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Stellingen 

1. Normaal weer bestaat inderdaad niet. 
Dit proefschrift 

2. Data sets met weersgegevens over een groot aantal jaren 
dienen te zijn voorzien van een korte geschiedenis van het 
weerstation. 

3. Automatische weerstations zijn niet nuttig. 

4. In alle data sets met weersgegevens zitten storende fouten. 

Veranderingen in het neerslagpatroon als gevolg van een 
klimaatverandering hebben een grotere invloed op de 
landbouwproduktie dan veranderingen in de luchttemperatuur. 
Dit proefschrift 

6. Bij het gebruik van gewasgroei-simulatiemodellen in land-
evaluatiestudies dient men zich te realiseren, dat een niet 
bestaande situatie gesimuleerd wordt. De simulatie­
resultaten kunnen daarom niet worden vergeleken met 
waargenomen opbrengsten. 

7. 'Carpoolen' bevordert de verkeersveiligheid. 

8. Aangezien het niet op prijs wordt gesteld dat een promovendus (m/v) 
haar tijd besteedt aan andere zaken dan haar onderzoek, is 
het niet juist dat tenminste 6 'niet op het onderwerp van het 
proefschrift betrekking hebbende' stellingen een vereiste zijn om te 
promoveren. 



Het getuigt van slecht personeelsbeleid, dat het overgrote 
deel van de tweede en derde geldstroom van universiteiten en 
onderzoeksinstellingen wordt gebruikt om AIO en OIO 
plaatsen te creëren. 

10. Ook universiteiten en onderzoeksinstellingen hebben een hele 
trukendoos ontwikkeld, waarmee oneigenlijk gebruik gemaakt 
wordt van de sociale voorzieningen. 

11. Als banken hun werkzaamheden zouden verrichten met een 
nauwkeurigheid die vergelijkbaar is met de nauwkeurigheid 
waarmee ze de luchttemperatuur op hun gebouwen 
weergeven, was er in Nederland nog op grote schaal sprake 
van ruilhandel. 

Stellingen behorend bij het proefschrift van Sanderine Nonhebel: 

'The importance of weather data in crop growth simulation models and the assessment of 

climatic change effects'. 

Wageningen 12 Mei 1993. 



Abstract 

Yields of agricultural crops are largely determined by the weather conditions 
during the growing season. Weather data are therefore important input 
variables for crop growth simulation models. In practice, these data are 
accepted at their face value. This is not realistic. Like all measured values, are 
weather data subject to inaccuracies. Crop growth simulation models are 
sensitive to weather data used as input, so inaccuracies in weather data can 
affect the simulation results. The errors in weather data were estimated and 
their effects on the simulation results of a spring wheat crop growth simulation 
model were determined. Inaccuracies in weather data caused deviations in 
simulated yields of 10-15 %. 
In most weather data sets missing values occur and since crop growth models 
require daily data the values of the missing data have to be estimated. Several 
methods to estimate missing values were discussed and their effects on 
simulation results were studied. Large differences in quality of the estimation 
methods were found. Some of them resulted in deviations in simulated yields 
up to 30 %. 
Daily weather data are not always available and often average weather data 
are used instead. The effects of using average weather data on simulation 
results were studied for three sites in different climates. For all sites large 
deviations in simulation results were found. 
The increasing C02 concentration is affecting agricultural production in two 
ways: via a climatic change and via effects on assimilation and transpiration 
rates. The spring wheat model was used to study the overall effects of higher 
C0 2 levels on wheat yields in Western Europe. A temperature rise of 3 °C 
resulted in a yield decline, doubled C02 concentration in a yield increase and 
the combination of both in a yield increase of about 2 ton ha-1. 

Keywords: wheat, crop growth simulation model, weather data, climatic data, 
climatic change, C02 concentration, greenhouse effect. 



aan mijn ouders 



'Een verstandig meisje trouwt niet met een genie, maar wordt er zelf een.' 

Mevrouw Meermin 
in: Vóór alles een dame (Renate Dorrestein, 1989). 
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general introduction 

Chapter 1 

General introduction 

Weather, as we observe it, is the situation of the lower part of the atmosphere. 
This situation can not be measured as a whole. The only way to quantify 
weather is to measure individual weather elements like air temperature or 
precipitation. Weather conditions have a large effect on society, but not all 
elements are of the same importance to various sections of the population. 
Sailors and fishermen are mainly interested in the wind speed and its direction, 
car drivers in the occurrence of frost and fog and ice cream sellers in air 
temperature and sunshine duration. Whether a weather element is recorded or 
not is determined by the interest of the person or institute carrying out (or paying 
for) the measurements and the availability of an instrument to do so. 
Most instruments to measure weather elements were invented in the 17th and 
18th centuries. The first practical thermometer was developed in 1641 and the 
first barometer in 1643 (Können 1983). However, an instrument to record global 
radiation was only developed in the nineteen twenties (Gulik 1927). In The 
Netherlands the first systematical measurements of air temperature were started 
in 1705. In England air temperature data were recorded as early as 1659. The 
oldest Dutch precipitation data go back to 1735 (Können 1983). In most 
countries, however, the systematical recordings of weather variables were only 
started in the beginning of the twentieth century. 

An enormous variation in weather exists in space and time. Air temperature, for 
instance, declines with increasing height whereas wind speed increases. 
Further most elements show a course over the day and over the year. Hence, 
when weather data from various sites are to be compared, it is essential that 
these data are recorded according to a certain standard. One of the purposes of 
the World Meteorological Organization (WMO) is 'to promote the 
standardization of meteorological observations and to ensure the uniform 
publication of observations and statistics' (WMO 1983). The WMO formulates 
basic standards of instruments and observing practices. For instance, air 
temperature must be measured between 1.25 and 2.0 m height and the 
thermometer must be sheltered from radiation. Wind speed must be recorded at 
a height of 10 m. 
This standardization also includes which variables are to be measured. 
Standard are air temperature (dry- and wet-bulb, maximum and minimum) and 
precipitation. The range can be extended with other elements, depending on 
the interest of the recording institute. 
Information on the weather conditions improves when values of more elements 
are available. A maximum air temperature of 25 °C only indicates a warm day. 
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An air temperature of 25 °C in combination with high radiation and low relative 
humidity can be a nice sunny day. However, 25 °C in combination with low 
radiation levels and high relative humidity indicates to an oppressive 
unpleasant day. 
An increase in the number of recordings per day also improves the description 
of weather conditions. A day with one shower of 10 mm in the evening is quite 
different from a day with 10 mm precipitation as permanent drizzle. Therefore at 
some meteorological stations weather data are recorded on an hourly (or even 
shorter) basis. The amount of data produced by these stations is huge. Daily 
data of the most frequently measured elements (minimum temperature, 
maximum temperature, sunshine hours, precipitation, relative humidity and 
wind speed) represent over 2000 data a year. When these variables are 
measured hourly it results in over 50000 data a year. One can imagine, that for 
most users, the logistical problems involved with handling such quantities of 
data do not counterbalance the benefits of a more detailed description of the 
weather situation. 
It should be realized that weather data, even hourly data, do not give an exact 
description of the weather conditions. They only represent the values recorded 
by instruments on a moment at a particular site. The air temperature, measured 
at 1.25 m, gives not much information on temperature regime at soil surface. 
Ground frost, which can be an important weather phenomenon (frozen roads), 
is not recorded by this method. 

Agricultural yields are strongly affected by the prevailing weather conditions 
during the growing season of the crop. Much research has been done on the 
effects of weather conditions on crop growth and yield. Up to 1960 it was tried to 
estimate yields from weather conditions by using statistical methods: e.g. 
average air temperature and precipitation in various months were related to the 
final yield. Woudenberg & Poelstra (1957) found the following relation between 
weather and spring wheat yield (Y, in quintals (= 100 kg ha-1) in the northern 
part of The Netherlands: 

Y = 24.81 - 0.06 P2 + 0.16 S5 - 0.02 P5,|M|| (1.1) 

in which P2 is the total amount of precipitation in February (mm), S5 is total 
sunshine hours in May (percentage of the maximum duration) and P5JIJH is total 
precipitation in the last twenty days of May (mm). It is striking that precipitation 
has a negative effect on crop yield in this relation. Woudenberg & Poelstra 
(1957) concluded that the forecasting quality of this relation was very poor. 
Comparable relations are derived for other crops in other climates by other 
research groups. In general, they arrive at similar conclusions. 
Only when a crop is very susceptible to the occurrence of one element during a 
certain growth stage a relation can be found. For instance, the occurrence of 
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general introduction 

frost during flowering of fruit trees, when this happens the final fruit yields will 
certainly be very small. 
Several explanations can be given why it is impossible to find a relation 
between, for instance, average air temperature in June and the final yield. In 
practice crop yield is not only determined by weather conditions. Effects as 
nutrient shortage, pests and diseases etc. can have a far larger effect on crop 
yield. Further, the yield of a crop is the result of all the weather conditions during 
its growth. Effects of a hot summer after a cold spring can be different from the 
effects of a hot summer after a warm spring. Another point is that weather 
elements are correlated: e.g. high temperatures occur often in combination with 
high radiation levels. This makes it impossible to determine whether the 
observed effect is caused by one variable or the other. Finally, crops grow 
under real weather conditions, which imply large variations from day to day. 
Therefore, monthly averages of weather variables do not give an appropriate 
description of the growing conditions of a crop. The effects of weather on crops 
must be studied on a far smaller time scale than of one month. The change from 
a monthly to a daily time scale leads to a 30-fold increase in the number of 
weather data required. The introduction of the computer in the early sixties 
made handling of these large amounts of data possible. 

In the last decades, models have been developed in which crop growth is 
simulated in relation to observed weather conditions. These models integrate 
knowledge of the most important effects of weather on individual crop growth 
processes (e.g. global radiation on photosynthesis, air temperature on 
development). With these models it is possible to study the overall effect of 
weather on crop yield. 
The final yield of a crop is determined by many factors: weather, crop variety, 
fertilizer supply, soil conditions, occurrence of pests and diseases etc. It is 
impossible to quantify all these effects on yield and, for most purposes, it is not 
necessary. In crop model research several production levels are therefore 
distinguished (de Wit & Penning de Vries 1982). In the potential production 
situation, the crop is optimally supplied with water and nutrients and free from 
pests, diseases and weeds. Crop growth is only determined by crop 
characteristics, temperature and radiation. In the water-limited situation, 
nutrients are in optimal supply and the crop is free of pests, diseases and 
weeds but yield is limited by the availability of water. In following production 
levels the effects of nutrient shortages are taken into account. Finally yield-
reducing factors such as pests, diseases and weeds are distinguished 
(Rabbinge & de Wit 1989). Production under water-limited conditions can be 
influenced by irrigation. Production under nutrient limitation is affected by 
application of fertilizers. With use of pesticides, fungicides and herbicides the 
effect of pests and diseases and weeds on crop yields can be reduced. 
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The effect of certain weather conditions on crop production is different in various 
production levels. A dry summer can imply good growing conditions for a crop 
which is optimally supplied with water, but for a crop suffering from water 
shortage a dry summer can be disastrous. A humid rainy season can be 
beneficial for a crop previously affected by water shortage but the humidity will 
also favour the occurrence of some fungal pathogens in the crop. 

Use of crop growth simulation models is increasing. They are used for various 
purposes from a tool to understand the observed phenomena in a field 
experiment to a method to quantify growing conditions in survey studies 
(Penning de Vries et al. 1989). Most crop growth models operate with a time 
interval of one day and require daily weather data as input (Whisler et al. 1986). 
Models are sensitive to these input data since weather data describe the 
conditions under which growth takes place. Other weather data (other site or 
other season) lead to other simulation results. 
Weather data used as input for crop growth models are often accepted at their 
face value. Most users of weather data have never even visited a 
meteorological site and have no idea how meteorological data are obtained 
and what inaccuracies are involved. Storing of meteorological data in 
convenient data bases (which often also generate values for missing data) 
ensures that most users never see the original data with its unrealistic or 
missing values, so no feeling for quality of the data is developed. Weather data, 
however, are not error free nor do they give a precise description of the real 
weather conditions. 

In this thesis the use of weather data in crop growth simulation models is 
studied. The inaccuracy in weather data is estimated and the effect of this 
inaccuracy on simulation results is determined. Various methods to estimate 
missing values are compared. Finally the effects of C02 induced climatic 
change on crop production in Europe are investigated. 
The chapters in this thesis are written in the form of articles. They are, however, 
not in their sequence of publication as scientific papers. Hence earlier chapters 
refer to later ones. 
This study was started as a project on the effects of climatic change and higher 
atmospheric C0 2 concentrations on crop yields in Europe. The effects of 
climatic change on yields can not be studied in a field experiment because it is 
impossible to change the weather conditions. Crop growth models simulate 
crop growth in relation to weather conditions and can be a useful tool in this 
type of research. Through changing the input variables (weather data!) in 
accordance with the expected climatic change the effect on final yield can be 
observed. This subject is discussed in chapters 6 and 7 for spring wheat. In 
chapter 6 the spring wheat crop growth model is described and it is validated for 
conditions in The Netherlands. Also effects of higher C02 concentration and 
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temperature rise individually and in combination are studied. For validation of 
the model comparison was made between observed and simulated yields over 
a large number of years. No weather data from the field experiments were 
available; and weather data from a distant meteorological station had to be 
used as input for the model. To be able to draw conclusions on the capacity of 
the model to simulate observed yields, it was important to know whether the 
deviation between simulated and observed yields was caused by improper 
weather data or by incorrect simulation of crop growth. 
For all weather elements required as input in the model (described in 
chapter 6, *)) the inaccuracy is estimated on the basis of literature and the effect 
of this inaccuracy on the simulation results is studied. This is done for air 
temperature data and the effect for the simulated potential production in chapter 
2 and for global radiation data for the simulated potential production in chapter 
3. In chapter 4 the effect of inaccuracies in air temperature, global radiation, 
precipitation, vapour pressure and wind speed data on the water-limited 
production is studied. 
In chapter 7 the effect of climatic change on spring wheat yields in different 
regions in Europe is investigated. For this study daily weather data from several 
sites in Europe over a large number of years (20-30) were required. The data 
used were obtained from a data bank. In the data sets many data were missing. 
Because the model needed daily data, a proper method to estimate missing 
values was required. 
Accordingly several methods for estimating missing values are compared in 
chapters 2, 3 and 4. It is likely that the quality of an estimation method depends 
on the climate. When temperature is constant, use of temperature of the 
previous day is a good method to estimate missing temperature data. However, 
when large variability from day to day exists this method is not useful. Therefore, 
in chapter 5 the effect of a frequently used estimation method (use of average 
values) is studied for three different climates: the temperate maritime climate of 
The Netherlands, the mediterranean of Israel and the humid tropical of the 
Philippines. The knowledge obtained in these chapters is used in chapter 7 to 
repair the damaged weather data sets. 

*) The complete listing of the simulation model can be requested at: Department of Theoretical 
Production Ecology, P.O. box 430, 6700 AK Wageningen, The Netherlands. 
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Chapter 2 

Inaccuracies in weather data and their effects on crop 
growth simulation results: I Air temperature 

Abstract In weather data sets used by crop modellers irregularities occur as inaccuracies in data 
or as missing values. The effect of these irregularities on simulation results is studied for a spring 
wheat crop growth simulation model. This chapter is focussed on air temperature data; the effects 
of irregularities in other weather variables on simulation results are discussed in chapter 3 and 4. 
The inaccuracy in temperature data was estimated on the basis of literature and was about: 1 °C. 
A systematic under or overestimation of temperature data by 1 °C resulted in deviations in 
simulated yields of 7 %. Four methods to estimate missing values were compared: use of average 
values over 30 years, over one month and over 10 days and use of daily data from another 
meteorological statten. When all daily data were replaced by estimates, data from a nearby station 
gave the best results: only a small deviation in simulated yield was found. The use of averages 
resulted in overestimations of the yield up to 35 % in some years. When, instead of all, only 10 % 
of the daily values were replaced randomly by estimates no effects on simulation results were 
found. 

Introduction 

Crop growth and yield are largely determined by the weather conditions during 
the growing season. In crop growth simulation models most important relations 
between weather and crop growth are therefore quantified and weather data 
are important input values for these models. Crop growth models differ in their 
input requirements. Most of them require data on (air) temperature, radiation 
and precipitation on a daily or hourly basis, while others also require data on 
wind speed and vapour pressure (Whisler et al. 1986). The number of sites from 
which hourly weather data can be obtained is very limited, so that application 
possibilities of models on a hourly basis are quite restricted. Daily weather data 
can be obtained from nearly all meteorological stations and thus crop growth 
models requiring daily data as input are used more frequently. 
In modelling practice weather data are obtained from databases and these data 
are accepted on their face value. This is not realistic. Like all measured values, 
weather data are subject to inaccuracies and since models are sensitive to 
weather data used as input, inaccuracies in weather data can affect the 
simulation results. The quality of crop growth models has improved over the last 
decades and some models are well able to simulate the production observed in 
the field. In this stage of crop model development it is important to know whether 
the difference between the observed and simulated growth can be caused by 
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weather data in crop growth simulation models 

the errors in weather data or is due to incorrect simulation of crop growth. In this 
study frequently occurring irregularities in weather data sets are therefore 
discussed and their effects on simulation results are investigated. 

Several sources of irregularities in weather data can be distinguished. In the 
first place, there is the deviation in measured value due to inaccuracy of the 
instrument. Another problem is the occurrence of missing values in data sets. 
Due to break down of instruments or to problems with the data collecting 
computer, the value of a weather variable is not recorded for a couple of days. 
In the worst case there are no data available at all. Crop growth models require 
data for every day, so the values of the missing data have to be estimated. 
Depending on the method used, the estimated value can deviate considerably 
from the original one. A third source of errors is the fact that meteorological data 
are recorded at a limited number of sites. In general the field experiment is not 
located in the immediate surroundings of the site where meteorological data are 
recorded. The distance between the two sites may mean that weather 
conditions are not the same. 
The magnitude of the deviation between the recorded value on the 
meteorological site and the one occurring on the field experiment is estimated 
on the basis of literature and various estimation methods are compared. The 
effects of these inaccuracies in weather data and estimation methods are 
studied for simulation results of a spring wheat crop growth model. The model 
simulates potential and water-limited production. In the former the production is 
determined by crop characteristics, radiation and temperature and in the latter 
also by limited availability of water. In both production levels the crop is 
supposed to be free from pests, diseases and weeds and is optimally supplied 
with nutrients (de Wit & Penning de Vries 1982). The model is well able to 
simulate production obtained in the field (for validation see chapter 6). 
This chapter focuses on the errors in temperature data and the effect on 
potential production. Chapter 3 will discuss the effects of errors in radiation data 
on potential production and chapter 4 the effects of errors in weather data on 
water-limited production. 

Material and methods 

Simulation model 

A spring wheat version of the SUCROS87 (Simple and Universal CROp growth 
Simulator, version 1987) Spitters et al. (1989) was used. The core of this model 
is formed by the calculation procedure for canopy photosynthesis and 
respiration on the basis of processes at organ level. The model operates with 
time intervals of one day, but allows for the diurnal course of the radiation. The 
allocation of dry matter production among the different plant organs depends on 
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the stage of development of the plant. Numerical integration over time gives the 
time course of dry matter. SUCROS requires daily weather data on minimum air 
temperature, maximum air temperature and global radiation for simulation of 
potential crop production. 
This spring wheat version of SUCROS simulates crop growth and development 
from sowing to maturing of the crop. Development of the crop is mainly driven 
by temperature: development from sowing to emergence according to Porter 
(1987), emergence to heading according to Miglietta (1991) and heading to 
maturing according to van Keulen & Seligman (1987). Dry matter distribution is 
simulated according to van Keulen & Seligman (1987). Sowing date of the crop 
was set on March 11th and a variety adapted to the Dutch circumstances was 
used. 
Crop production during grain filling period is sink limited, which implies that 
weather conditions during this period hardly effect final yield (grains!). The size 
of the sink (the number of grains) is determined during vegetative period of the 
crop (Spiertz & van Keulen 1980) and conditions during this part of the growing 
season have a large effect on final yield. For a high final yield a long vegetative 
period under high radiation levels is required. Therefore much attention is paid 
to the effects of inaccuracies in weather data on the growing conditions during 
the vegetative period of the crop. 
Air temperature influences a number of processes in the simulation model. Most 
important is the development rate of the crop, through which temperature 
determines duration and timing of the growing season. Temperature also affects 
assimilation rate, death rate of the leaves and maintenance respiration. In 
general the relation between temperature and the rates mentioned above is not 
linear. 

Meteorological data 

The starting point of this study was a data set with daily weather data from 
Wageningen, The Netherlands (figure 2.1) from 1954 till 1987. The set contains 
daily values for minimum air temperature (°C), maximum air temperature (°C), 
total global radiation (J nr2d-1 ) , total precipitation (mm), vapour pressure at 
9.00 am (mb) and average wind speed (m s~1). The data were collected at the 
meteorological station Haarweg of the Wageningen Agricultural University, the 
station is a climatological station of the Royal Netherlands Meteorological 
Institute (KNMI). 
The difference that could exist between the recorded value at the 
meteorological station and the value occurring in a nearby field experiment was 
estimated for all variables. Only differences that could be expected when 
measurements were taken according to the regulations of the World 
Meteorological Organization were considered (WMO 1983). The very large 
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errors as a result of insufficient maintenance or improper exposition of the 
instrumentation were not taken into account. The effect of the inaccuracy for the 
simulation result was determined by making three simulation runs with the 
model. One with the original data set, one with the data set in which variable 
under interest was diminished by its inaccuracy and one in which this variable 
was increased with its inaccuracy. All other elements were kept unchanged. 

Figure 2.1 Location of the sites mentioned in the text. 1 : Wageningen, 2: de Bilt and 3: de Kooy. 

Inaccuracies in air temperature 

The temperature of a system is seldom measured directly. In general a 
thermometer is added to the system and when the new system has reached an 
equilibrium the temperature of the thermometer is recorded (Bell & Rose 1985). 
Several instruments and techniques exist to determine temperature of a system. 
The accuracy of the instruments varies from 0.001-1.0 K (for detailed 
information on techniques and instruments see Fritschen & Gay (1979) and Bell 
& Rose (1985)). Due to the poor coupling between atmosphere and 
thermometer it is difficult to achieve an equilibrium situation between 
thermometer and surrounding air and errors associated with thermometer 
exposure can be of order of magnitude greater than the calibration errors of the 
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instruments (Bell & Rose 1985). Radiation in particular can cause large 
differences between thermometer temperature and air temperature. A 
thermometer in full sun can reach a 25 °C higher temperature than the 
surrounding air (WMO 1983). For this reason air temperature is measured in 
thermometer screens. The design of the screen affects the temperature 
measured and differences of 1 °C are found between various screen types 
(Sparks 1972). 
Temperature is not distributed homogeneously over an air mass. Air 
temperature is affected by soil type, ground cover, the existence of water 
surfaces, etc. Differences in air temperature of several °C are observed over 
distances of less than one kilometer (Können 1983). 
So it is rather likely that air temperature above the field experiment deviates 
1 °C or more from the value measured above the grass surface of the 
meteorological station. The effect of an inaccuracy of 1 °C in temperature data 
on simulation results was studied through increasing or diminishing both 
maximum and minimum air temperatures by 1 °C. 

Estimation of missing values 

Four methods were considered for estimating missing values: use of (1) 
averaged monthly values over 30 years (climatic averages), these data, only 12 
values per weather variable, are rather easy to obtain, (2) monthly averages, 
which are published in most monthly reports of national meteorological 
organizations, (3) average values over 10 days, also published in the monthly 
reports and (4) daily data from another meteorological station. Simulation runs 
were made in which all daily values of the variable of interest were replaced by 
estimated values. 

In this study the average values were not obtained from literature, but were 
derived from the data set with daily data. The average values were used as 
follows: the average value per month for each element was calculated from the 
original weather data set. It was assumed that these average values occurred at 
the 15th of every month and that on the days in between the value for the 
element could be derived by linear interpolation. The same method was applied 
for averages over 10 days, but then the average values were expected to occur 
at the fifth day of the interval. Climatic averages were derived by using the 
monthly averages of 1954-1983. Use of averages over 30 years implied that in 
all years the variable of interest was the same, the years varied only with 
respect to the values of the other weather variables. 

The effect of using another meteorological station as the source of weather 
variables was investigated by replacing data from Wageningen by data from de 
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Bilt (figure 2.1). De Bilt is a synoptical station of the Royal Netherlands 
Meteorological Institute. The distance between Wageningen and de Bilt is only 
40 km and both sites are located in the same climatic district, so it can be 
expected that weather on both sites is more or less the same. Daily weather 
data from de Bilt were available from 1961 till 1987. 
The effect of the use of data from a station in another climatological district was 
studied by using weather data from de Kooy (figure 2.1). De Kooy is also a 
synoptical station of the KNMI and is located in the north western part of the 
country, very close to the North Sea. The weather in this region is strongly 
influenced by the sea, resulting in, for instance, higher radiation levels and 
lower temperatures in spring and higher temperatures in autumn (Können 
1983). Weather data from de Kooy were available from 1976 till 1985. 
Finally the effects of only a few missing values on simulation results were also 
studied. With the use of a random number generator 10 % of the daily values 
during the growing period of the crop were replaced by climatic averages. 
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Figure 2.2 Comparison between 
duration of the vegetative period 
simulated with the original data set 
(Wageningen 1954-1987) and 
duration of this period when 
temperature in this data set was 
underestimated by 1 °C ( A ) or 
overestimated by 1 °C (o). 
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Results and discussion 

The effect of 1 °C deviation in temperature on simulated duration of the 
vegetative period (number of days between crop emergence and flowering) is 
shown in figure 2.2. Changes up to 10 days were found in duration of this 
period. In most years overestimation of temperature led to a shorter vegetative 
period and an underestimation to a longer one. However, in a quarter of the 
years the opposite effect was found. In 1973 both over and underestimation of 
temperature led to a shorter vegetative period. This indicates that duration of the 
vegetative period is not linearly related to temperature. 
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To achieve a better insight in the effect of changes in temperature on duration of 
the vegetative period, simulation runs were made in which temperature was 
increased in increments of 0.2 °C from -6 °C to + 6 °C. So in the first run all 
daily minimum and maximum temperatures were diminished by 6 °C, in the 
second run by 5.8 °C etc. This was done with daily data from 1973 and with the 
climatic averages. Large differences in the effect of deviations in temperature 
between average and daily weather were found (figure 2.3). In the simulation 
runs with climatic data overestimation of temperature resulted in a decline in 
duration of the vegetative period, underestimation up to 2 °C in an increase and 
a larger underestimation had no effect on the duration anymore. With the 1973 
data, however, an underestimation of 1 °C in temperature resulted in a sharp 
decline in the duration of the vegetative period. 

veg. per. (d) 
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Figure 2.3 The effect of a deviation in temperature up to 6 °C on simulated duration of the 
vegetative period when climatic averages ( ), daily weather data from 1973 (•-•-•) and 
adjusted climatic averages (see text) ( ) were used as input data. 

The effect of a deviation of 1 °C on simulated yield (grains, dry matter) is shown 
in figure 2.4, changes in yield of 10 % were found. In about half of the years 
underestimation of temperature resulted in underestimation of the yield and in 
the other half in overestimation of the yield. In 1982 both over and 
underestimation of temperature resulted in an increase in simulated yield. The 
effect of an increase in temperature from -6 °C to +6 °C on simulated yield with 
daily data from 1983 and with the climatic data is shown in figure 2.5. 
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Completely different effects were found when climatic averages or daily data 
were used. With climatic data overestimation of temperature led to a decline in 
yield, a small underestimation of 1 °C led to an increase and a larger 
underestimation resulted in a decrease in yield. With daily weather data of 
1982, over as well as underestimation of temperature by 2 °C resulted in a yield 
increase, larger over or underestimation had only a small effect on simulated 
yield. 
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The average air temperature based on averages over 30 years shows a 
sinusoidal curve over the year, gradually increasing in spring and decreasing in 
autumn (figure 2.6a). The same can be said about the amount of daily global 
radiation (see chapter 3, figure 3.5). When temperature during growing season 
shows such a curve, the impact of over and underestimation of temperature on 
duration of vegetative period and on final yield can be explained easily. A small 
underestimation of temperature results in later crop emergence, a longer 
vegetative period (at higher radiation levels) and thus in a higher yield (figures 
2.3 and 2.5). When underestimation is more than 1- 2 °C, too much of the grain 
filling period occurs during the time of low radiation levels in autumn and yield 
is reduced. When temperature is underestimated by more than 4 °C, the crop 
does not mature before the end of the year. An overestimation of temperature 
leads to a shorter vegetative period and to a lower yield. The optimum in the 
yield curve (figure 2.5) is very close to the present situation (0 deviation). 
However, it can not be concluded that the present situation is the only optimal 
one. Spring wheat variety and sowing date in the model are adapted to the 
present situation. Deviation from this situation results, therefore, in a lower yield. 
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Other varieties and sowing dates are required for obtaining high yields in 
changed circumstances. 
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Figure 2.5 The effect of a deviation in temperature up to 6 °C on simulated yield when climatic 
averages ( ), daily weather data from 1982 (•-•-•) and adjusted climatic averages (see text) 
( ) were used as input. 

The course of the actual temperature over the year can differ substantially from 
the average (figure 2.6a), causing changes in temperature to have an 
unexpected effect on simulated yield and vegetative period duration as was 
shown for 1982 and 1973. The strange effect of a decrease in temperature on 
duration of the vegetative period is caused by a period with very low 
temperatures just after crop emergence in 1973. With the original data the crop 
emerges just before a period with very low temperatures starts. During this cold 
period the development of the crop comes to a stand still and the vegetative 
period of the crop is prolonged. When temperature is underestimated, the crop 
has not emerged at the moment the cold period starts and emergence is 
delayed till the cold period is over. Emergence after the cold period implies that 
vegetative development is not delayed by the low temperatures resulting in a 
shorter vegetative period. In 1973 underestimation of only 1 °C leads to a 
difference in vegetative period duration of 10 days. By changing the 
temperature data in the set with climatic averages this effect can be reproduced. 
In the simulation run with climatic averages crop emerges on April 1st. Merely 
by reducing minimum and maximum air temperatures to respectively 0 and 5 °C 
on 2-11 April the same effect of underestimation temperature on vegetative 
period duration is achieved (figure 2.3). 
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Figure 2.6 Comparison between average day temperature (0.5*(Tmax+Tmin)) in 1954 in 
Wageningen ( ) and estimated values ( ) based on: A climatic averages, B monthly 
averages, C averages over 10 days. 
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The explanation for the local minimum in the curve for simulated yield in 1982 is 
found in a period of unfavourable weather conditions (low temperature and low 
radiation) just before flowering of the crop. An overestimation of temperature 
lead to earlier crop emergence and earlier flowering, so that the unfavourable 
weather period occurs in the grain filling period of the crop. The model is less 
sensitive to unfavourable weather conditions during the grain filling period than 
during the vegetative period and a yield increase is obtained. The longer 
vegetative period as a result of underestimation of temperature compensates for 
the effect of the adverse weather conditions in this period resulting in a yield 
increase. The local minimum as found for 1982 can be reproduced by 
decreasing global radiation (in the set with climatic averages) to 5 MJ m-2 d~1 in 
the 10 days before flowering of the crop (9-18 June) (figure 2.5). 

Table 2.1 Average deviation (°C) between the original value (x0j) on day i in 
the Wageningen data set and the estimated value (xei), for minimum (Tmjn) 
and maximum temperature (Tmax) for various estimation methods, where n 
is the number of days (= 3650,10 years * 365 days ). Methods considered 
are: data from another station (de Bilt, de Kooy) and average values over 
various intervals from Wageningen (10 days, one month or climatic 
averages). 

De Bilt 
De Kooy 
10 day averages 
monthly averages 
climatic averages 

n 

n 

'min 

°c 

-0.4 
-1 .2 

0 
0 

-0 .3 

-Xei) 

Tmax 

°c 

-0.4 
1.1 

0 
0 

-0.2 

/£(x0i-xei)
2 

V ' 1 n 
' min ' max 

°c °C 

1.8 2.0 
2.7 2.7 
2.9 2.8 
3.5 3.6 
3.8 4.0 

The model is rather sensitive to inaccuracies in temperature. Even an 
underestimation of 1 °C can result in a change in duration of the vegetative 
period of 10 days. Since inaccuracies can have such a large effect on the 
simulation results, it is vital to replace missing values by realistic data. 
For all estimation methods considered, the average deviation from the original 
values was calculated according to two equations (table 2.1). The values in 
table 2.1 are calculated for 1976-1985. For these years data from all estimation 
methods were available. The deviations in the first two columns indicate 
whether temperatures are on average higher or lower than the original value. 
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Deviations in column 3 and 4 are comparable to the standard deviation of a 
population and are measures of the absolute difference from the original data. 
Since averages over 10 days and monthly averages are derived from the daily 
data, the average temperatures are the same and deviations in column 1 and 2 
are zero (table 2.1). Climatic averages are based on daily data from 1954-1983, 
for which average temperature is not equal to the average of the daily data. The 
minimum temperature in de Kooy is higher than in Wageningen and the 
maximum lower, due to the effect of the sea. Both maximum and minimum 
temperature in de Bilt are 0.4 °C higher than in Wageningen. Deviation in 
column 3 or 4 gives a different picture: deviation of the data from the other sites 
is smaller than from average data. The deviation increases with increasing 
length of the averaged interval. This is in accordance with the data shown in 
figure 2.6: the temperature data based on 10 day averages give a better 
estimate of the daily values than averages over longer intervals, but large 
differences remain. It is striking that the average over 10 days gives a larger 
deviation from the original values than data from a station at a distance of 130 
km (de Kooy). 

veg. per. (d) average data 

90-

80-

70-

60-

50 T 1 1 

50 60 70 80 90 

veg. per. (d) original data 

yield (103 kg ha-1) average data 

10-

2 4 6 8 10 

yield (103 kg ha-1) original data 

Figure 2.7 (left) Comparison between duration of the vegetative period simulated with the original 
data set (Wageningen 1954-1987) and duration of this period when temperature values were 
estimated from average data. Averages over 10 days ( A ) , monthly averages (o), climatic 
averages (+). 

Figure 2.8 (right) Comparison between yield simulated with the original data set (Wageningen 
1954-1987) and simulated yield when temperature values were estimated from average data. 
Averages over 10 days ( • ), monthly averages (o), climatic averages (+). 
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Figure 2.9 (left) Comparison between duration of the vegetative period simulated with the original 
weather data set (Wageningen (1961-1987)) and duration of this period when temperature values 
in this set were replaced by data from another meteorological station. Data de Bilt (1976-1985): o , 
data de Kooy (1976-1985): • and data de Bilt (1961-1975 and 1986,1987) : +. 

Figure 2.10 (right) Comparison between yield simulated with the original weather data set 
(Wageningen (1961-1987)) and simulated yield when temperature values in this set were 
replaced by data from another meteorological station. Data de Bilt (1976-1985): o , data de Kooy 
(1976-1985): • and data de Bilt (1961-1975 and 1986,1987) : +. 

In figures 2.7 and 2.8 the effect of average temperature data on simulation 
results is given. Use of averages over 10 days gave the smallest deviation in 
simulation results. The deviation in duration of the vegetative period was in the 
order of magnitude of days. Use of climatic averages implies that temperature 
was the same in all years, for which simulated duration of the vegetative period 
was the same (72 days). Actual temperatures can be quite different to cause 
differences in duration of over 20 days. Use of monthly averages resulted in a 
deviation in simulated duration of 5-10 days. Overestimation of the yield by 
25 % occurred when climatic averages or monthly averages were used. 
Averages over 10 days gave a smaller deviation. These results imply that it is 
not advisable to use average data for estimation of missing values. 
Use of data from another station gave far better results. Deviations in the order 
of magnitude of 5 % were obtained when data from de Bilt were used (figures 
2.9 and 2.10, solid and empty circles cover same time interval). Data from de 
Kooy resulted in a larger deviation. 
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Replacing 10 % of the daily data randomly by climatic averages had hardly any 
effect on simulation results. So when only a few data are randomly missing, 
there is no need to pay much attention to the estimation procedures. Missing 
data, however, are often clustered, since it takes some days to repair the 
instruments. It was shown that only 10 days of incorrect data can have large 
effects on simulation results. When missing values are clustered, it is better to 
replace them by data from a nearby station. The effects of inaccuracies in 
weather data for other simulation models and on other locations are discussed 
in section 4.8. 

Conclusions 

Differences in temperature between the meteorological station and a field 
experiment of 1 °C can be expected. These differences can cause a deviation in 
simulated yield up to 1 ton ha-1 and a deviation of the duration of the vegetative 
period of 10 days. Due to the irregular course of the temperature in most years 
the use of averages is unsuitable for simulation of crop production on a daily 
basis. Use of these data nearly always results in an overestimation of yield in 
comparison with yield simulated with daily values. Missing values in a data set 
can be replaced best by data from another meteorological station located in the 
same climatic district. 
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Chapter 3 

Inaccuracies in weather data and their effects on crop 
growth simulation results: II Global radiation 

Abstract In weather data sets used by crop modellers irregularities occur in the form of 
inaccuracies in given data or missing values. In the previous chapter the effects of irregularities in 
temperature data on results of a spring wheat simulation model were discussed. In this chapter the 
effects of irregularities in global radiation data on potential production are studied. From literature 
the inaccuracy in global radiation data was estimated to be 10 %. A systematic over or 
underestimation of global radiation by 10 % resulted in a deviation of about 10 % in simulated 
yield. Five ways of estimating missing global radiation values were considered: use of climatic 
averages, averages over one month and averages over 10 days, data from another weather 
station and sunshine duration data. When all daily data were replaced by estimates, data from a 
nearby station and estimates based on sunshine duration data gave the smallest deviation in 
simulation result. Use of average values resulted in an overestimation of simulated yield up to 
30 % in some years. When only 10 % of the daily data were replaced randomly by estimates, no 
effects on simulation results were found. 

Introduction 

Most crop growth simulation models require daily weather data as input 
(Whisler 1986). In weather data sets irregularities occur such as inaccuracies in 
data or missing values. Since models are sensitive to data used as input, it is 
likely that these irregularities in weather data sets affect the simulation results. 
This study is intended to determine the magnitude of the errors in these data 
and to analyse their effects on simulation results. In chapter 2 the effects of 
inaccuracies in temperature data on simulated potential production were 
studied. This chapter is focussed on the influence of errors in global radiation 
data on simulated potential production. In chapter 4 the effects of irregularities 
in weather data on simulated water-limited production will be discussed. 
Global radiation includes both direct and diffuse solar radiation and is an 
important weather factor for agricultural research, since this type of radiation 
provides the energy for crop growth. The instruments for measuring global 
radiation were developed during the nineteen twenties (Moll 1923, Gorczynski 
1926, Gulik 1927). In the late twenties regular measurements were started in 
Wageningen in The Netherlands (Gulik 1929). In the early forties global 
radiation was also measured in Rothamsted in England and in Versailles in 
France. Since the sixties the number of sites where global radiation is recorded 
has increased, but presently global radiation is still measured at only a small 
number of meteorological stations. In some countries different networks exist: 
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one maintained by the national meteorological institute (measuring 
temperature, rainfall, etc.) and another one maintained by the national institute 
for solar energy (measuring several types of solar radiation, including global 
radiation). Accordingly global radiation data are often published in other reports 
than data on temperature and rainfall. 
The fact that long period records of global radiation only exist from a very few 
sites in Europe and that even now this variable is recorded at only a few sites 
makes global radiation the limiting factor in most weather data sets. 

Sunshine duration (hours of bright sunshine per day) is recorded at far more 
locations than global radiation. In The Netherlands 35 stations record sunshine 
duration and 17 global radiation (KNMI 1988); in the former Federal Republic of 
Germany the numbers are 68 and 8 (Golchert 1981), in Great Britain 132 and 
25 (Cowley 1978) and in Italy 70 and 28 (Andretta et al. 1982). Sunshine 
duration and the amount of global radiation are related (on a day with a large 
number of hours of sunshine, global radiation is high). Sunshine duration data 
are often used to estimate the global radiation. Therefore in this chapter, 
besides the effects of the estimation methods mentioned in chapter 2, attention 
is paid to the effects of the use of sunshine duration data instead of global 
radiation data on simulation results. 

Methods 

The same procedure as described for temperature data in the previous chapter 
was used. The inaccuracy that could be expected in given global radiation data 
was estimated on the basis of literature and effects of permanent over and 
underestimation of the values by this inaccuracy on simulation results were 
studied. Various ways of estimating missing values were compared: use of 
average data over various intervals and data from another station. Details of the 
method are given in chapter 2. 
The effects of inaccuracies in global radiation data on simulation results were 
studied for the same simulation model as used in chapter 2. In contrast with 
temperature, radiation affects only two processes in the simulation model: 
photosynthesis and transpiration. In this chapter only the effect on 
photosynthesis is considered (potential production). The effect through 
transpiration on the water-limited production is discussed in chapter 4. 

Not all wave lengths within the global radiation spectrum can be used for 
photosynthesis: only photosynthetically active radiation (PAR, 400-700 nm) 
provides the energy for photosynthesis. The model assumed that half of the 
global radiation consists of PAR (Spitters et al. 1989). The basis for calculation 
of the crop assimilation is the photosynthesis-light response curve of individual 
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leaves of the crop (de Wit 1965, Goudriaan & van Laar 1978a). Since this 
relation is not linear, average radiation does not result in average 
photosynthesis (figure 3.1). 

Figure 3.1 The form of the photosynthesis-light response curve, and the effect of using average 
radiation data on the calculated assimilation. 

Global radiation can be recorded with several instruments (Fritschen & Gay 
1979). The series in Wageningen are recorded with the Kipp-Solari meter 
(Gulik 1927, de Vries 1955). When this type of instrument is maintained well 
inaccuracy is limited to 5 % (Bener 1951). De Vries (1955) found random errors 
of 5 % and systematic errors of 1-10 % for the instrument used in Wageningen. 
Here the effect of an inaccuracy of 10 % in global radiation data is studied. 

To estimate missing values an extra method was available: use of sunshine 
duration data. For this purpose the so called Angström formula was used 
(Angstrom 1924, Prescott 1940): 

Qo 
+ B * 

(3.1) 

in which Q is the global radiation (J rrr2 d_1), Q0 is the total radiation in absence 
of atmosphere (J n r2 d~1), n is the recorded hours of bright sunshine and N is 
the astronomical daylength (h). The coefficients A and B are site dependent and 
are affected by optical properties of the cloud cover, ground reflectivity and 
average air mass (Iqbal 1983). A and B values have been derived for many 
locations (Cowley 1978, Golchert 1981, Martînez-Lozano et al. 1984). 
From de Bilt (1961-1980) both global radiation and sunshine duration data 
were available on a daily basis. These data were used to study the effect of 
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estimating global radiation from hours of sunshine on simulation results. A and 
B values for de Bilt (0.20 and 0.55 respectively) were obtained from the 
European Solar Radiation Atlas (Palz 1984). Two simulation runs were made 
with weather data from de Bilt (1961-1980): one with the recorded global 
radiation data and one with the estimated global radiation on the basis of the 
sunshine duration data (equation 3.1). 

Results and discussion 

Inaccuracies in data 

Underestimation of global radiation by 10 % resulted in a decline in simulated 
yield (grains, dry matter) of 5-10 % (figure 3.2) and overestimation in an 
increase in yield of about 5 % in most years. Small differences in sensitivity 
existed between the years: in 1976 overestimation of the radiation resulted in a 
yield increase of only 3 % and underestimation in a yield decline of 5 %, while 
in 1961 overestimation resulted in a yield increase of 8 % and underestimation 
in a yield decline of 10 %. 

yield (103 kg ha~1) changed rad. data 
10- Figure 3.2 Comparison between yield 

simulated with the original weather data 
set (Wageningen 1954-1987) and 
simulated yield when global radiation 
was overestimated by 10 % (o) or 
underestimated by 10 % ( • ). 

2 4 6 8 10 
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To achieve a better understanding of the effects of inaccuracies in global 
radiation data on simulation results in various years, the sensitivity of the model 
to deviations up to 6 MJ rrr2 d~1 was studied for the years 1961 and 1976. Sixty 
simulation runs were made for each year. In the first run daily total global 
radiation was decreased by 6 MJ rrr2d-1 on all days, in each following run de-
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global radiation - potential production 

viation in global radiation was decreased by 0.2 MJ rrr2 d_1 up to overestima-
tion of radiation by 6 MJ rrr2 cM. The results of these simulation runs are plotted 
in figure 3.3. In 1976 overestimation of the daily radiation up to 6 MJ rrr2 d_1 

had no effect on simulated yield and underestimation by 6 MJ irr2 d_1 resulted 
in a yield decline by 2 ton ha -1. In 1961 overestimation resulted in a yield 
increase of 1.5 ton ha-1 and underestimation in a yield decline of 4 ton ha-1. 
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10 
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Figure 3.3 The effect of deviation in global radiation up to 6 MJ nr2 d~1 on simulated yield with 
daily weather data from Wageningen 1976 (•-•-•) and 1961 ( ). 

The effects of over and underestimation of radiation in different years can be 
explained by the form of the photosynthesis-light response curve (figure 3.1). At 
high radiation levels saturation occurs. Hence inaccuracies at high radiation 
levels have no effect on photosynthesis and crop yield. Large differences in 
radiation levels between growing seasons exist. In some years average 
radiation during the vegetative period is just over 12 MJ rrr2 d~1, while in other 
years average radiation levels over 18 MJ rrr2 d~1 are recorded (figure 3.4). In 
1976 radiation levels were high so inaccuracies had little effect on crop 
production, while in 1961 levels were low so inaccuracies in global radiation 
had a larger effect on crop production. 

41 



weather data in crop growth simulation models 
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Figure 3.4 The average daily global radiation during vegetative period of the crop when daily 
weather data from Wageningen (1954-1987) were used as input in the simulation model. 

Estimation of missing values 

In table 3.1 the average deviation from the original value (recorded global 
radiation in Wageningen, 1976-1985) is given for the estimation methods 
considered (see chapter 2). Since averages over 10 days or over one month 
are obtained from the original daily values, average radiation levels are the 
same, resulting in a zero deviation in the first column. The climatic data are 
based on data from 1954-1983 and cover a different period, through which a 
small difference in average radiation levels is found. Since no sunshine 
duration data from Wageningen were available, deviation for sunshine duration 
is based on data from de Bilt (1961-1980). The deviation from the original value 
is smallest when sunshine duration data are used. 
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