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Abstract. The aim of the present work was to determine the applicability of the AFRCWHEAT2 wheat 
growth model under Hungarian conditions. The Farquhar model, which, when properly calibrated, gives a 
satisfactory description of the net photosynthesis of Hungarian winter wheat varieties at various 
atmospheric CO2 concentrations, temperatures and light conditions, was incorporated into the model. 
Both the original AFRCWHEAT2 model and the modified AF2MOD model were tested on long-term 
yield and climatic data series from Győr-Moson-Sopron County. 

It was observed that the average yield over the period 1980-1990 was well simulated by both models, 
but the AF2MOD simulated the annual fluctuations much better: the determination coefficients describing 
the correlation between the actual wheat yield in Győr-Moson-Sopron county over the whole period and 
the values generated using the models were r² = 0.32 for the AFRCWHEAT2 model and r² = 0.86 for 
AF2MOD.  

A comparison of the results simulated using the AFRCWHEAT2 and AF2MOD models demonstrated 
that detailed physiological submodels are required for the mathematical description of plant growth if 
yields are to be accurately estimated and the effects of environmental changes adequately described. A 
good example of this is the description of the effect of atmospheric CO2 concentration on simulated yield 
figures, which depended on the climate of the given year in the AF2MOD model, but was described by a 
simple linear function in the AFRCWHEAT2 model. 
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Introduction 
Plant growth models with various degrees of complexity have been elaborated for the 

use of plant growers and breeders, ranging from simple statistical regression models to 
models with a complicated mechanism, capable of simulating anything from a simple 
process to the behaviour of the whole plant. In addition to experimental research, many 
scientists also use simulation models to gain a better understanding and description of 
environmental stress effects, such as high temperature, drought stress, and their effects 
on the development and yield of plants grown at elevated atmospheric CO2 
concentration. 

In recent decades more than 70 wheat models have been published internationally, 
including AFRCWHEAT2, Ceres-Wheat and SIRIUS [9]. These models require 
detailed weather data, soil characteristics and agronomic descriptions (variety, sowing 
date, mineral fertilization, irrigation, etc.), which are often not available. 

Before the models can be applied, they must be adapted to and calibrated for the 
given environment and plant variety. 

The aim of the present work was to determine the applicability of the 
AFRCWHEAT2 wheat growth model under Hungarian conditions. The Farquhar 
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model, which, when properly calibrated, gives a satisfactory description of the net 
photosynthesis of Hungarian winter wheat varieties at various atmospheric CO2 
concentrations, temperatures and light conditions, was incorporated into the model. 
Both the original AFRCWHEAT2 model and the modified AF2MOD model were tested 
on long-term yield and climatic data series from Győr-Moson-Sopron County. 

 
Abbreviations: EC = elevated air CO2 concentration; M = average deviation; r2 = 

determination coefficient. 
 
 
Materials and methods 

Models 
AFRCWHEAT2 is a complex model of wheat growth and development, describing 

the phenological development, dry matter production and dry matter distribution 
between the organs for various environmental parameters on a daily time scale [12, 13, 
17]. The model includes a description of plant transpiration and soil evaporation, water 
and nitrogen movement in the soil, and their uptake by the plant in the course of growth. 

Description of net photosynthesis: The photosynthetically active radiation (PAR) 
reaching the plant stand is calculated from the daily incoming short-wave radiation. 
This and the leaf area index (LAI) are used to calculate the incoming PAR at each leaf 
canopy level, using the method reported by Charles-Edwards (1978). The extent of 
photosynthesis, Ps [mg (CO2) m–2 s–1] is described using a quadratic equation fitted to 
the photosynthesis–light response curve [11], after subtracting the photorespiration [17]. 

Direct effect of elevated atmospheric CO2 concentration (EC): EC causes a linear 
increase in the maximum net CO2 assimilation [17] and the rate of electron transport. 

In the course of the present work, the photosynthesis section of the AFRCWHEAT2 
model was replaced by the Farquhar model [2, 3, 5, 14], thus creating the AF2MOD 
model. This alteration was possible because the AFRCWHEAT2 model is written in 
Fortran, and the full code is freely available for scientific purposes. 

In order to incorporate the Farquhar model, new parameters had to be defined in the 
AFRCWHEAT2 model, and these were edited into the initialization data file. This 
required changes in the parameter-loading program (init.for), the parameter file and the 
program section describing photosynthesis (phosyn.for). 

 
Data 

Wheat yield and weather data from Győr-Moson-Sopron County were used for the 
analysis. In order to test the reliability of the models, climatic and mean yield data for 
the 1961–1990 period were employed. As there was a significant improvement in the 
cultivation techniques and average yield during this period, these effects were 
eliminated with the help of a logistic function, so that the yield figures applied would 
only reflect variations in the weather [8, 6]. The logistic function was as follows: 
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where c1 and c2 were the lower and higher saturation values, c3 the point of 

inflection, indicating the year when the growth rate was most rapid, α the parameter 
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representing the growth rate and t the time in years. The magnitude of the deviation 
from the mean was corrected using a linear function taking into account the greater 
deviation of higher values. 
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Figure 1. Average wheat yields recorded in Győr-Moson-Sopron County in 1962–1990 ( ), the 

y(t) logistic function, the average yield over the last 10 years (horizontal line) and the yield 
quantity used in the models (♦) 

 
Daily weather data are available for the period examined. These include daily 

maximum (Tmax) and minimum (Tmin) temperatures, rainfall sums (P), the number of 
sunshine hours (n) and the relative humidity (RH). As the selected simulation models 
also require other climatic data, these were calculated using the relevant equations. 
These data were the wet (Twet) and dry (Tdry) temperatures and the global radiation (Rg). 
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where N is the number of astronomically possible sunshine hours, and h the hour of 
the day for which the Tdry values were calculated. 

Twet = Tdry + Y, where 
Y = [–0.05833 + (–0.00333·Tdry)] ·RH + [5.833 + (0.333·Tdry)] 

(4; Kempenaar 1997, personal communication). 

),(max N
nbaRRg ⋅+⋅=                (Eq. 3) 

 
 

where N is the number of astronomically possible sunshine hours, n the number of 
actual sunshine hours, Rmax the maximum possible global radiation on the given area, 
and a and b empirically determined constants which, based on the data of Takács 
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(1967), had values of a = 0.41 and b = 0.46 in the summer half-year and a = 0.35 and b 
= 0.694 in the winter half-year in Hungary [16]. It should be noted here that during the 
given period the number of sunshine hours was often recorded subjectively, so in many 
cases the accuracy of these data leaves much to be desired. 

In both models parameter values given by Porter (1993) were used, and in the 
AF2MOD model the parameterization of the Farquhar photosynthesis model was based 
on experiments. Mineral fertilizer supplies were set at 90 %, so nitrogen limitation was 
also taken into account in the calculations. In the course of modelling the damage 
caused by pests, diseases and weeds was ignored. The mean plant density per square 
metre was taken as 300 and the sowing date as October 10th. For the choice of variety, 
the data of the wheat variety Martonvásári 8, which is widely grown in Hungary, were 
used [10]. 

 
 

Results 
It was observed that the average yield over the whole experimental period was well 

simulated by the models (Table 1), but not the annual fluctuations: the determination 
coefficients describing the correlation between the actual wheat yield in Győr-Moson-
Sopron county over the whole period and the values generated using the models were r² 
= 0.28 for the AFRCWHEAT2 model and r² = 0.37 for AF2MOD (Fig. 2). 

 
Table 1. Measured and simulated regional yields in Győr-Moson-Sopron County over the 
average of 28 years (1962–1990) and their deviations 
 

 Measured AFRCWHEAT2 AF2MOD 

    

Yield average [t ha–1] 5.08 4.97 4.99 

Deviation 0.43 0.43 0.34 

 

The AF2MOD model gave an extremely good approximation to the yields of the last 
10 years (r² = 0.86), while the mean deviation between data pairs was also acceptably 
low (MAF2MOD = 0.16). This can be attributed to the fact that due to the advanced 
technologies and intensive varieties introduced in the 1980s the yield potential was so 
stable that the yield depended only on the weather conditions. When testing the 
AF2MOD model it was found that over the first 20 years of the tested period the 
variability in the wheat yield was influenced not only by the weather, but also by annual 
changes in the technology and varieties. This means that the elimination of cultivation 
techniques and variety effects with the help of a mathematical function is not 
necessarily the best method to use for model testing. Instead it is advisable to select a 
period like the 1980s in the present case, when the applied technology and choice of 
variety remained constant from year to year. 

Testing indicated that the AF2MOD model gave a better simulation of historical 
yield data than the original AFRCWHEAT2 model, so it could be assumed that the 
AF2MOD model would also provide a more reliable simulation of the probable effects 
of climate change. 
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The purpose of model testing was to analyze the effect of climate change, one of the 
main causes of which is elevated CO2 concentration (EC). For this reason, it was 
important to determine the efficiency with which the AFRCWHEAT2 and AF2MOD 
models simulated the effect of EC. Both models were thus run on the original climatic 
data for Győr-Moson-Sopron County applying CO2 concentrations of 350 and 515 µmol 
mol–1. The differences between the results, presented in Fig. 3, were investigated for 
both models. It is clear from the Fig. 3 that the yield-increasing effect of EC did not 
depend on the climatic data in the case of AFRCWHEAT2, while for AF2MOD a lower 
yield increase was predicted as the result of EC and the yield increase was a function of 
the climatic conditions in the given year. 
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Figure 2. Measured yields and the regional yield quantities simulated each year for Győr-

Moson-Sopron County using the AFRCWHEAT2 and AF2MOD  models in the period  
1961–1990. 
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Figure 3. Wheat yield simulation achieved for Győr-Moson-Sopron County using the 

AFRCWHEAT2 and AF2MOD models with weather data series for 1962–1990 at two CO2 
concentrations. The simulations were run at concentrations of 350 µmol mol-1 and  

515 µmol mol-1 CO2. The figure illustrates differences in the yields. 

 
 
Discussion 

Earlier results suggested that the Farquhar model was suitable for the description of 
the net photosynthesis of winter wheat under various environmental conditions 
(radiation, temperature, atmospheric CO2 concentration) and could thus be usefully 
incorporated into wheat growth simulation models [7]. In the course of the present work 
the Farquhar model was thus incorporated into the module of the AFRCWHEAT2 
model that describes net CO2 assimilation, thus developing the AF2MOD model. 

A comparison of the results simulated using the AFRCWHEAT2 and AF2MOD 
models demonstrated that detailed physiological submodels are required for the 
mathematical description of plant growth if yields are to be accurately estimated and the 
effects of environmental changes adequately described. A good example of this is the 
description of the effect of atmospheric CO2 concentration on simulated yield figures, 
which depended on the climate of the given year in the AF2MOD model, but was 
described by a simple linear function in the AFRCWHEAT2 model. 

In the course of validation it was observed that the yield averages recorded in the 
first half of the tested period were well simulated by the models, by not the annual 
figures. By contrast, the yield obtained in Győr-Moson-Sopron County over the last 10–
15 years was far better approximated by the AF2MOD model than that of earlier years. 
This could be explained by the fact that in the 1980s, when advanced technologies and 
intensive varieties were introduced, the yield potential became so stable that where the 
yield depended almost entirely on the climatic conditions. It is thus recommended that 
models should be tested on periods when the technology applied and the varieties 
chosen remained constant from year to year, such as the 1980s in the present case [6]. 
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