsoil. Also, calculations 

show that in the Bouwing experiment, the proportions of the total water uptake from each 

quarter of the rooting depth were 48.3%, 25.3%, 16.9% and 9.5%, respectively, while the 

corresponding values were 40.4%, 32.3%, 19.8% and 7.4% in the PAGV experiment. The 

simulated proportions in the PAGV experiment are in good agreement with the previous 

studies (Molz and Remson, 1970; Kumar et al., 2013). However, for the crop grown under 

the condition of water deficit such proportions of water uptake from the root zone might 

not be held, as shown in the Bouwing experiment. 

 

 
(a) 

 
(b) 

Figure 6. Simulated cumulative root water uptake in different soil layers in the Bouwing 

experiment (a) and in the PAGV experiment (b) 
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Possible use of the proposed model 

As discussed the above, the proposed model performed well in predicting soil water 

dynamics in the soil-crop system for the studied cases. The model has the advantage of 

using easily available parameters, compared with most exsisting models which are more 

mechanistic, but are problematic in parameter determination., It is, therefore, that the 

model presented in this study has the potential to be applied more widely for the practical 

purpose. 

Once it is validated extensively, it could be employed to study soil-crop water relations 

at the field scale or to form the core for devising model-based decision support systems 

for water mangement in a wide range of crop production. Also the model could be used 

for irrigation scheduling based on the predicted soil water status. Since soil water 

dynamics is an indespensible process in predicting soil nutrients availability, the model 

could further widen its application for crop nutrients management by extending its 

functions for simulating solute transport in soil and coupling it with crop models. 

Conclusions 

In this study an agrohydrological model was devised by integrating a module for 

estimating potential soil evaporation and crop transpiration into the HYDRUS-1D model. 

The model was easy to operate and could be applied universally with readily available 

parameters. Rigorous validation of the model revealed that the model was able to predict 

temporal and spatial soil water content in the soil-crop system. In the studied cases, the 

model produced fairly good predictions of soil water content during the growth of winter 

wheat in two contrasting soils and under different soil water regimes. The simulated 

results were not only in good agreement with the measurements, but also were supported 

by the findings from previous studies. This suggests that the development of the model 

was successful, and the proposed model could potentially be used in studying soil-crop 

water relations and in precise water use in agriculture. 

Future work includes further validating the model against measured data on more crops 

and coupling the model with crop models for water and nutrients management. Efforts 

should also be made to investigate the effects of the uncertainty of model parameters on 

the predicted results of the model. 
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