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Abstract 
Simulation of water and nutrient processes can enhance intensive agriculture 
in China to help feed about one-fifth of the world’s population in a sustain-
able manner.  In this study, we calibrated and tested the RZWQM model to 
assess its potential as a nitrogen (N) management tool in a double-cropping 
system comprised of winter wheat (Triticum aestivum L.) and corn (Zea mays 
L.) at Luancheng, North China Plain. Data used for model testing included 
crop growth, soil water, and soil-crop N of field trials conducted from 2001 
to 2003 in four split doses (200 to 800 kg N ha-1). In general, biomass, plant 
N uptake, and residual soil N predictions showed greater departures from 
measurements than total profile (0-180 cm) soil water and grain yield.  Soil 
profile water contents were predicted within ±2% and biomass prediction 
errors were between -2.9% and 2.1%. Grain yield was consistently under-
predicted, but only by 5% to 7%.  Other prediction errors ranged from -0.8% 
to 5.7% for Crop N uptake, 0.3% to 6.0% for grain N uptake, and -13.6% to 
28.7% for residual soil N. The calibrated model predicted an average yearly 
loss of about 43% of applied N to the environment.   
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1. Introduction 

RZWQM is a comprehensive, process-based, agricultural system model that 
can simulate the complex interactions in the soil-plant-atmosphere system as 
affected by irrigation, fertilization, tillage and other management practices, 
and predict their effect on crop yield and water quality (Hanson, et al., 1998; 
Ahuja, et al., 2000). The generic crop model included in RZWQM can be 
parameterized to simulate specific crops (Hanson, 2000). The generic crop 
model of RZWQM has been parameterized to simulate corn, wheat and soy-
bean and validated against measured data (Saseendran et al., 2004; Ma et al., 
2003; Hanson et al., 1999; Wu et al., 1999; Ghidey et al., 1999; Jaynes et al., 
1999; Martin et al., 1999; Farahani et al., 1999; Landa et al., 1999).  Major 
components of RZWQM have been validated by Ma et al. (2001). Various N 
management strategies for rainfed winter wheat in Eastern Colorado have 
been developed using RZWQM (Saseendran et al., 2004). RZWQM has not 
been tested for its potential for N management in double cropping systems 
(two crops harvested in any single year) involving corn and winter wheat, 
especially outside the US continent. Objectives of this study were to calibrate 
and validate the RZWQM for simulation of an irrigated wheat-corn double 
cropping system in North China Plain, under various N application rates, and 
to make recommendations on N use efficiency in China under double crop-
ping systems 

2. Material and methods 

2.1 Site description 

Field experiments were conducted at Luancheng Agroecosystem Experimen-
tal Station (37°53′N, 114°41′E, elevation 50 m), Chinese Academy of Sci-
ences, which is located at the piedmont of Taihang Mountains, in North 
China Plain (NCP).  Daily meteorological data of air temperature, solar radia-
tion, wind speed, humidity and precipitation were collected from a weather 
station located at about 300 m from the experimental site.  Mean annual pre-
cipitation at the station is about 536 mm, 70 % of which is received during 
July-September.  Annual average air temperature is 12.2 oC. The soil type of 
the area is predominately silt loam (Agric Rusty Ustic Cambisols) (Zitong, 
1999). The predominant cropping system in the region is a corn - winter 
wheat double cropping system (two crops harvested in any single year) with-
out a fallow period between the crops.  Crops are generally irrigated with 
groundwater. The experiment for the study was conducted over a 5 year pe-
riod (1998-2003), but detailed data for the simulation study were available 
only from 2001 to 2003. A randomized block design was used, and there 
were 4 treatments (i.e. 200, 400, 600, and 800 kg N ha-1) with three replica-
tions each. Each plot was 2.5m× 2.5m, and was bordered by a concrete wall 
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to 2 m depth to prevent lateral flow of water and nutrients. Corn and winter 
wheat planting density was 67200 plants ha-1 and 200000 plants ha-1. The row 
space was 0.8m for corn and 0.15m for winter wheat. N application rate was 
49.68 kg ha-1, 99.82 kg ha-1, 149.50 kg ha-1and 192.28 kg ha-1 per time for 
treatments of 200, 400, 600, and 800 kg N ha-1 respectively. N fertilizer was 
applied 2 times during corn growth period and 2 times during winter wheat 
growth period. A summary of the crop management details was shown in 
Table 1. Nitrogen was applied in the form of Urea in four equal split doses at 
(1) pre-planting of winter wheat, (2) jointing stage of winter wheat, (3) seed-
ling stage of corn, and (4) tassel stage of corn.  The crops were irrigated at 
the rate equivalent of 70 mm depth of water after each N fertilizer applica-
tion, i.e., four times a year.  The actual irrigation amount applied to each plot 
every time was recorded with flow meters (Table 1). Winter wheat was 
planted in late September or early October, and summer corn was planted in 
early June the following year after wheat harvest, continuously with virtually 
no fallow period in between the crops. Crop cultivars used were “Gaoyou 
503” for winter wheat and “Yedan24” for corn.  

Table 1. Summary of crop management practices conducted for the experi-
ment during 2001 to 2003.  

2001-2002 2002-2003 
 

Management 
events 

Corn Winter 
wheat 

Corn Winter 
wheat 

Corn 

Planting date 
day/month/year 

12 /06/01 12 /10/01 15/06/02 16/10/02 15 /06/03 

Tillage date     10 /10/01  16/10/02  
5 /07/01 

7.5 
6/10/01  

9.3 
16 /06/02 

11.6 
7/10/02 

9.3 
23 /06/03 

7.0 
13/08/01 

7.5 
30 /11/01 

7.0 
17 /07/02 

11.6 
16/11/02 

7.0 
15/07/03 

7.0 
 15/03/02 

7.0 
20/08/02 

9.3 
12/04/03 

7.0 
14/08/03 

4.7 
 25/04/02 

7.0 
   

Irrigation date 
and amount 
(cm)    
   
  

 30/05/02 
7.0 

   

Fertilizer ap-
plication date  

5/07/01 10 /10/01 16/06/02  16/10/02 15/07/03 

* WC200N: 200 kg N ha-1Year-1, WC400N: 400 kg N ha-1Year-1, WC600N: 600 kg 
N ha-1Year-1, WC800N: 800 kg N ha-1Year-1. 

Soil water contents were monitored weekly at the center of each plot to 180 
cm at intervals of 20 cm using a neutron probe.  Soil samples for residual N 
analysis were collected down to 180 cm in 20 cm increments and three repli-
cations in June and September immediately after the harvests of winter wheat 
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and summer corn.  Nitrate N in the soil samples was determined by standard 
flow injection analysis of 2 M KCl extracts with fresh soil.  Individual plots 
were harvested manually. Above-ground biomass (less 5 cm stubble) was 
sampled from the plots. Grains were then separated using a thresher. The 
grains and straw were air-dried, and their residual water contents were meas-
ured. All plant samples were dried at 75 oC and ground to pass a 2-mm mesh 
screen for plant N analysis. 

2.2 Model description 

Detailed descriptions of the different components of the RZWQM are avail-
able elsewhere (Ahuja, et al., 2000; Hanson et al., 1998).  In the model, water 
infiltration is calculated with the Green-Ampt equation (Green and Ampt, 
1911) and vertical water redistribution is calculated by solving the Richards’ 
equation.  Soil hydraulic properties are estimated using the Brooks-Corey 
equation (Brooks and Corey, 1964). The OMNI sub-model drives the Or-
ganic Matter/Nitrogen cycling in RZWQM (Shaffer et al., 2000).  The ge-
neric crop model included in RZWQM can be parameterized to simulate spe-
cific crops (Hanson, 2000).  Crop management practices simulated are crop 
planting, fertilizer (inorganic and organic) and irrigation applications, and 
tillage operations. Organic manure and crop residue (C and N) dynamics on 
the soil surface and sub-soil are also simulated.  

2.3 Model parameterization and calibration 

Field measured values of soil profile water content, profile soil temperature, 
crop residue mass, soil profile nitrate, bulk density, and soil organic matter 
content of different N experiments at planting in the year 2001 were used as 
initial conditions for model simulations (Table 2).  Crop-soil data of the ex-
periment with N dosage at 200 kg N ha-1 (WC200N) from 2001 to 2003 were 
used for model calibration, and data from 400 kg N ha-1 (WC400N), 600 kg 
N ha-1 (WC600N), and 800 kg N ha-1 (WC800N) N dosages were used in the 
model validation.  

The RZWQM model needs to be calibrated for soil hydraulic properties, nu-
trient properties and plant growth parameters for the site and crops (Hanson 
et al., 1999).  We followed the detailed procedures for calibrating the 
RZWQM as laid out by Hanson et al. (1999), and Ahuja and Ma (2002).  
Model default values of hydraulic parameters for a silt loam soil were used in 
the simulations.  After following the calibration procedure for soil moisture, 
in order to improve the match between the measured and simulated soil mois-
ture we further calibrated the 33kPa soil water content. The calibrated values 
of 33kPa water content for silt loam soil along with measured sand, silt and 
clay fractions are given in Table 3.  
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Table 2.  Measured soil initial conditions used for the RZWQM simulations 

Soil depth 
(cm) 

Soil Temperature 
(oC) 

Bulk density 
(mg m-3) 

Organic matter 
(mg kg-1 ) 

0-15 26.6 1.22 13.5 

15-30 25.8 1.43 13.0 

30-105 19.65 1.46 8.5 

105- 170 14.9 1.56 8.5 

170- 200 14.9 1.49 6.5 

200- 212 14.9 1.49 6.5 

 Soil water content  (cm3 cm-3 ) 

 (1) (2) (3) (4) 

0-15 0.2148 0.2368 0.2260 0.2145 

15-30 0.2613 0.2532 0.2548 0.2548 

30-105 0.2866 0.2745 0.2891 0.2891 

105- 170 0.3039 0.3072 0.2998 0.2998 

170- 200 0.3331 0.3130 0.3276 0.3276 

200- 212 0.3552 0.3324 0.3239 0.3239 

 Residual nitrate  (µg N g-1) 

0-15 5.14 5.25 5.62 9.94 

15-30 1.03 4.46 11.67 58.87 

30-105 0.34 6.20 8.48 51.75 

105- 170 1.88 14.6 19.39 52.01 

170- 200 4.63 17.25 17.8 39.8 

200- 212 4.5 17.8 18.5 40.0 

 (1) WC200N; (2) WC400N; (3) WC600N; (4) WC800N 

Table 3.  Soil properties calibrated for the RZWQM simulations 

Depth 

(cm) 

*Ksat  

(cm h-1)  

Sand 

 

Silt Clay 33 k Pa water content 

(cm3 cm-3) 

0-105 0.88 0.2 0.65 0.15 0.3055 

105-212 0.12 0.5 0.05 0.45 0.3222 

* Ksat is saturated hydraulic conductivity 
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Calibration of the soil nutrient component of the model involves establish-
ment of the initial values for fast and slow soil residue pools; slow, medium, 
and fast soil humus pools; and the three microbial pools viz.: 1) aerobic het-
erotrophs, 2) autotrops, and 3) anaerobic heterotrophs. In the present experi-
ment we had measured values of soil organic matter contents (Table 2), 
which were used as a reference point for calculation of the different residue, 
soil humus, and microbial pools (Ahuja et al., 2000).   

The generic crop growth model was calibrated last. Procedures and methods 
for calibrating these parameters are described elsewhere (Hanson et al., 1999; 
Ahuja and Ma, 2002). Farahani et al. (1999) developed plant-growth parame-
ters for corn for testing the model in Colorado. These parameters were modi-
fied by Ma et al., (2003).  Saseendran et al. (2004) parameterized the generic 
crop model of RZWQM for simulation of winter wheat in Eastern Colorado, 
USA. Calibration of parameters for the corn cutivar “Yedan24” and for  win-
ter wheat cultivar “Gaoyou 503” used in the study for Northern China Plains 
climate were based on Ma et al. (2003) and Saseendran et al. (2004) respec-
tively. These parameters were calibrated based on field measured values of 
grain yield, biomass, soil water content at different layers, N uptake by grain, 
N uptake by above ground biomass, and residual NO3 - N in the soil profile 
(180 cm) at harvest. To facilitate the optimization, a computer program was 
developed and used to run the model with input estimates of these parameters 
over a range of values, based on literature and default values available in the 
RZWQM model. The combination of these parameters with the lowest mean 
error in the simulations of grain yield, biomass, soil water content at different 
layers, N uptake by grain, N uptake by total biomass, and residual NO3 - N in 
the soil profile (180 cm) were selected as the final estimates of these parame-
ters.  

Measured as well as simulated data of soil water, plant N uptake, residual soil 
N, and grain and biomass yield were analyzed for treatment differences to be 
significant (P < 0.05)  by one-way analysis of variance (Dowdy and 
Wearden, 1991).  Two statistics were used to evaluate simulation results: (i) 
Root Mean Square Error (RMSE), Eq. (1), which shows the average devia-
tion between predicted and observed values, and (ii) Relative error (RE), Eq. 
(2), and (iii) Mean Relative Error (MRE), Eq. (3), which give the bias of the 
predicted value relative to the observed value.  

RMSE = ∑
=

−

n

i
ii OP

n 1

2)(1
    .……………………(1) 

                      REi  = 
( ) %100

i

ii

O
OP −

    ………….(2) 
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MRE = i

n

in∑=1
RE1

         …………………………..(3) 

Where Pi is the ith predicted value, Oi is the ith observed value, and n is 
the number of data pairs. 

3. Results 

3.1 Calibration 

Grain yield, biomass, grain N uptake, biomass N uptake, and residual NO3 -N 
in the soil at harvest for the WC200N experiment during the 5 crop seasons 
of the experimental period, i.e. 2001 to 2003, were used in model calibration 
for simulation of the winter wheat-corn double-cropping system. Evaluation 
of the calibration data set showed that the model could be calibrated to 
achieve a reasonable match between simulated and field measured crop 
growth (Table 4), soil water contents (Fig.1 and 2a) , and crop-soil N parame-
ters (Table 4).  Simulated water contents in different soil layers showed rea-
sonably good agreement with field measured values with an RMSE of 0.045 
m3 m-3 (Fig. 1).  In contrast to deeper soil layers, simulated water contents in 
the top 20 cm soil layer showed less degree of correspondence with the field 
measured values.  As presented above, a neutron probe was used for meas-
urement of soil water for all soil layers in this experiment, as such it is possi-
ble that at 20 cm depth the neutron probe measurements were not very reli-
able.  Simulated total soil profile (0-180 cm) water content also showed rea-
sonable agreement with the measured values (Fig. 2a) with an RMSE of 5.4 
cm.   

Grain yield simulations showed a RMSE of 487 kg ha-1 over the 5 cropping 
seasons (Table4).  Field measured values of winter wheat grain yields 
showed greater variability (3267 - 4901 kg ha-1) than corn (5623 – 6241 kg 
ha-1). Model simulations also showed similar variability in grain yield predic-
tions (3345 - 4805 kg ha-1 for wheat and 5034 – 5813 kg ha-1 for corn).  The 
relative errors (Eq. 2) of grain yield predictions over the five cropping sea-
sons were between -13.0 and 2.4%. Measured above ground biomass for the 
WC200N treatment varied between 9167 and 12553 kg ha-1 (Table 4), 
whereas the model simulated range between 10098 and 13858 kg/ha. The 
biomass predictions showed greater errors compared to grain yield predic-
tions with RMSE of 2302 kg ha-1 and RE varying between -17.0 and 50.1 %. 

Measured grain N uptake over the five cropping seasons varied between 74 
and 119 kg ha-1 and the model simulations ranged between 74 and 112 kg ha-1. 
RMSE of simulations of grain N uptake was 14.5 kg ha-1 with RE of individ-
ual predictions ranging from -19.1 and 23.9 % (Table 4).  Simulated values of 
biomass N uptake showed an RMSE of 15.4 kg ha-1 with RE ranging between 
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-8.4 and 32.1 %.  REs of residual NO3 -N in the soil at harvest simulations 
ranged from -52.8 and 25.2% over the five cropping seasons with an RMSE 
of 31.6 kg ha-1. 

Table 4. Comparison of measured and model simulated parameters during 
the calibration period (experiment : WC200N)  

Crop / Year / Date Observed Simulated R E RMSE R2 
Grain yield ( kg ha-1) 

Corn  (2001)             6241 5813 -6.85 
Wheat (2001-2002)     4901 4805 -1.96 
Corn  (2002)               6150 5351 -12.99 
Wheat (2002-2003)     3267 3345 2.39 
Corn  (2003)               5623 5034 -10.47 

486.90 0.96 

Biomass ( kg ha-1 ) 
Corn  (2001)               12237 10162 -16.96 
Wheat (2001-2002)    12553 13828 12.86 
Corn  (2002)               12060 10601 -12.10 
Wheat (2002-2003)     8167 12260 50.08 
Corn  (2003)               11026 10098 -8.41 

2219.66 0.11 

Grain N uptake (kg ha-1) 
Corn  (2001)              93 112 20.43 
Wheat (2001-2002)     119 111 -6.72 
Corn  (2002)               91 87.4 -3.96 
Wheat (2002-2003)     74 91.7 23.92 
Corn  (2003)               91 73.6 -19.12 

14.52 0.22 

Biomass N uptake (kg ha-1) 
Corn  (2001)               159 164 2.80 
Wheat (2001-2002)     150 154 2.01 
Corn  (2002)               157 144 -8.42 
Wheat (2002-2003)     95 126 32.05 
Corn  (2003)              151 145 -4.38 

15.38 0.72 

Residual soil NO3 –N (0-180 cm)  (kg ha-1 ) 
 28.9.2001  
(at corn harvest) 

 
65 

 
82 

 
25.19 

13.6.2002 
( at wheat harvest) 

68 54 -19.58 

28.9.2002  
(at corn harvest) 

62 74 20.35 

13.6.2003  
(at wheat harvest) 

126 59 -52.77 

13.10.2003 
(at corn harvest) 

81 88 8.17 

 
31.91 

 
0.13 
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Fig. 1. Comparison between the model predicted and field measured soil 
water contents at various soil depths for the WC200N experiment (model 
calibration). 

3.2 Validation 

3.2.1 Soil water content 

Analysis of variance of both measured (P=0.47) and model predicted 
(P=0.98) soil water contents did not show any significant difference between 
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different N treatments. Model predictions of soil profile water content (0-180 
cm) under all the four N treatments (400, 600 and 800 kg N ha-1) under both 
wheat and corn crops (5 crop seasons during 2001 to 2003) have shown rela-
tively good agreement with the measured values (Fig. 2b).  RMSEs of soil 
profile water contents were between 5.42 and 5.56 cm, and ME between -
1.26% and 1.38%. In general, the model simulated the correct timing of most 
of the observed drying and wetting events over time for all treatments (Fig. 3 
and 4). 

( b )
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Fig. 2.  Comparison between the model predicted and field measured soil 
profile (180 cm) water content  
 
(a) Calibration results for WC200N experiment during 2001 to 2003. (b) Validation 
results for WC400N, WC600N and WC800N experiments during 2001 to 2003. 
Numbers given in brackets of the legends are corresponding RMSEs 
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Fig. 3. Comparison between model predicted and field measured soil profile 
(180 cm) water contents for the WC400N experiment (other experiments 
have similar trends, as such not included in the figure) 
 

3.2.2 Total soil profile residual nitrogen (NO3 – N ) 

Prediction of the residual soil profile NO3 – N amounts over extended num-
ber of years is difficult because of the number of plant-soil-environment fac-
tors that interact and influence N cycling in the soil and the large temporal 
and spatial variation of these parameters.  High variability in the measured 
values across replications of the experiment is reflected in the standard devia-
tions of these measured values from the mean (Fig. 4). Nevertheless, analysis 
of variance showed significant differences between different N treatments in 
residual soil N levels in both measured (P = 7.5 X 10-6) and model predicted 
(P = 3.9 X 10-8) data. The model predictions were in reasonably close agree-
ment with the measured values. 

3.2.3 Simulated Nitrogen losses  

No field measured values of volatilization, seepage and denitrification losses 
of N from the crop-soil environments were available for analysis in the pre-
sent study. We attempted to compare the model predictions of these variables 
with those reported in the literature. Li et al. (2001), Wang et al. (2002), and 
Cai et al. (2002) reported volatilization losses of 9.9-37.0%, 18%, and 0.6-
18.0% of applied N in the field respectively.  The model simulated volatiliza-
tion losses between 2.37 and 12.88% for various application rates (table 5). 
Cai et al. (2002) reported a 0.8% denitrification loss of applied N in the field, 
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the model simulated denitrification losses ranged 0.17 and 0.41% for various 
N application rates.  In general, model predications were reasonably close to 
the values reported for the region. Model simulations showed increase in N 
losses due to volatilization, seepage and denitrification with increased N ap-
plication rates (Table 5).  Model simulations show that the ammonia volatili-
zation and N seepage are the main sources of loss of fertilizer applied N.  N 
lost in deep seepage is a potential source for contamination of groundwater in 
these areas with increased application rates in agriculture (Zhang et al., 1995; 
Zhang et al., 2003), and they require more attention for its control through 
proper N fertilizer management. 
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Fig. 4. Comparison between the model predicted and measured soil residual 
NO3 - N for all the four N experiments during 2001 to 2003 (five crop seasons 
per experiment). 
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Table 5. Model predicted total initial, applied, and mineralized N; volatiliza-
tion, seepage, and denitrification losses of N; and N uptake, residual N at 
harvest, and N use efficiency (NUE) for the 5 crop seasons under various N 
treatment rates. 

Treatments WC200N WC400N WC600N WC800N 
Initial soil N (measured) 84 385 480 1530 

N applied (kg N ha-1) 497 998 1496 1923 

N minerali-zed (kg N ha-1) 519 152 202 205 

Volatilizat-ion (% of ap-
plied fertilizer) 

2.37 11.07 12.30 12.88 

Seepage (% of applied 
fertilizer) 

13.92 17.57 15.10 29.64 

Denitrification (% of ap-
plied fertilizer) 

0.17 0.22 0.28 0.41 

Total losses (% of applied 
fertilizer) 

16.46 28.86 27.68 42.93 

N uptake(Measured values 
in parenthesis) (kg N ha-1) 

750 (714) 

 

854 (790) 

 

865 (807) 891 (840) 

Residual N (Measured 
values in parenthesis) (kg 
N ha-1)* 

107 (81) 

 

364 (364) 

 

828 (769) 

 

1686 
(1445) 

NUE (Measured values in 
parenthesis) 

0.91 (0.82) 

 

0.55 
(0.49) 

0.37 (0.34) 0.29 
(0.29) 

* Residual N on the harvest date of the 5th crop in the simulation study. As the field 
experiment started in the year 1998, amount of residual N presented here represents 
the cumulative effect from 1998 to 2003.    

NUE= Plant N uptake under a particular N treatment -Plant N uptake at of the 0 kg 
N/ha treatment)/amount of N applied. 

4. Summary 

RZWQM was evaluated for modeling a double cropping system comprised of 
winter wheat and corn (two crops per year) in the North China Plain. This is 
the first evaluation of RZWQM for modeling a double cropping system out-
side the United States.  Yield, biomass, N uptake, soil water content (total 
profile and at soil depths), and residual NO3 – N were selected as indicators 
of model performance.  Validation of the model against observed data for 5 
crop seasons during the 3 year period under four different N treatments indi-
cated that the model is able to simulate the winter wheat-corn double crop-
ping system reasonably well.  As such, the model has potential for develop-
ing sustainable N management practices.  The best predictions were obtained 
for grain yield, soil water content, and residual soil NO3 – N content.  The 
model was able to simulate the wet and dry epochs of water in the soil pro-
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file.  Biomass and N uptake were predicted with a lesser degree of accuracy 
in comparison to grain yield, soil water, and residual soil NO3 – N at harvest.  
Attempts to ratify this problem through better calibration of the model did not 
lead to improved results.  The generic plant model needs be improved further 
to get better predictions of biomass as well as crop N uptake.  Taking into 
account the variability in the measured values of soil residual NO3 -N, the 
model predictions were accurate enough to provide guidance for decision 
making.  The simulated N losses indicated that increased N application rates 
will result in increased N losses by volatilization, seepage and denitrification. 
Though we do not have field data for verification of these results, the results 
correspond well with the literature. The simulation results showed that as 
much as half of the applied nitrogen at 800 kg N ha-1 application can be lost 
through the combined effects of volatilization, seepage, and denitrification.   
Nitrogen application in excess of crop requirements is a potential source for 
contamination of ground water, and the N volatilization flux from the applied 
fertilizer of agricultural lands is potential source for green-house gases in the 
atmosphere that can contribute to global warming. The calibrated and vali-
dated RZWQM model can be used for developing management practices for 
controlling these menaces. 
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