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Abstract. Accurate estimation of soil water dynamics, soil evaporation and crop transpiration are of great 

importance to make the best use of water in agriculture. In this study, the EU-Rotate_N model, which had 

been widely used for water and nitrogen dynamics for vegetables crops, was improved and evaluated for 

its capacity of simulating soil water movement under the condition of relatively high groundwater table. 

Rigorous validation of the newly modified model against data from two experiments on lettuce and 

tomato revealed that the simulated values of soil water content at various depths during crop growth were 

much better than those computed with the original model, compared with the measured values. The 

calculated statistical indices of the Nash–Sutcliffe model efficiency coefficient and the model agreement 

index were 0.556 and 0.808, respectively, for the Lettuce experiment, while the corresponding figures 

were 0.750 and 0.938 for the Tomato experiment. This indicates that the improvement of EU-Rotate_N 

model was a success, and the modified model could be used in crop production for water and nitrogen 

management more widely. Finally, the further improvement of the model to enhance its accuracy of 

predicting soil water dynamics was discussed. 

Keywords: soil water dynamics, EU-Rotate_N model, agricultural water management, SPAC system, 

agro-hydrological modelling 

Introduction 

Soil moisture is a key variable for understanding hydrological process in the vadose 

zone. Agricultural and irrigation management practices largely depend on a timely and 

accurate characterization of temporal and spatial soil moisture dynamics in the root 

zone because of the impact of soil moisture on the production and health status of crops 

and salinization (Vereecken et al., 2008; Greenwood et al., 2010; Dogan et al., 2019). 

Additionally, soil moisture also plays a major role in the organization of natural 

ecosystems and biodiversity. 

Mathematical models are powerful tools to estimate water and nutrients requirement 

of crops, which is essential information required to devise best farming practices in 

agriculture. The simulations of agricultural systems for water and nutrient cycles have 

increased drastically over the last two decades, in line with the development of more 

powerful hardware and software, and use-friendly interfaces, see reviews by Cannavo et 

al. (2008) and Kumar et al. (2013). Accurate modeling of water movement is crucially 

important for agro-hydrological models. Numerous studies on simulating water 

movement in the soil-crop system have been proposed for various crops grown under 



Zhang et al.: Modelling water dynamics in soil-crop system with an improved model 

- 2164 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(2):2163-2177. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1802_21632177 

© 2020, ALÖKI Kft., Budapest, Hungary 

diverse conditions (Ahuja et al., 1993; Brisson et al., 1998; Shaffer and Brodahl, 1998; 

Šimunek et al., 1999; Rahn et al., 2010; Zhang et al., 2010; Sun et al., 2012; Kumar et 

al., 2013; Sun et al., 2013; Wang et al., 2013; Mohammad et al., 2014; Karandish and 

Šimůnek, 2018; Landl et al., 2019). Amongst these models, there were two approaches 

in simulating water dynamics in the soil. On the one hand, the mechanistic models 

described the movement of water in the soil by the Darcy’s law, and the basic flow 

equation was solved numerically, as shown in RZQM (Ahuja et al., 1993) and Hydrus-

2D (Šimunek et al., 1999) models. On the other hand, empirical approaches were used 

for soil water movement in agro-hydrological models such as STICS (Brisson et al., 

1998), NLEAP (Shaffer and Brodahl, 1998), N_ABLE (Greenwood, 2001) and EU-

Rotate_N (Rahn et al., 2010) models. In the empirical approaches the soil was divided 

into several layers, each with a specific water storage capacity according to the soil 

texture or its physical properties. Water entering a particular soil layer was stored until 

the moisture level reached field capacity, with water above this limit draining to the 

lower adjacent layer, at a rate varying among models. Soil water content at field 

capacity played a determinant role in the transport of water in the empirical approaches. 

Since the algorithms used in the empirical approaches are fairly simple and 

parameters are relatively limited and easily available, empirical approaches are still 

widely used in agro-hydrological models for predicting soil water movement 

(Greenwood, 2001; Zhang et al., 2007, 2009; Pedersen et al., 2010). The EU-Rotate_N 

model (Rahn et al., 2010), which was developed recently with a similar approach for 

soil water movement, has shown encouraging results in simulating various crops on 

different sites under diverse climate conditions (Doltra and Muñoz, 2010; Guo et al., 

2010; Rahn et al., 2010; Sun et al., 2013; Soto et al., 2014). Guo et al. (2010) concluded 

that the EU-Rotate_N model, which was initially designed for the use in European 

outdoor field conditions, could be applied in typical greenhouse in China without major 

modifications. Sun et al. (2013) calibrated and validated the EU-Rotate_N model for 

greenhouse tomato, and found the simulated values of soil water content were in good 

agreement with measured data. Similar results were also reported in the study by Soto et 

al. (2014). However, the experiments in the above studies on different crops were 

conducted under the condition of low groundwater table as the EU-Rotate_N model was 

originally designed for, and no reports were available on the accuracy of the simulated 

soil water content for crops grown under the relatively high groundwater table. 

The main purposes of this study were twofold: (1) to modify the algorithm for soil 

water movement in the EU-Rotate_N model to enable it for crops grown under different 

groundwater conditions, and (2) to evaluate the modified model against data from two 

field experiments on lettuce and tomato conducted under relatively high groundwater 

condition. 

Materials and methods 

Improvements of the EU-Rotate_N model 

EU-Rotate_N model was originally designed for simulating water and nitrogen 

dynamics in the soil-crop system for crop rotations (Rahn et al., 2010). The modules for 

crop growth and nitrogen requirement were identical with those in N_ABLE 

(Greenwood, 2001), which was well validated over a wide range of crops. The modules 

for soil water movement were newly developed. A cascade approach for soil water flow 

was employed. The algorithm for such an approach was simple, but did not work well 
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universally. For the situations of relatively high groundwater table, modification of the 

algorithm is essentially required. 

In the original EU-Rotate_N model, the soil was divided into 5 cm layers, and a 

capacity-based algorithm was used to calculate downwards water movement between 

soil layers (Rahn et al., 2010). In this approach, at any layer, the excessive water above 

field capacity (θFC) drained to the layer below, provided that the soil in that layer was 

not saturated. The amount of water that drains on a given day, Dri (mm), was limited by 

a drainage coefficient, Cdr, which accounted for the effect of the soil hydraulic 

conductivity (Doltra and Muñoz, 2010), i.e.: 

 

 
( )

0

dr i FCi i i FCi

i

C T
Dr

otherwise

   − 
= 


 (Eq.1) 

 

where θi (cm3 cm-3) represents soil water content of the layer i, θFCi (cm3 cm-3) is the 

water content at field capacity, and Ti (mm) is the thickness of the soil layer. The 

drainage coefficient Cdr is calculated using the following equation: 

 

 ( ) /dri si FCi siC   = −  (Eq.2) 

 

in which θsi (cm3 cm-3) is the soil water content at saturation in the layer i. 

It has been demonstrated that the above algorithm performed well in predicting soil 

water content under the condition of deep groundwater table (Wang et al., 2013; Doltra 

and Muñoz, 2010; Guo et al., 2010; Soto et al., 2014). However, when the groundwater 

table is relatively high, drainage may not occur in some part of the computational 

domain. Also, in the event of soil water content in a layer is smaller than that in the 

layer below for a given soil, no drainage would happen either. Therefore, in order for 

the model to deal with such situations, alterations of the algorithm for soil water 

movement of the model are required. In this study, we proposed the following algorithm 

for computing soil water drainage. The total amount of water drainage between soil 

layers, for a given soil layer i, was assumed to be the sum of the excessive water above 

saturation, Dri1, and the drained water induced by soil water content between field 

capacity and saturation, Dri2, i.e. 

 

 21 iii DrDrDr +=  (Eq.3) 

 

where Dri1 (mm) is the excessive water above saturation, Dri2 is the drainage amount 

caused by soil water above field capacity. 
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where Dri-1 (mm) is the drainage amount from the soil layer above i-1. 

The equation for calculating 2iDr
 (mm) is given below: 
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where θi+1 is the soil water content in the layer below i + 1. 

 

Experiments 

The experiments on lettuce (Lactuca sativa L.) and tomato (S. lycopersicum) were 

carried out on the farm of Haitong Times Agricultural Co Ltd, Cixi, Ningbo, Zhejiang 

province, in eastern China (121.50°E, 30.11°N). The location is 7 km away from the 

seaside. The soil in the farm is silty loam, with fairly uniform distribution in the profile. 

The soil physical properties are shown in Table 1. 

 
Table 1. Soil physical properties in the experimental site 

Soil layer (cm) Texture (-) Sand (%) Silt (%) Clay (%) Bulk density (g cm-3) 

0-20 Silty loam 48.5 46.8 4.7 1.19 

 > 20 Silty loam 49.1 46.5 4.4 1.45 

 

 

A fully randomized method was used in the experimental design. The field was 

divided into 7 experimental plots. The plots for the Tomato experiment were 6 m × 

30 m, and the size for the Lettuce experiment was 6 m x 10 m. Lettuce was sowed on 3 

June 2014 and harvested on 31 July 2014, while tomato was transplanted on 23 April 

2014 and harvested on 15 August 2014. Lettuce was broadcast sowed, having an 

averaged plant population of 70 plants m-2. Tomato plants were spaced at 30 cm within 

the row and 60 cm between rows. No irrigation was applied during the experiments, 

except for a small amount of irrigation in the seedling stage to help plants to develop. 

Fertiliser management was in accordance with local farming practice which was used 

for growing the same crops in the farm over the years. Pests control was carried out by 

conventional pesticides, when it was required. Weeds were managed manually. 

Soil volumetric water content was measured with the SM100 sensors (Spectrum 

Technologies, Inc., Aurora, IL, USA). The SM100 sensors were positioned at the 10, 

30, 50 cm depths in both the Lettuce and the Tomato experiments (unfortunately the 

sensors at the 30 cm depth did not function properly in the Tomato experiment). Since 

the measurements of soil water content in the soil profile were used for testing the 

model, it was not necessary to collect data from the depths too close to each other. The 

selection of soil depths with 20 cm intervals for sensors in this study was according to 

common practice for similar crop experiments. Sensors were installed in the soil 

horizontally. Prior to the installations, the SM100 sensors were calibrated using soil 

pillars with difference water content in the lab according to the product’s manual. The 

volumetric water content data were recorded every 30 min on a Watchdog 1400 data 

logger (Spectrum Technologies, Inc., Aurora, IL, USA). 

Daily air temperature and relative humidity were provided by a local weather station. 

Solar radiation was automatically measured and recorded every 30 min with a 

pyranometer (Mod. TBQ-2, JinZhou Sunshine Meteorological Science Co., Liaoning, 

China). Since the model uses a daily time step, the frequency of every 30 min for 
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collecting solar radiation was considered sufficient enough. Rainfall was measured and 

recorded by Watchdog Data-Logging Rain Gauge (Spectrum Technologies, Inc.). Both 

solar radiation and rainfall were collected at the weather station installed on the 

experimental site. The observation of groundwater table was carried out in a well which 

was dig in the experimental field. The measured values of daily mean air temperature, 

relative humidity, rainfall and solar radiation are shown in Figure 1. 

 

 

Figure 1. Measured daily mean air temperature and relative humidity (a), solar radiation and 

rainfall (b) during the experiments 

 

 

Preparation of model run 

Model parameterization 

The parameters required to run the modified EU-Rotate_N model were the same as 

those for the original model listed in Rahn et al. (2010). Basically, the data from soil, 

crop and weather were required in the simulations. In this study, the model was used for 

modeling water dynamics in the soil-crop system, and therefore the data given below 

were only for this purpose. 
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The required soil data were fairly simple and limited, including characteristic soil 

water content at saturation, field capacity and the permanent wilting point. Such a 

dataset was obtained by applying the Saxton and Rawles’ (2006) approach to the 

measured soil physical properties. Saxton and Rawles’ (2006) proposed a set of 

pedotransfer functions for estimating characteristic soil water content and soil moisture-

tension relationships for various types of soils. The derived equations were based on 

soil texture and soil particle distribution (Saxton et al., 1986), and have been used 

extensively in previous studies for determining characteristic soil water content and soil 

hydraulic functions (Fry et al., 2014; Nyeko, 2015). 

Crop data used in the EU-Rotate_N model were the dates of crop planting/sowing 

and harvest, and the durations of the various crop growth stages and their associated 

dual coefficients for potential soil evaporation and crop transpiration. The durations of 

the initial, development, middle and late stages for the crop were calculated according 

to the proportionalities over the entire growth period given in the FAO56 (Allen et al., 

1998) for a given crop. Also, the corresponding values of crop coefficient were taken 

from the FAO56. Thus, on any day during growth the values of potential evaporation 

and transpiration could be calculated, given the reference evapotranspiration ETo was 

known. The detailed procedure for calculating ETo was given elsewhere (Allen et al., 

1998). 

Weather data were mainly used for estimating daily ETo. The weather variables, 

including daily air temperature, relative humidity, solar radiation, wind speed and 

rainfall, were all measured in the way described above, and were used directly in the 

simulations. 

 

Computational domain and boundary conditions 

The calculated soil depth in the EU-Rotate_N model was fixed to 200 cm (Rahn et 

al., 2010, 2007). The soil column was evenly divided into 40 layers with a thickness of 

5 cm each layer. The model operated on a daily basis. The upper boundary condition in 

both experiments was set as atmospheric, i.e. the top soil layer subject to rainfall and 

evaporation. The lower boundary was specified as the soil below the 70 cm depth in 

saturation based on the observations. The time of the first measurements and the 

measured values of soil water content along the profile were used as the starting point 

and the initial conditions of the simulations. 

 

Model evaluation 

To evaluate the ability of the modified model to predict the values of temporal and 

spatial soil water content, statistical analyses were carried out using the indices of the 

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

of the mean squared errors (RMSE) and the model agreement index (d) (Willmott, 

1981). These indices were used extensively in assessing hydrological models in 

previous studies. 
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where n is the total number of samples, Y and Y’ are the simulated and measured values, 

respectively, and 'Y  is the average of the measured values. For a perfect match between 

simulation and measurement, both NSE and d are equal to 1, and RMSE is 0. 

Results and discussion 

For the evaluation of the modified model, both the original and modified models 

were first run against the same measured data collected from the experiments on lettuce 

and tomato. The simulated results were then compared to make an objective assessment 

of the performance of the modified model. 

 

Overall evaluation of the modified model 

The overall comparison of temporal and spatial soil water content between 

simulation and measurement for both Lettuce and Tomato experiments is shown in 

Figure 2, and the quantitative statistical results are listed in Table 2. In both 

experiments, the simulated values are highly correlated with the measured values 

(Fig. 2). The gradient of the best fitted lines is approximately 1 and the intercept is close 

to 0. The regressions of the simulated values against the measured values give a high R2 

value greater than 0.61. The calculated values of NSF and d are greater than 0.56 and 

0.81, respectively, while the RMSE value is smaller than 0.027 cm3 cm-3. The 

calculation of NSF, d and RMSE values were also carried out for the simulated results 

from the original model. The calculated RMSE were 0.038 and 0.036 cm3 cm-3 for 

lettuce and tomato, respectively, greater than those from the modified model (Table 2). 

The values of NSF were -1.838 for lettuce and 0.562 for tomato, much worse than those 

from the modified model. This was especially true for the Lettuce experiment where 

NSF value even went to negative, indicating that the original model was unable to make 

reasonable predictions. All these indices suggest that the original model performed 

poorly and the modified EU-Rotate_N model was capable of re-producing 

measurements of soil water content fairly well. This proves that the improvement of the 

model was essential and successful. 

Detailed comparisons of soil water content between the measured and simulated 

values with the modified EU-Rotate_N model at various depths in both experiments 

during crop growth were carried out (Figs. 3 and 4). Also shown in the graphs were the 

simulated results of soil water content from the original EU-Rotate_N model. It is 

evident that the simulated results from the modified model were far better than those 

from the original model, compared with the measured values. Not only did the modified 

model produce the same variation patterns in soil water content, but also the values 

were in good agreement with the measurements throughout the growing periods. The 
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original model, on the other hand, failed to produce the results comparable with the 

measurements. The discrepancies between the measurement and simulation with the 

original model increased with time, especially at the deeper depths. The principal 

reasons for the discrepancies were due to the inability of the original model to handle 

the lower boundary condition of soil at saturation and the inappropriate algorithm for 

downwards water flow between soil layers. Clearly, Figs. 3 and 4 demonstrated that the 

modification of the model was essential to simulate the crops in the present 

experiments. The work carried out in this study was a significant improvement of the 

original model to extend its use for modeling water dynamics in the soil-crop system 

under more diverse conditions. 

 
Table 2. Statistical indices of the simulated results of soil water content 

Experiment RMSE (cm3 cm-3) NSE (-) d (-) 

Lettuce 0.024 0.556 0.808 

Tomato 0.027 0.750 0.938 

 

 

 

Figure 2. Overall comparison of soil water content (SWC) between simulation and 

measurement. 

 

 

In the Lettuce experiment soil water content remained high and fairly constant at the 

30 cm and 50 cm depth, except for the beginning and towards the end of the experiment 

(Fig. 3). This could be attributed to the fact that during the most period of the 

experiment the amount of rainwater exceeded the crop evapotranspirational demand. 

Over the experiment the cumulative rainfall reached as high as 367.6 mm. At the 50 cm 

depth, the soil was near its saturation throughout the experiment caused by combined 

effects of excessive rainfall, high groundwater table and the short rooting depth of the 

crop. Marked changes in soil water content at the 10 cm depth were observed and 

simulated in the Tomato experiment (Fig. 4). Soil water content decreased steadily at 

the beginning of the experiment due to the dry spell during the period. Big increase in 

soil water content occurred during the heavy rain period between 16th June to 30th June 

when an increase of 0.18 cm3 cm-3 was recorded and 0.19 cm3 cm-3 was simulated. High 

and fairly constant soil water content during 1st July to 10th July was observed for the 

reason explained in the Lettuce experiment. At the later stages of the experiment there 
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were 3 dry-wet cycles which coincided with the rain pattern (Fig. 1). The changes in 

simulated soil water content at the 50 cm depth were small, in good agreement with the 

measurements (Fig. 4). 

 

 

Figure 3. Detailed comparison soil water content at the depths of 10 cm (a), 30 cm (b) and 

50 cm (c) between simulation and measurement in the Lettuce experiment 
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Figure 4. Detailed comparison soil water content at the depths of 10 cm (a) and 50 cm (b) 

between simulation and measurement in the Tomato experiment 

 

 

The simulated soil evaporation and crop transpiration 

Figure 5 shows the cumulative simulated soil evaporation and crop transpiration 

during growth, together with the cumulative rainfall. In both experiments, the simulated 

seasonal evapotranspiration approximately equaled the potential value, suggesting that 

the crop demand for water for the maximum growth was basically met. This was 

primarily down to the fact that the experiments were carried out in the fairly wet season. 

The cumulative seasonal potential evapotranspiration were 188.8 mm and 251.8 mm for 

the Lettuce and Tomato experiments, respectively, far less than the cumulative rainfall 

of 367.6 mm and 398.5 mm in the same periods. This indicates that the crop 

evapotranspiration was mainly met by the rainfall, not so much by the initially stored 

soil water. High soil evaporation occurred at the early crop development stage (Fig. 5). 

At this stage the ground cover was less intense and thus the evaporation demand was 

larger. Contrary to soil evaporation, the big crop transpiration happened when the crop 
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was at its mid-season and later development stage. It should be pointed out that due to 

the combined effects of lack of rainfall (Fig. 1b) and the dry soil on the surface 

(Fig. 4a), soil evaporation was neglectable before 16th June in the Tomato experiment 

even when the crop was small (Fig. 5b). 

 

 

Figure 5. Cumulative rainfall, simulated evaporation and transpiration in the Lettuce 

experiment (a) and in the Tomato experiment (b) 

 

 

Crop water uptake from the rooting depth 

It is interesting to quantify the proportions of crop transpiration made by roots in 

various part of the rooting depth. There have been reports that each quarter of the 

rooting depth from the surface accounted for about 40%, 30%, 20% and 10% of the 

total water uptake (Molz and Remson, 1970; Kumar et al., 2013). In both experiments 

in this study the potential crop transpiration was all basically met (Fig. 5), indicating 

that roots in the various parts of the root zone absorbed the assigned amount of potential 

transpiration. Since the assignment of potential transpiration was according to the root 

distribution in the soil profile, the proportion of water uptake in each rooting depth was 

equal to that of the root distribution. In the EU-Rotate_N model, root distribution was 
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normalized in the soil in the manner of dze z


−

1

0


 with α being the shape parameter 

controlling root distribution, z being 0 at the surface and 1 at the bottom of the root zone 

(Rahn et al., 2010). α was parameterized to be 2 for both lettuce and tomato in the 

model. This worked out that each quarter of rooting depth from the upmost contributed 

about 46%, 28%, 17% and 10% of the total water uptake, respectively, in agreement 

with the experimental evidence by Molz and Remson (1970) and Kumar et al. (2013). 

The EU-Rotate_N model is a generic model for water and nitrogen management in crop 

production, and has up-to-data been parameterized for a wide range of crops (Rahn et 

al., 2010). For all the crops in the model the shape parameter α varies from 1.5 to 3. 

Table 3 shows the proportions of roots in each quarter of the normalized rooting depth 

calculated from different shape parameter values. Broadly they are in reasonable ranges. 

 
Table 3. Proportion of roots in each quarter of the normalised rooting depth 

αa (0~1/4) RDb (1/4~1/2) RD (1/2~3/4) RD (3/4~1) RD 

1.5 0.40 0.28 0.19 0.13 

2 0.46 0.28 0.17 0.10 

3 0.56 0.26 0.12 0.06 

aα represents shape parameter controlling root distribution 
bRD represents the normalised rooting depth (0~1) 

 

 

Drainage coefficient 

A capacity-based algorithm with a single drainage coefficient was used in each soil 

layer in the simulations of soil water movement in the EU-Rotate_N model. The biggest 

advantage of such an algorithm is its simplicity, and the values of characteristic soil water 

content are relatively easier to obtain, compared with the soil hydraulic parameters 

describing soil water retention and conductivity curves. In this study the drainage 

coefficient was calculated with Equation 2, and the results appeared to be encouraging, as 

shown in other previous studies (Doltra and Muñoz, 2010; Soto et al., 2014). However, 

Equation 2 might not be universally held due to the complexity of the soil, and the EU-

Rotate_N model treated the drainage coefficient as an optional model input (Rahn et al., 

2010). If possible, the model users should calibrate this parameter to get better results. 

The numerical simulations of soil water movement using the Richards’ equation are 

more accurate, and normally involved in complicated numerical schemes such as the 

finite element method (FEM) and finite difference method (FDM). Recently there was a 

simplified numerical scheme, named Integrated Richards Equation (IRE) method, 

proposed and tested in the soil-crop system for water cycle (Yang et al., 2009). This 

scheme, based on the work by Boone and Wetzel (1996) and Lee and Abriola (1999), 

applied a simple and explicit FDM approach on each soil layer with a small time step. It 

has been demonstrated that with a time step of 0.001 d the IRE method could produce 

the simulated results as accurately as those from FEM. Since the IRE method employed 

an algorithm similar with that from the capacity-based method, the procedures for 

modeling water dynamics in the soil-crop system with the basic flow equation were 

greatly simplified. Such an approach could be utilized in the EU-Rotate_N model in the 

future so that the model could be more flexible in using different approaches for the 

simulations of soil water movement. 
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Conclusions 

A simple and effective algorithm has been proposed and tested in this study to 

simulate soil water movement for the EU-Rotate_N model. The simulated values of soil 

water content at various depths agreed fairly well with the measurements gathered from 

two experiments on crops with different rooting depth. Compared with the original 

model, the modified model with the new algorithm for soil water dynamics has greatly 

enhanced the accuracy of predicted soil water content. This suggests that the 

modification of the model was successful, and the model could be used more widely for 

water management in crop production. 
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