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a  b  s  t  r  a  c  t

Climate  change  impacts  on  potential  and  rainfed  crop yields  on the European  continent  were  studied  using
output  of  three  General  Circulation  Models  and  the Crop  Growth  Monitoring  System  in combination  with
a weather  generator.

Climate  change  impacts  differ  per crop  type  and  per  CO2 emission  scenario.  Crops  planted  in autumn
and  winter  (winter  wheat)  may  benefit  from  the  increasing  CO2 concentration.  Rainfall  is  sufficient  and
if the  CO2 concentration  increase  is high,  yields  may  increase  up  to  2090.  If the CO2 increase  is  less,
increasing  temperatures  result  in declining  or stagnating  yields  after  2050.

Crops  planted  in spring  (potato,  sugar  beet)  initially  benefit  from  the  CO2 increase,  however  as  time
progresses  the increasing  temperatures  reduce  these  positive  effects.  By  the end of the  century  yields
otato
ugar beet

decline  in  southern  Europe  and  production  may  only  be possible  if  enough  irrigation  water  is  available.
In  northern  Europe  depending  on  the  temperature  and  CO2 concentration  increase,  yields  either stagnate
or decline.  However  in  some  of  the cooler  regions  yield  increase  is  still possible.

Crops  planted  in  late  spring  and  summer  (maize)  may  suffer  from  droughts  and  high  temperature
in  summer.  By  the  end  of  the century,  depending  on the  temperature  rise,  crop  yields  decline  almost

ratur
everywhere.  If  the  tempe

. Introduction

Agricultural production is greatly affected by climate and
hanges in greenhouse gas concentrations, radiation and temper-
ture patterns may  have large consequences for the potential and
ainfed yields. Except in the coolest regions where the tempera-
ure is currently below the optimum range, rising temperatures

ay  affect crop production negatively, the growing season is short-
ned and the time for biomass accumulation is reduced (e.g. Lobell
nd Field, 2007; Battisti and Naylor, 2009; Giannakopoulos et al.,
009; Supit et al., 2010b).  The elevated atmospheric CO2 concen-
ration may  increase production for various crops (e.g. Miglietta
t al., 1998; Qaderi and Reid, 2005; Franzaring et al., 2008). For
xample, Amthor (2001) compared 50 studies on the effects of CO2
oncentration on wheat. He concluded that doubling of the CO2

oncentration from 350 to 700 ppm increased wheats yield with
1%, provided ample nutrients and water are available. However,
ield increases in free air CO2 enrichment (FACE) studies are lower
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e  increase  is  less  only  in  north  western  Europe  yields  remain  stable.
© 2012 Elsevier B.V. All rights reserved.

than for enclosure studies (Long et al., 2006). Furthermore, a mod-
est warming trend (1–4 ◦C) will counteract the positive effects of a
doubled CO2 concentration (Amthor, 2001).

Biophysical models are commonly used to estimate plant
growth and production (e.g. Brown and Rosenberg, 1997; Easterling
et al., 2001; Parry et al., 2004; Ewert et al., 2005). These mod-
els can also be used to evaluate climate change impacts on
crop development, growth and yield by combining future cli-
mate conditions, obtained from General or Regional Circulation
Models (GCMs and RCMs respectively), with the simulation of
CO2 physiological effects, derived from FACE studies (Moriondo
et al., 2010; Asseng et al., 2004). In this study we used the
Crop Growth Monitoring System (CGMS) of the European Com-
mission (http://mars.jrc.it/mars/About-us/AGRI4CAST/Crop-yield-
forecast/The-Crop-Growth-Monitoring-System-CGMS).

CGM outputs are freely available from the IPCC Data Distribu-
tion Centre (www.ipcc-data.org) and can be used by the research
community to assess climate change impacts on for example

agricultural crops and natural ecosystems, biodiversity and plant
diseases (Semenov and Stratonovitch, 2010). We  used the CMIP3
multi-model results (Meehl et al., 2007) that are produced by var-
ious research groups, who coordinated the climate experiments,

dx.doi.org/10.1016/j.agrformet.2012.05.005
http://www.sciencedirect.com/science/journal/01681923
http://www.elsevier.com/locate/agrformet
mailto:iwan.supit@wur.nl
http://mars.jrc.it/mars/About-us/AGRI4CAST/Crop-yield-forecast/The-Crop-Growth-Monitoring-System-CGMS
http://www.ipcc-data.org/
dx.doi.org/10.1016/j.agrformet.2012.05.005
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Table 1
Models used in this study.

Model name Modeling group Country References
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.e. several GCMs were run for a common set of experiments and
arious emissions scenarios (Solomon et al., 2007). The models we
sed are referenced in Table 1.

General and regional climate model results cannot directly be
sed as input for biophysical models because the output is typ-

cally available as monthly means or changes in monthly means
f climatic variables (Semenov and Stratonovitch, 2010) and most
iophysical models need daily time series as input. Even if daily
utput is available, the coarse spatial resolution and large biases, in
articular for precipitation make the output unsuitable for direct
se (Semenov, 2007; Semenov and Stratonovitch, 2010).

Through scaling a standard gridded data set of mean weather
ariables from a predefined baseline range of weather variables
New et al., 2000) with differences between current and future
onditions can be obtained (Alcamo et al., 2007). This approach
owever, considers only the changes in the mean, it does not
ccount for the variability. Extreme values in future climate sce-
arios are leveled off (Graham et al., 2007). To tackle this problem
rop modelers often use bias correction methods that apply trans-
er functions from observed and simulated cumulative distribution
unctions (e.g. Ines and Hansen, 2006). These methods are given a
ide range of names in the literature: statistical downscaling, quin-

ile mapping, histogram equalizing, and rank matching are among
hese (Piani et al., 2009). Alternatively, daily site-specific climate
cenario datasets can be created using a stochastic weather gener-
tor (Wilks, 1992; Barrow and Semenov, 1995; Wilks and Wilby,
999; Semenov, 2007), but this requires that the mathematical
arameters for the generator are known. In this study we used a
eather generator (Section 3.1).

Sowing and planting dates, crop responses to the changing
emperature and radiation patterns, water shortages, interact in

 non-linear way may  lead to different trends per crop and per
egion. To have a clear impression of climate change impacts on
gricultural production we selected four crops that are extensively
ultivated in Europe and that differ in respect to their sowing
ate (winter vs. spring/summer crops), response to changing CO2
oncentrations and response to changing temperatures (C3 vs. C4
rops). We  selected winter wheat to represent winter crops, sugar
eet and potato to represent the spring root crops and maize to rep-
esent a spring/summer C4 grain crop. We  assumed that planting
ates do not change in time.

We  investigated the future potential and rainfed yields in the
ears 2030, 2050 and 2090.

. Data

.1. GCM data

We  used the IPCC AR4 GCM simulation results as future climate
ata. Note that the range of these simulation results is large and
egionally dependent (NRC, 2003; Giorgi and Bi, 2005) and there-
ore we used data from three GCMs and two emission scenarios
A2 and B1) mentioned in the Special Report on Emissions Scenar-
os (Nakićenović et al., 2000) (Table 1). These particular GCMs were

elected because daily temperature and rainfall data were avail-
ble for all model simulations. In addition, these GCMs showed

 reasonable match between observed and simulated tempera-
ure and rainfall (Hagemann et al., 2011). Each of the selected
France Dufresne (2007a,b,c)
Japan Nozawa (2005a,b,c)
Germany Roeckner (2005, 2006, 2007)

GCM’s deal with climatological feedbacks in different ways and it
is broadly assumed that the average of various GCM’s  provides the
best representation of future climate. The emission scenarios repre-
sent different mixes of population changes, economic output, land
use, energy and technology use and can be generally character-
ized by maximum atmospheric CO2 concentrations (Sheffield and
Wood, 2007). A2 represents the worst-case scenario. As a result of
continuously increasing global population and limited technolog-
ical change, CO2 emissions in the period 2000–2099 will multiply
4–5 times and the atmospheric CO2 concentrations will increase
from about 350 to 850 ppm. Temperature increases 2.0–5.4 ◦C.
In the B1 scenario environmental protection is emphasized and
world population increases relatively slow. The atmospheric CO2
concentrations will stabilize at 550 ppm by the end of the cen-
tury. Temperature increases 1.1–2.9 ◦C. We  also used data from
the twentieth century simulations (20C3M). These simulations
are dictated by historical greenhouse gas and sulfate-aerosol con-
centrations and other forcing’s since the start of the industrial
revolution (Sheffield and Wood, 2007). Where ensemble simula-
tions for a particular scenario were available we used the first
ensemble.

2.2. MARS CGMS data

2.2.1. Historical gridded weather data
Historical weather data are taken from the MARS-STAT Data

Base provided by the Monitoring Agricultural Resources (MARS)
Unit of the Institute for Environment and Sustainability of the Joint
Research Centre of the European Commission at Ispra, Italy. These
data consist of daily values of maximum and minimum temper-
atures, wind speed, global radiation and vapor pressure, rainfall,
interpolated from station data to a 50 × 50 km climatic grid (Beek
et al., 1992; van der Voet et al., 1993; Micale and Genovese, 2004).
Our study area covers 5014 grid cells. Weather data have been col-
lected from the Global Telecommunication System (GTS) of the
World Meteorological Organization as well as from national and
sub national station networks. Presently, data from nearly 7000
stations is available. Of these stations about 2500 receive daily
meteorological information. Missing global radiation values are
computed automatically from data from the GTS: sunshine dura-
tion, a combination of cloudiness and the temperature range or only
the temperature range. Other missing data are replaced by long
term average values. From 1976 a more or less complete European
coverage is available.

2.2.2. Crop data and administrative regions
Per region and per crop various varieties are cultivated. Per

region, for all crops of interest, crop calendars of the regional crop
varieties have been collected, including sowing dates of sowing,
flowering, and maturity or harvest. For non-flowering root crops
the start of tuber formation was  collected, and for some crops that
may  not reach maturity (i.e. sugar beet, potato, and maize) the end
of season as well. Based on this information, per region and per
crop, a crop file has been constructed that describes the growth

and development of an average crop variety. For each crop–region
combination a fixed sowing date and a fixed crop parameter set are
assumed. The present study covers crop information for 372 NUTS2
regions. This information is based on the research Boons-Prins et al.
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1993),  Russell and Wilson (1994),  Carbonneau et al. (1992),  Falisse
1992), Narciso et al. (1992),  Bignon (1990),  Falisse and Decelle
1990), Hough (1990) and Russell (1990).  Since new crop vari-
ties are constantly introduced, crop parameters that describe crop
rowth and development are regularly updated and calibrated (e.g.
isat, 2003; Willekens et al., 1998a,b).

.2.3. Soil data and cultivated area
Soil properties such as texture, rootable soil depth, slope and

gricultural limiting phase (due to presence of stones, cemented
ayers, rocks, erosion etc.) are available from the 1 to 1 million
oil map, version 3.1 (INRA, 1995; Le Bas, 1996; Jones and Buckley,
996). Texture and rooting depth determine the water availabil-

ty. Rooting depth, drainage conditions, salinity and alkalinity are
erived from basic soil properties using pedotransfer rules (Lazar
nd Genovese, 2004). Detailed crop maps on the exact cultivated
ocations are not available. Therefore the soil map is used to con-
truct a proxy land use map, by assuming that in all regions where

 given crop is grown, this crop is cultivated on all soils judged
uitable. For the suitability assessment each crop is assigned to
ne of the following groups: grasses, cereals and root crops, of
hich the root crops are the most demanding in terms of soil qual-

ty. The requirements per crop group with respect to soil related
haracteristics such as rootable soil depth, agricultural limiting
hase, drainage, presence of stones, texture, alkalinity and salin-

ty is accounted for and differ per crop group. Missing planted area
alues for NUTS2-administrative region level (used in the aggrega-
ion procedure) are replaced with long term average values. Note
hat in the baseline and all future situations the same cultivated
rea has been applied, while we may  expect some shifts in culti-
ated area from one region to another, in response to the changes
n climatic suitability for a given crop.

.3. Spatial schematization

Simulations are performed per simulation unit which is an area
apped as an unique combination of a climatic grid cell and Soil

ypological Unit (STU) and valid for a given crop. The size of sim-
lation unit varies between 210 and 360 km2. A STU is located in
ne or more Soil Mapping Units (SMU) and the proportion of the
MU area occupied by each STU is known. Model input and output
re also related to administrative regions through the EMU  + NUTS
ntersection, where EMU stands for the Elementary Mapping Unit

hich is the intersection of a climatic grid cell and a SMU. Conse-
uently, the location and area extent of given simulation unit can
e related to the grid, SMU  and administrative region. Simulation
esults (in ton/ha) are subsequently aggregated to mean values per
UTS2, NUTS1 and NUTS0 level using the following equation:

h =

n∑
i=n

AiSi

n∑
i=n

Ai

(1)

here Sh is the simulation result at a higher level, Si the simula-
ion result at a lower level and Ai the total area deemed suitable
or a specific crop within a NUTS2 region. For subsequent aggrega-
ion steps the same equation is applied. As land use information on
UTS2-level comes available, usually 1 or 2 years after the season
nds, observed Ai values are used. For the scenario simulations we
sed Ai values of 2008.
. Methods

We used two  scenario sets from each of the three different
CM’s. We  also used the outputs of the “climate of the 20th Century
eteorology 164 (2012) 96– 111

experiment” (20C3M) that describe the climate for the period 1st
January 1970 until 31st December 1999. We  only used the period
1st January 1980 until 31st December 1999. Differences between
the scenarios and the 20C3M series are used to adapt the parame-
ters of a weather generator. In a next step, 31 years of synthetic daily
weather data are generated which are subsequently introduced
in the CGMS crop modeling procedure. The results are compared
with results obtained with observed weather data for the period
1990–2008 (baseline).

3.1. Weather generation

3.1.1. Model development
3.1.1.1. Rainfall occurrence. Rainfall occurrence can be modeled
using the first order, two-state Markov process (e.g. Todorovic and
Woolhiser, 1975; Katz, 1977; Stern and Coe, 1984; Wilks, 1998).
However according to Racsko et al. (1991) the length of dry and
wet series, parameters that are important for plant growth and
development, cannot be approximated closely from this model,
and semi-empirical distributions perform better. Therefore in our
study we  used the method applied in the LARS weather generator
(Semenov and Barrow, 1997; Semenov et al., 1998; Semenov and
Brooks, 1999). We use a histogram Emp  = {a0, ai; hi, i = 1,.  . .,10}  with
10 intervals [ai  − 1, ai], where ai − 1 < ai, and hi denotes the number of
events from the observed data in the i-th interval. Random values
from the semi-empirical distributions are chosen by first selecting
one of the intervals (using the proportion of events in each interval
as the selection probability), and subsequently a value is selected.
A uniform distribution within that interval is assumed.

3.1.1.2. Selection of best fitting distribution for precipitation amounts.
Precipitation amounts are often modeled using a two-parameter
gamma  distribution (Katz, 1977; Buishand, 1978; Richardson,
1981). Other distributions that can be applied are the exponential
distribution (Todorovic and Woolhiser, 1975), Weibull distribu-
tion (Sharda and Das, 2005), and two  so-called mixed distributions,
the mixed exponential distribution (Woolhiser and Roldan, 1982;
Foufoula-Georgiou and Lettenmaier, 1987; Chapman, 1997, 1998;
Wilks, 1999) and the mixed Weibull distribution (Suhaila and
Jemian, 2007). Prior to this study we fitted the above mentioned
distributions to the CGMS grid cell rainfall series. Subsequently we
compared the goodness of fit using Kolmogorov–Smirnov test. The
mixed distributions provided substantially better fits and of the two
tested mixed distributions, the mixed Weibull performed best. In
this study the parameters are estimated on a monthly basis.

Mixed Weibull distribution to generate precipitation amounts:

f (x) = p
(

˛1
ˇ1

)  (
x

ˇ1

)˛1−1
exp

[
−
(−x

ˇ1

)˛1
]

+ (1 − p)
(

˛2
ˇ2

)  (
x

ˇ2

)˛2−1
exp

[
−
(−x

ˇ2

)˛2
]

(2)

0 ≤ p ≤ 1,  ̨ > 0,  ̌ > 0, x > 0

where ˛1,2 and ˇ1,2 are the shape and scale parameters respec-
tively and p is the mixing factor.

3.1.1.3. Temperature, radiation and vapor pressure. The procedure
to generate time series of minimum and maximum temperatures,
radiation and vapor pressure as described by Richardson (1981) is

based on the weakly stationary generating process given by Matalas
(1967):

Rt = [A] Rt−1 + [B] ei (3)
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Rt and Rt − 1 are 4 × 1 matrices for day t whose elements are stan-
ardized residuals (zero mean, unit variance) of radiation, vapor
ressure, maximum, and minimum temperature values for days t
nd t − 1, respectively. These standardizations are conditional on
et or dry days. ei is a vector of independent random components.

he parameter matrices [A] and [B] are 4 × 4 matrices whose ele-
ents are defined such that the new sequences have the desired

erial-correlation and cross-correlation. These matrices are calcu-
ated from lagged and unlagged correlations for the conditionally
tandardized variables (Richardson, 1981). Daily generated values
re obtained by:

t = m (Rtc + 1) (4)

here m is the monthly mean and c the coefficient of variation. The
onthly change in means and coefficient of variation in a year can

e described by:

 = m + A cos
(

2�(t − T)
365

)
(5)

here A is the annual amplitude and T is the day determining the
osition of the harmonic.

.1.1.4. Wind speed. A variety of parametric probability distribu-
ion functions to describe wind speed frequency distributions have
een proposed. Currently, the two-parameter Weibull distribution

s most widely used (Tuller and Brett, 1984). A two-component
ixture Weibull distribution is able to represent heterogeneous
ind. However, several authors (Burton et al., 2001; Jaramillo and
orja, 2004; Ramírez and Carta, 2006) as cited by Carta and Ramírez
2007) have indicated that the Weibull distribution should not
e used in a generalized way, as it is unable to represent some
ind regimes which show bimodality or bitangentiality. Similar to

aramillo and Borja (2004) and Carta and Ramírez (2007),  we used a
ixed Weibull distribution to represent wind regimes. We  assume

hat wind speed is independent from the other parameters.

.1.2. Generating time series of future weather data
The time slices 1980–2000, 2020–2040, 2040–2060 and

080–2100 were chosen from the GCM data. Average differences
etween the period 1980–2000 and future time slices were used
o adapt the parameters of the weather generator. For every grid
ell the parameters are established. It is assumed that these newly
reated parameters represent the weather patterns in respectively
030, 2050 and 2090. For each of these years 31 complete sets of
aily weather data are generated. This was done for all six param-
ter sets derived from the two emission scenarios and the three
CM models.

.2. CGMS crop growth modeling procedure

.2.1. Model and aggregation of output
This paper presents other aspects of the research pub-

ished earlier in Supit et al. (2010a,b).  Similar to these papers,
e used the Crop Growth Monitoring System (GCMS) ver-

ion 8.1.2. to assess the crop yields across Europe. CGMS is
he monitoring system used by the AGRI4CAST department
f the MARS Unit of the European Commission to moni-
or and assess crop yields. Detailed information on CGMS
an be found at http://mars.jrc.it/mars/Projects/Methodology-of-
he-MARS-Crop-Yeld-Forecasting-Systems-METAMP.  How CGMS
esults are used can be seen at: http://mars.jrc.it/mars/Bulletins-
ublications. CGMS applies the WOFOST crop growth simulation

odel. Its underlying principles have been discussed by van Keulen

nd Wolf (1986).  The initial version of this model was developed
y the Centre for World Food Studies in Wageningen (Diepen et al.,
988; van Diepen et al., 1989). Implementation in CGMS and its
eteorology 164 (2012) 96– 111 99

structure is described by Supit et al. (1994) a standalone of WOFOST
is described by Boogaard et al. (1998).  Two  production situations
are simulated: potential and rainfed. The potential crop produc-
tion situation is defined by temperature, day length, solar radiation
and crop characteristics. Optimum nutrient and moisture levels
are assumed. We  used the potential simulation results to research
the effects of the changing temperature and global radiation pat-
terns on the yield potential of various crops. The rainfed situation
is defined by the same parameters as the potential situation, in
addition the soil moisture status is considered as well. It is used to
research to examine the effects of drought on crop yield.

CGMS uses the administrative regions of the European Union,
the so-called NUTS regions (http://epp.eurostat.ec.europa.eu/
portal/page/portal/nuts nomenclature/introduction). Four NUTS
levels can be distinguished, however in CGMS only three are used:
the national level (NUTS0), the regional level (NUTS1) and the sub-
regional level (NUTS2).

Simulated leaf area index values, water requirement, water con-
sumption, dry matter production per hectare, etc., are aggregated
to sub-regional level (NUTS2), regional level (NUTS1) and finally to
national level (NUTS0). In the present study we focus on final crop
yield. Specifically, the aggregated yield data in this pan-European
study originate from simulations over 31 years and all the simula-
tion units, for both baseline and three future periods, using three
GCMs per future scenario. The aggregated yields and their changes
in three time steps over the 21 century will be discussed per crop,
for two yield levels and two  scenarios, using a table showing yields
on country level, and a map  showing yield changes on NUTS2-level.
The procedure to aggregate the simulation results to regional and
subsequently to national level is briefly described in Section 2.2,
in Supit et al. (2010a) a more detailed description can be found.
In situations where the cropped area is evenly distributed over a
country, and where yield changes follow the same trend, the aggre-
gated figures at NUTS2 and at country level are similar. In case the
cropped area within a country is concentrated in one or two sub-
regions, or when the yield trends differ between NUTS2 regions,
the national aggregated figures may  seem to contradict the visual
image on the map.

3.2.2. Incorporating changing atmospheric CO2 concentrations
For the present situation we assumed a mean CO2 concentration

of 355 ppm. For the future we  used the CO2 concentrations from
the ISAM reference model (http://www.grida.no/publications/
other/ipcc tar/). For the A2 scenario we used respectively 457, 552,
and 771 ppm CO2 for 2030, 2050 and 2090. For the B1 scenario we
used respectively 437, 488 and 545 ppm CO2.

3.2.2.1. C4-crops. For C4 plants such as maize (and other tall tropi-
cal grasses) the photosynthetic response to CO2 is only very steep
for atmospheric CO2 concentrations well below the current level.
In the present and also the future range of atmospheric CO2 con-
centrations (e.g., 300–1000 �mol/mol), the rate of CO2 assimilation
practically does not change at increasing CO2, even under high
light intensities (Goudriaan and Unsworth, 1990). The transpira-
tion rate of maize however, strongly decreases. Literature reviews
by Cure (1985) and Cure and Acock (1986) indicate a stomatal con-
ductance reduction of 40% and a transpiration decrease of 28% for
maize at doubled atmospheric CO2 and high light conditions. The
transpiration reduction by maize at doubled CO2 was calculated in
a study with a stratified micrometeorological model (Goudriaan,
1977; Chen, 1984). A reduction of the stomatal conductance with
45% at doubled CO2 resulted in a transpiration reduction of 26%

if both the effects of increasing leaf temperature and decreasing
air humidity in the canopy were taken into account (Goudriaan
and Unsworth, 1990). As this micrometeorological feedback is
not included in the method applied in CGMS to calculate the

http://mars.jrc.it/mars/Projects/Methodology-of-the-MARS-Crop-Yeld-Forecasting-Systems-METAMP
http://mars.jrc.it/mars/Bulletins-Publications
http://epp.eurostat.ec.europa.eu/portal/page/portal/nuts_nomenclature/introduction
http://epp.eurostat.ec.europa.eu/portal/page/portal/nuts_nomenclature/introduction
http://www.grida.no/publications/other/ipcc_tar/
http://www.grida.no/publications/other/ipcc_tar/
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Fig. 1. Photosynthesis–light response curves of individual leaves for a C3 and a
C4  crop, with a maximum of 40 and 60 kg ha−1 h−1, respectively and both with
E −1 −1 −2 −1
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Table 2
Lower threshold and upper cut off temperatures.

Crop Lower threshold
temperature (◦C)

Upper cut off
temperature (◦C)

Winter wheat 0 30
Maize 6 30

T
T

A

ff = 0.45 kg ha h /J m s . Measured at 340 ppm CO2 and the maximum at opti-
um  temperatures and Eff at a low temperature.

ata from Penning de Vries et al. (1989).

ranspiration rate, the calculated transpiration rates are reduced
y an overall factor. This reduction factor increases with increas-

ng CO2 and was set at 26% for a doubled CO2 concentration (i.e.,
ncrease by 355 �mol/mol).

.2.2.2. C3-crops. Direct effects of the increasing atmospheric CO2
oncentration on the CO2 assimilation and growth of C3 crops
re incorporated via the maximum and initial angle of the
O2 assimilation–light response and a small decrease in tran-
piration rate. An example of an assimilation–light response is
resented in Fig. 1. In this study the initial angle changes from
.45 to 0.50 kg ha−1 h−1/J m−2 s−1 and the maximum changes from
0 to 64 kg ha−1 h−1 as the CO2 concentration increases from
55 �mol/mol in the present situation to 710 �mol/mol in 2090.
he transpiration decreases 10% in the same period. Values for the
ther CO2 concentrations applied in this study can be obtained
hrough interpolation. These parameter adaptations are based
n studies by Allen et al. (1990),  Goudriaan et al. (1984, 1985),
oudriaan (1990),  Goudriaan and Unsworth (1990),  Goudriaan and
e Ruiter (1983) and Idso (1990),  and on literature surveys on crop
esponses to CO2 doubling by Cure (1985),  Cure and Acock (1986),
nd Kimball (1983).  Pot experiments demonstrated that doubling
he CO2 concentration resulted in yield increases of 40–60%. How-

ver, yield increases in free air CO2 enrichment (FACE) studies are
ower than for enclosure studies (Long et al., 2006) due to more
lant interaction (e.g. shadowing in canopy). Yield increases of
5–40% for doubled CO2 (De Temmerman et al., 2002; Wolf and

able 3
emperatures at which the photosynthesis at light saturation is optimum, zero and reduc

Crop Low temp where
assim = 0 (◦C)

Lower limit
optimum range for
assim (◦C)

U
o
a

Winter wheat 0 15 2
Maize 9 20 3
Sugar beet 3 15 2
Potato 3 15 2

ssim = assimilation at light saturation.
Sugar beet 3 21
Potato 2 30

van Oijen, 2002, 2003; Wolf et al., 2002) were found in such cir-
cumstances.

3.2.3. Crop development, photosynthesis, and yield formation
Phenological crop development is controlled by the daily mean

temperature sum above a minimum threshold value. Similarly, a
maximum cut off value is defined to put a ceiling to the daily
increase in temperature sum. Higher temperatures shorten the
length of successive phenological stages and consequently the total
crop cycle. The lower threshold and maximum cut off values are
crop specific and are given in Table 2 for the crops used in this
study. Photosynthesis is a function of the global radiation. Outside
a range of optimum temperatures the photosynthesis is corrected
by a reduction factor to account for too high or for too low daily
average temperatures. Table 3 presents the temperatures at which
the photosynthesis at light saturation is optimum, zero and reduced
to 50%. After subtracting maintenance respiration, assimilates are
partitioned over roots, stems, leaves and grains as a function of
the development stage. The maintenance respiration requirements
increase during the crop’s life time and in the final crop stages
may  take some 25–40% of the total assimilates for annual crops.
The maintenance respiration requirements double for every 10 ◦C
temperature increase. The growth respiration quantifies the con-
version efficiency of transforming assimilates into structural plant
dry matter.

3.2.4. Limitations
CGMS assumes that weeds, diseases, and pests are controlled

and nutrients are optimally available. No information about future
crop varieties is available and therefore we  assume that crop types
do not change over time. This will show the effects of the chang-
ing weather patterns on crop growth and production. Also plants
ability to adapt to low resource conditions by modifying its mor-
phology and physiology is not accounted for and simulated drought
effects may  therefore be more severe than they in reality are.
Sowing date variations or occurrence of re-sowing in response
to droughts may  occur at regional and even national scale, how-
ever, since no information on these phenomena is available, for
the spring and summer crops an average sowing date per crop and
per region is assumed. Speculating that sowing starts earlier as a
result of increasing temperatures, CGMS may  overestimate sow-

ing dates in the investigated periods. However, since emergence
is temperature dependent, higher temperatures will result in an
earlier emergence, thus partly reducing the effect of a late sow-
ing date. Note that a correct sowing date is important. van der

ed to 50%.

pper limit
ptimum range for
ssim (◦C)

Temp. where assim
is  reduced by 0.5
(◦C)

High temp. where
assim = 0 (◦C)

5 30 35
0 >42
0 >40
0 29 33
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Table 4
Percentage of grid cells where the mean and the variance of the simulated and observed parameters do not significantly differ (p = 0.01).

Jan Feb Mar  Apr May Jun Jul Aug Sep Oct  Nov Dec

Precipitation 97 99 91 96 99 88 88 97 97 78 99 97
Wind  speed 97 98 96 96 92 91 89 89 92 95 96 97

Table 5
Second column: percentage of grid cells where the mean and the variance of the sim-
ulated and observed parameters do not significantly differ (p = 0.01). Third column:
average mean bias error.

Maximum temperature 72 0.01 ◦C
Minimum temperature 68 −0.02 ◦C
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Table 6
Percentage of grid cells where the mean and the variance of the parameter simulated
with the original data and those simulated with the generated weather data do not
significantly differ (p = 0.01).

Wheat Maize Sugar beets Potato
Vapor pressure 66 −0.02 hPa
Global radiation 56 10.00 KJ m−2 day−1

al  (1995) showed that sugar beet simulation in the Netherlands
sing the observed sowing dates instead of the fixed mean opti-
um  sowing date improved the regression between simulated and

bserved yields significantly. Vernalization and cold requirements
winter crops) are not accounted for. Development of the winter
rops starts after a certain temperature sum calculated from the
rst of January is reached. Other weather factors not accounted for
re water logging, frost, wind damage and erosion. These factors
ay  be important at local scale, however, at a regional scale their

ffects on the year to year yield and biomass production variability
re less important (van Diepen and van der Wal, 1995).

Irrigation practices may  change in time, dictated by market
evelopments, environmental regulations, etc. We  did not consider

rrigation, only the maximum (potential) and the rainfed situation
re considered. In reality, in those areas where supplementary irri-
ation is applied, the actual yields will be higher than the calculated
ainfed yields.

As the climate changes some crops types may  not be cultivated
nymore while new crop types will be introduced. We  assumed that
he crop types do not change over time. This shows how climate
hange affects crop growth and development over time.

. Results

For each CGM and each emission scenario we  executed crop sim-
lations. For further analyses we averaged the simulation results
er emission scenario. It is assumed that average values provide a
ealistic representation of the climate change effects on the studied
rops. In the supplementary material average values and standard
eviations of the simulated dry matter yields are presented per time
lice, per CGM and per emission scenario. Variation among the time
lices and among the GCM’s are of the same magnitude. Difference
mong the CGM’s is caused by the different feedback mechanism’s
pplied in each model.

.1. Simulation of historic weather patterns

Tables 4 and 5 present the percentage of grid cells where the
ean and variance of the simulated and observed meteorologi-

al parameters do not significantly differ (t-test, p < 0.01). Monthly
ainfall and wind speed distribution function are established and
ubsequently tested. In more than 90% of the grid cells the rain-
all amounts and wind speed can be considered drawn from the
ame distribution (Table 4). Overall, the best fits are found for the
eriod November–May, and somewhat less good fits in June–July.
nly for rainfall in October the fit is below 80%. Based on Table 4

ne can conclude that the mixed Weibull distribution can be used
o describe rainfall amounts and wind speed.

Daily temperature, vapor pressure and radiation values are rep-
esented by one cosine function in combination with a function that
Potential yield 94 91 90 90
Water limited yield 93 95 84 91

generates residuals. The applied method does not perform very well
(Table 5). For about 60% of the grid cells the observed and generated
temperatures and vapor pressure can be considered drawn from
the same distribution. For global radiation this is 56%. However,
one should bear in mind that the observed grid weather data have
been interpolated from various meteorological stations using an
automatic procedure. In the course of time many of these stations
have stopped to supply data to the GTS and have been replaced by
other stations. These changes are not recorded. Grid cell tempera-
ture, vapor pressure and radiation series may  therefore show some
sudden changes/jumps. The variance may  change over time as well.
Consequently, a perfect cosine form as is assumed in equation (4)
cannot always be expected. Furthermore, according to Roerink et al.
(2012) the CGMS global radiation values also contain irregular pat-
terns due to the applied calculation method. Depending on the data
availability, global radiation values are a mixture of measured radi-
ation and radiation values are based on either sunshine duration,
cloud cover and temperature or only on temperature.

In a next step, we tested (t-test, p < 0.01) for each crop if the
simulated potential and rainfed yields obtained with observed grid
weather and generated grid weather can considered to be drawn
from the same distribution. For both simulated potential and rain-
fed yields this is true for more than 90% of the grid cells (Table 6).
As is demonstrated in Table 5, the generated grid temperature and
radiation do not always have the same distribution characteristics
as the observed grid temperature and radiation and therefore the
fit is not perfect. However, as the simulation results are integrated
over the growing season the imperfect variance and distribution
are leveled to a large extent.

4.2. Wheat yields simulation

In 1990–2008 in north-western Europe relatively cool growing
seasons with sufficient solar radiation and an early start result in
high simulated potential yields (Table 7). In northern Europe the
growing season starts later and in the slightly warmer maritime
regions the harvest is earlier, resulting in a shorter season with a
lower potential yield. More to the east the growing season starts
later start and the seasons are shorter leading to lower potential
yields (Russia). The lowest potential yields are found on the Balkan
as a result of cold winters and a relatively warm, cloudy spring.

Wheat yields are reduced by droughts during the grain filling
period, i.e. the final 2 months of the growing season. In northwest
and northern Europe this may  occur in late summer. South of the
Baltic Sea and in Western Europe the harvest is a month earlier
and yields are sensitive to droughts in late spring and early sum-
mer. High rainfed yields occur along the Atlantic coast of Spain

and in western Italy and western Turkey. In these regions water
shortages during the growing season are limited. Due to water
shortages in combination with high temperatures significantly
lower yields occur in eastern Turkey, Sicily and in some regions at
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Table 7
Potential dry matter yields and dry matter yield changes relative to the period 1990–2008 for the A2 and B1 emissions scenarios.

Potential yield

Wheat Maize Sugar beet Potato

A2 B1 A2 B1 A2 B1 A2 B1

Ref 2030 2050 2090 2030 2050 2090 Ref 2030 2050 2090 2030 2050 2090 Ref 2030 2050 2090 2030 2050 2090 Ref 2030 2050 2090 2030 2050 2090

Country [t/ha] % % % % % % [t/ha] % % % % % % [t/ha] % % % % % % [t/ha] % % % % % %

Ireland 10.6 11 18 33 9 14 16 13.7 13 29 58 14 23 31 16.0 12 18 27 10 13 13
UK 10.4  6 11 24 5 10 10 8.5 0 9 14 0 3 9 15.2 15 29 51 15 23 28 14.7 10 13 21 9 11 9
Denmark 9.7 6 13 29 4 10 14 13.8 17 35 63 19 26 37 15.0 7 10 19 6 8 8
Norway 8.5  19 27 39 17 24 24
Sweden 9.4 13 19 25 11 15 13 13.8 21 32 58 18 29 36 14.6 6 9 19 6 6 6
Finland 8.6  10 17 17 10 14 14
Estonia 8.9 8 14 14 7 11 9 10.0 0 0 12 0 0 0 7.6 6 9 9 6 6 3
Latvia 9.6  5 12 21 5 9 9 10.2 0 5 14 0 2 4 7.1 6 10 10 6 6 3
Lithuania 9.7 4 10 21 3 7 7 7.9 0 5 6 0 0 4 8.4 0 0 0 0 0 0

France  9.3 8 11 23 6 10 9 9.0 0 −3 −20 0 −3 −11 17.3 15 25 39 15 20 22 13.2 9 8 8 8 10 4
Belgium 9.2  5 8 19 3 8 8 8.4 0 0 −9 4 6 7 15.9 14 24 39 16 21 21 13.4 8 8 12 7 9 5
Netherlands 8.8 6 11 25 5 11 11 8.6 0 2 −6 4 8 10 15.5 13 24 40 16 22 24 13.7 8 8 13 8 10 6
Germany 8.6  12 16 29 11 17 17 8.9 0 2 −6 0 0 −1 16.7 13 25 40 13 19 22 13.1 6 6 6 5 5 0
Austria 8.6  11 17 28 9 13 10 9.1 −5 −10 −25 −4 −8 −15 17.4 13 23 32 14 19 19 10.0 0 0 −21 0 0 −15

Poland  8.6 8 13 25 7 11 11 9.0 −3 −6 −17 0 0 −1 15.9 13 24 40 13 19 23 8.7 0 3 3 0 0 −4
Slovakia  8.5 6 12 24 5 7 7 9.2 −5 −12 −29 −3 −9 −18 18.3 10 18 25 10 13 13 9.4 0 0 −9 0 0 −7
Czech  R. 9.1 15 20 33 13 18 15 9.2 0 0 −11 0 0 0 17.1 18 32 52 18 25 28 12.4 0 0 0 0 0 −4
Hungary 7.8 4 10 20 0 4 0 9.5 −8 −21 −45 −8 −19 −35 16.0 21 32 42 17 25 16 10.2 0 −5 −21 −4 −4 −19
Romania  7.7 6 12 22 5 8 5 9.0 −6 −17 −42 −6 −16 −33 9.8 7 19 19 9 12 12 9.1 0 2 2 0 0 −6
Bulgaria  6.1 24 34 54 22 28 26 7.6 −5 −18 −47 −6 −18 −35 9.5 0 0 −26 0 −4 −19 6.9 0 −11 −40 −9 −19 −36

Slovenia 6.2  38 45 70 35 40 40 9.6 −6 −15 −37 −6 −14 −26 19.5 11 19 26 11 14 12
Croatia  7.1 30 38 60 28 34 28 9.7 −7 −20 −43 −7 −16 −31 18.3 13 18 21 10 14 8 5.9 0 −8 −14 0 0 −11
Serbia/Mn. 6.4 31 39 61 29 35 30 9.3 −7 −19 −46 −7 −19 −36 13.0 12 16 16 8 8 4 9.5 0 −4 −17 0 −4 −17
Macedonia 5.1 44 56 82 40 48 42 8.4 −5 −18 −49 −7 −20 −39 13.7 11 11 −9 8 5 −6 9.5 0 −5 −25 0 0 −14
Albania  8.3 23 30 50 21 26 22 8.3 −4 −16 −42 −4 −14 −32 17.5 0 0 −9 0 0 −13 11.7 0 0 −6 0 0 −12

Portugal  9.8 8 11 17 7 10 5 9.7 −4 −16 −39 −3 −9 −24 18.1 9 9 9 9 13 0 12.0 10 6 −6 9 11 −4
Spain 9 12 22 38 11 18 14 8.9 −2 −10 −33 0 −4 −16 18.2 12 14 5 12 12 1 11.0 17 13 0 15 15 0
Italy  9.1 13 19 32 11 18 13 8.9 −3 −14 −39 0 −5 −19 17.2 10 10 7 9 9 −1 10.4 13 10 3 11 13 0
Greece  7.2 22 29 46 21 26 22 7.9 −4 −16 −43 −6 −17 −34 14.1 6 3 −13 0 −4 −14 10.4 8 8 3 6 6 −5
Turkey  7 20 28 48 16 23 22 8.0 0 −7 −32 −3 −11 −25 12.1 5 5 −10 0 0 −9 7.9 0 −4 −21 0 0 −12

Belorussia 8.7 0 7 16 0 4 4 8.9 0 2 −3 0 0 1 13.3 8 17 33 8 13 17 8.7 0 0 0 0 0 −4
Russia  7 0 7 16 0 6 1 8.4 −4 −13 −38 −6 −14 −29 7.8 0 3 3 0 3 −2
Moldova 8.1 0 8  12 0 0 0 8.9 −8 −19 −43 −8 −18 −34 10.0 0 8 8 0 0 −4 8.8 0 0 0 0 0 −4
Ukraine  7.7 0 7 14 0 4 0 8.9 −5 −13 −34 −6 −14 −26 11.9 11 22 29 10 16 20 8.7 0 0 0 0 0 −4
Georgia  7.3 13 20 33 10 17 14 6.8 4 4 −17 0 −3 −14 15.4 20 33 37 18 25 25

0 not significant.
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editerranean coast of Spain. On the Balkan summer rains are more
ommon and rainfed yields come close to the potential level. In
astern Europe (Ukraine and Belorussia) the rainfed yields are still
s high as 80% of the potential yields, rainfed yields decrease when
oing to the east.

In 2030, for both the A2 and B1 scenarios, the increasing CO2
oncentration results in significant potential yields increase (t-
est, p < 0.05) for most countries. Rising temperatures, outside the
ptimal temperature range reduce the effects of increasing CO2
oncentrations in eastern Europe. In these regions yields do not
ncrease and more to the east they decline (Fig. 1). In the period
030–2050 potential yields increase almost everywhere. How-
ver, in the period 2050–2090 only in the A2 situation potential
ields continue to increase. In the B1 situation the atmospheric
O2 concentration increases less and the rising temperatures cause
eclining potential yields in southern Europe. In northern Europe
nly in some regions the temperature increase is less and potential
ields continue to rise, elsewhere potential yields remain stable.

In 2030, for both the A2 and B1 scenarios in large areas in
orthern and western Europe rainfall cannot satisfy the increasing
ater requirements and rainfed yields do not increase. Only on the
ritish Islands and the coastal regions of Scandinavia rainfed yields

ncrease (Fig. 1). In eastern Europe, increasing rainfall partially com-
ensate the effects of the increasing temperature and except for
ome regions in southern Ukraine and Russia rainfed yields do not
hange. In southern Europe enough rainfalls in winter and spring
o ensure increasing rainfed yields in many regions. From 2050 to
090 in the A2 situation gradually more rainfalls in winter and early
pring and rainfed yields increase first. In the B1 situation winter
nd spring become drier and rainfed yields decrease in large areas
n Europe. Only in some isolated areas in northern and western
urope rainfed yields continue to increase.

.3. Maize yield simulation

Maize is a C4 crop that is planted in spring and summer. In
orthern Europe, the growing season is shorter resulting in lower
otential yields. High potential yields occur in central Europe and
he Atlantic coast of the Iberian peninsula where spring and sum-

er  are relatively dry and sunny. On the Balkan summer rains
re more common and consequently the global radiation is lower
esulting in lower potential yields in. In southern Europe, spring
nd summer temperatures are high and may  fall outside the opti-
al  temperature range, resulting in higher respiration losses and

ower potential yields. High rainfed yields occur in western Europe
nd central eastern Europe. In southern, south eastern and eastern
urope rainfed maize yields are significantly lower due to higher
emperatures and low rainfall in spring and summer. Note that rain-
ed yields in Albania, Greece as well as in Turkey, Spain and Portugal
re very low and farmers may  probably not grow this crop under
ainfed conditions (Fig. 3).

In 2030 for both the A2 and B1 scenarios, on the Balkan and
n south eastern Europe summer temperatures become too high
nd the potential yields decrease. More to the north tempera-
ure increases less and in these regions the potential yields do
ot change. By 2050 the increasing temperatures result in decreas-

ng potential yields in the whole of southern Europe. In northern
urope the temperatures are lower and in various regions the ris-
ng temperatures extend the period that the crop remains in the
ptimum temperature range, resulting in higher potential yields.
n the A2 situation the temperature continues to rise and by 2090
otential yields decline in almost every region. In the B1 situa-

ion the temperature increase is less and in the period 2050–2090
otential yields continue to decline in southern Europe while they
emain constant in northern Europe. In eastern Europe the area
here potential yields decline increases.
eteorology 164 (2012) 96– 111 103

In 2030, in various southern European regions and the Balkan
rainfall increases resulting in rising rainfed yields. Note that these
increases are less than 0.7 ton/ha. In the A2 situation in various
regions in north western Europe rainfall amounts decline and rain-
fed yields decline consequently. In 2050, in the A2 situation in
many southern and south eastern European regions rainfed yields
decline as the water availability cannot keep up with the water
requirements. In the B1 scenario the situation is different, rainfed
yields remain stable in the majority of regions. Only in a few iso-
lated regions in southern Europe rainfed yields decline. However,
in 2090 spring and summer become drier, the water availability
cannot keep up with the water requirements and consequently
rainfed yields decline almost everywhere. In the A2 situation the
situation is different, the water use efficiency increases strongly as
the CO2 concentration increases resulting in stable and sometimes
increasing rainfed yields in southern and south eastern Europe.
Comparison with the A2 2090 results for sugar beet and potato
(crops where the water use efficiency increase is less) show that
these stable or rising rainfed yields can be mainly attributed to
increase water use efficiency.

4.4. Sugar beet yield simulation

The optimum temperature for sugar beet is similar to the opti-
mum temperature of the other studied C3 crops, however, at higher
temperatures the CO2 assimilation reduction is far less pronounced
than for the other crops. For example, at 35 ◦C the assimilation
is reduced to about 80% of its level at the optimum tempera-
ture (15–20 ◦C), whereas the wheat and potato assimilation at
35 ◦C are reduced to less than 1% of its level at the optimum
temperature. Potential yields are highest in regions with a long
sufficiently warm and sunny growing season, corresponding to the
zone from Bretagne to Slovakia, the northern part of the Balkan and
the Iberian peninsula (Fig. 4). To the south and southeast of this
optimum zone high temperatures in summer result in high res-
piration losses resulting and lower potential yields. To the north,
spring and summer become cooler and less sunny and potential
yields decrease. More to the east (Russia) the continental influence
becomes stronger and the growing season shorter, leading to lower
potential yields. The rainfed sugar beet yields are highest in the
humid temperate climate zone of western and central Europe, the
growing season is long and the rainfall is sufficient. In the Baltic
region summers are dryer and rainfed yields are lower. The lowest
rainfed are found in southern Europe where summers are hot and
dry (Table 8).

In 2030 in both scenarios, potential yields stagnate or decrease
in some regions in southern-central Europe, northern Balkan,
Turkey and the Baltic. In the Baltic region this is related to reduced
radiation, in the other regions it is caused by high summer tem-
peratures. Everywhere else the increasing temperature and CO2
concentration result in increasing potential yields. By 2050 in south
eastern Europe the summer temperature becomes too high and
potential yields stagnate or decline in both scenarios. In south west-
ern Europe the temperature increase is less and the increasing CO2
concentration compensates the negative temperature effects and
potential yields stagnate. In northern Europe the rising temper-
atures result in higher potential yields. In 2090 in northern and
western Europe the temperature remains for a longer period in the
optimal temperature range than elsewhere in Europe and poten-
tial yields continue to increase in both scenarios. To the south and
the east the temperature more frequently falls outside the optimal
range and the potential yields decline.
In 2030 in various regions in western and central Europe, the
Balkan and Turkey rainfall cannot keep up with the water require-
ments and rainfed yields stagnate or sometimes decline in both
scenarios. Note that in the A2 scenario this situation occurs more
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Table 8
Rainfed dry matter yields and dry matter yield changes relative to the period 1990–2008 for the A2 and B1 emissions scenarios.

Rainfed yield

Wheat Maize Sugar beet Potato

A2 B1 A2 B1 A2 B1 A2 B1

Ref 2030 2050 2090 2030 2050 2090 Ref 2030 2050 2090 2030 2050 2090 Ref 2030 2050 2090 2030 2050 2090 Ref 2030 2050 2090 2030 2050 2090

Country [t/ha] % % % % % % [t/ha] % % % % % % [t/ha] % % % % % % [t/ha] % % % % % %

Ireland 7.9 18 18 46 15 20 20 11.8 20 30 53 19 27 27 10.8 24 18 24 18 18 6
UK  7.0 11 11 40 13 15 15 5.7 12 12 12 21 21 3 10.8 14 14 14 21 21 6 8.4 20 13 13 21 21 5
Denmark 5.0  19 19 56 15 28 28 9.8 16 21 31 20 20 20 7.4 15 7 12 15 15 2
Norway  7.3 21 31 49 19 25 31
Sweden 5.7 11 11 43 12 16 20 10.1 23 23 23 18 18 18 7.6 0 0 0 0 0 0
Finland  5.7 17 17 36 15 20 20
Estonia 6.6 14 14 27 13 18 18 8.1 0 −10 5 0 −9 −9 4.5 25 19 28 25 25 25
Latvia 7.4  15 15 37 11 18 18 8.7 0 −2 8 0 0 0 4.2 27 16 29 21 21 21
Lithuania 7.2 10 14 40 8 14 19 6.2 11 11 11 9 9 9 5.1 0 −13 −13 0 0 0

France  6.9 0 0 24 7 16 10 4.6 −10 −27 −27 0 0 −39 12.4 0 0 0 12 12 −8 7.0 0 0 0 15 18 −4
Belgium 8.2  0 3 21 0 6 6 6.9 −10 −10 −10 0 0 −12 13.9 0 5 5 13 15 5 8.6 0 0 0 0 0 −13
Netherlands 7.0 0 0 26 0 8 2 6.6 0 0 0 0 0 −16 12.7 0 0 0 12 12 1 8.6 0 0 0 0 0 −16
Germany 6.2  10 14 43 10 20 15 6.8 −7 −11 −11 0 0 −13 12.2 0 0 5 10 10 −1 7.9 0 −6 −1 0 0 −16
Austria 6.1  8 8 34 0 13 7 6.6 0 −11 −16 0 0 −21 11.0 0 −7 −7 0 0 −12 5.1 0 0 −18 0 0 −27

Poland 5.7  11 17 45 9 18 12 5.9 0 0 3 0 0 −14 11.1 9 11 16 10 10 −1 4.8 0 0 0 0 0 −15
Slovakia  5.5 13 20 53 10 20 20 4.3 0 −15 −15 0 −9 −29 10.1 10 0 0 0 −6 −18 4.5 0 −11 −11 0 0 −14
Czech  R. 6.5 12 15 45 7 19 13 5.4 0 −9 −1 0 0 −18 13.2 15 15 21 14 14 3 8.0 0 −8 −8 0 0 −12
Hungary  5.1 11 18 46 0 11 4 4.7 0 −21 −27 0 −10 −42 10.7 14 6 −2 0 0 −18 4.0 0 −15 −37 0 0 −28
Romania 5.6  12 18 29 8 11 7 4.3 0 −16 −27 0 −8 −36 6.0 0 −8 −48 0 −5 −32 5.5 10 10 6 0 0 −10
Bulgaria 5.7 23 33 54 20 27 25 3.2 0 −16 −16 0 −7 −31 4.0 0 −32 −61 0 −18 −52 2.5 0 −19 −43 0 −10 −37

Slovenia 5.9  41 49 78 36 44 44 7.2 0 −7 −19 0 0 −24 15.4 16 16 7 13 18 −2
Croatia 6.8 29 37 64 27 35 27 5.3 0 −18 −27 0 0 −32 12.3 13 −1 −12 0 0 −21 3.0 0 −7 −14 0 0 −18
Serbia/Mn.  6.0 31 40 65 28 36 30 4.1 0 −9 −17 0 −10 −44 7.2 0 −11 −23 0 −11 −28 4.7 0 −10 −24 0 0 −26
Macedonia  4.9 41 54 80 37 47 39 3.1 0 0 −9 −27 −27 −54 5.8 0 −13 −49 −24 −24 −40 4.3 0 0 −37 −27 −18 −40
Albania 6.6  22 34 54 19 29 22 1.0 0 32 −26 54 54 −11 2.1 65 103 30 98 98 21 2.8 50 50 −4 57 57 7

Portugal  4.7 0 13 13 0 15 2 0.9 0 −34 −23 0 32 −64 1.2 42 31 5 36 36 1 2.2 79 63 25 71 81 11
Spain  5.3 8 23 42 0 11 7 1.1 20 −5 −5 23 23 −34 1.8 53 53 33 58 58 23 2.3 69 59 38 64 72 34
Italy 5.1  29 37 67 26 40 33 2.5 48 29 29 46 46 −1 5.3 36 24 9 30 38 9 2.4 53 53 36 46 64 21
Greece  6.0 18 29 49 16 24 22 0.7 22 34 65 24 24 −19 3.7 0 −4 −28 0 0 −18 1.8 12 12 −8 0 6 −16
Turkey  5.4 0 11 32 0 7 7 1.1 74 58 58 55 55 21 2.0 16 −4 −35 0 −5 −31 2.1 12 12 −14 0 0 −23

Belorussia  7.0 0 4 23 0 4 4 7.1 0 0 5 0 0 0 11.0 0 0 0 0 0 −5 5.6 0 0 0 0 0 −8
Russia  4.7 0 8 33 0 13 3 2.3 38 24 24 0 21 −21 5.0 15 7 14 0 0 −8
Moldova  6.6 7 17 25 8 8 8 5.0 0 0 −14 0 −7 −27 5.5 0 0 −47 0 0 −31 5.3 0 0 0 0 0 0
Ukraine 6.1  0 6 24 0 5 −1 4.8 0 0 −15 0 0 −28 9.5 10 10 −14 0 0 −10 5.9 9 9 9 0 0 −9
Georgia  6.0 20 30 45 16 25 23 4.1 26 26 11 0 0 −25 7.5 0 0 −37 0 0 −33

0 not significant.
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ften than in the B1 situation and consequently the area where rain-
ed yields stagnate is larger (Fig. 3). By 2050 in southern Europe the
eather becomes drier and rainfed yields decline in many regions

n the A2 scenario. In the B1 scenario the drought effects are less
nd rainfed yields, except for some isolated regions, stagnate in
any regions. In 2090 droughts intensify and the area where rain-

ed yields decline extends. In the A2 situation the increasing CO2
oncentration can partly compensate the drought effects in north-
rn Europe and rainfed yields stagnate. However, in the B1 situation
ainfall cannot keep up with the water requirements and rainfed
ields decline almost everywhere.

.5. Potato yield simulation

Similar to sugar beet, potatoes are planted in spring, potatoes
owever, are harvested earlier. Potatoes are less affected by late
ummer droughts and grow well under cool conditions and ben-
fit more than sugar beets from cool springs early in the season.
igh potential yields occur in north western and northern Europe
here the growing season is very long and relatively cool with

ufficient solar radiation and rainfall. Somewhat lower yields are
ound in Western Europe where the growing season is warmer and
horter. To the east and on the Balkan, winters are cold and potatoes
re mainly grown in summer, leading to lower potential yields. In

outhern Europe potatoes benefit from mild temperatures in late
inter and potential yields are relatively high. The rainfed yields

re highest in north western and western Europe and lower in the
ther regions as consequence of lower summer rainfall (Fig. 5).
etween respectively the baseline period and 2030, 2030–2050 and 2050–2090 for

In 2030 potential yields increase in northern, western and
southern Europe in both scenarios (Fig. 5). In these regions the
positive effects of the increasing CO2 concentration are stronger
than the negative effects of temperature increase. On the Balkan,
in central and eastern Europe the increasing temperatures tem-
per the yield increase caused by the increased CO2 concentration.
In 2050 the increasing CO2 concentration cannot compensate the
yield reduction caused by increasing temperatures in the A2 sce-
nario. Only in northern Europe the temperatures come closer or
remain for a longer period in the optimal temperature range and
potential yields increase. In other regions potential yields stagnate
or decrease. In the B1 scenario potential yields slightly increase
in the Atlantic coastal regions of western and northern Europe as
well as in Italy and Portugal (Fig. 5). Elsewhere potential yields stag-
nate or decrease. In 2090 potential yields continue to increase in
northern and western Europe in the A2 scenario. However, the spa-
tial distribution differs from the distribution in 2050. In southern
Europe and on the Balkan the increasing temperatures intensify
the potential yield decline. In the B1 scenario temperature increase
dominates over the CO2 concentration increase and the potential
yields decrease in the majority of countries (Table 8).

In 2030 rainfed yields stagnate in various regions in northern
and western Europe in both scenarios whereas the potential yields
increase indicating that rainfall cannot sufficiently cover the water
requirements. In south western Europe rainfed yields increase as

the rainfall increases. In 2050 in the A2 scenario northern and cen-
tral Europe becomes drier and rainfed yields stagnate or decrease in
many regions (Table 8). The B1 scenario is different, droughts are
less pronounced and rainfed yields continue to increase in south
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estern Europe. In 2090 in northern and eastern Europe after a
eriod of decline or stagnation the increasing CO2 concentration
nd increasing rainfall result in rising rainfed yields. Elsewhere
ainfed yields stagnate or decrease. In the B1 scenario tempera-
ure increase dominates over the CO2 concentration increase and
ainfed yields decrease in the majority of countries. Rainfed yields
ecline much stronger than the potential yields indicating that the
limate becomes drier in this scenario.

. Discussion

.1. Methodology

The method to describe daily grid cell values of temperature,
apor pressure and radiation performs not very well. However,
s CGMS integrates the simulation results over space and time
o obtain regional crop yields, the errors are averaged out. This
ndicates that the errors are more or less normally distributed. Gen-
rated grid weather values will have similar error patterns as the
urrent grid weather and the scenario yield results have a similar
uality as those obtained with current grid cell data. In theory, cur-
ent weather data should follow a cosine function as described by
q. (4).  However, this is not always true and these data series are
pen for improvement. How this should be done falls outside the
cope of this study. Grid cell data for the scenarios follow Eq. (4)

orrectly and may  therefore be closer to reality.

Various techniques exist to correct the synthetic weather series
or the correlation among grid cells (e.g. Wilks, 1998, 1999;
rissette et al., 2007). We  did not apply any of these methods.
 respectively the baseline period and 2030, 2030–2050 and 2050–2090 for the A2

In our study we generated 31 years of weather data per grid cell.
Within each grid cell crop yields are simulated per intersection of
administrative region and suitable soil type. The results are sub-
sequently aggregated to sub-regional, regional and national levels.
We  assume that the error that occurs by omitting the correlation
correction among grid cells is leveled off by the combined effect
of the aggregation process, the integration over the growing sea-
son by the crop simulation model and by averaging the simulation
results over the 31 years.

The area deemed suitable for a specific crop is used as weighting
factor. Trends that occur on one aggregation level may  be obscured
on another level as a result of the aggregation process. For example,
in the A2 scenario in some sub-regions in Macedonia and Greece
around the year 2030 the rainfed sugar beet yields begin to decline
(Fig. 4). In the surrounding sub-regions this decline is not yet visible
and on a national level it disappears (Table 8).

To generate synthetic rainfall series we used the same rain-
fall occurrence patterns as in the baseline situation. As the climate
becomes drier the number of dry days increase. The precipitation
amounts are thus distributed over a smaller number of rainfall
occurrences, whereas the dry spells may  be longer than assumed.
The simulated rainfed yields may  be overestimated in the areas
where the climate becomes drier. As the number of wet days may
be under-estimated both the temperature and the radiation are
under-estimated as well. In areas where the ambient tempera-

ture is lower than the optimum temperature potential yields may
be under-estimated, however in those areas where the ambient
temperature is higher than the optimum, the under-estimation is
less.
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Fig. 4. Significant changes (t-test, p = 0.05) in potential and rainfed sugar beet yields between respectively the baseline period and 2030, 2030–2050 and 2050–2090 for the
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The modeled CO2 influence on crop growth is based on studies
hat consider a doubling of the CO2 concentration (Section 3.2.1).
owever the A2 CO2 concentration in 2090 is 771 ppm which is
ore than the double. We  linearly extrapolated the crop param-

ters in Table 2 to the CO2 level of 2090. However, there is no
cientific evidence that this assumption is correct.

.2. Simulation results

.2.1. Transpiration
The increasing CO2 concentration reduces crop transpiration

e.g. Wand et al., 1999) and boosts crop assimilation. Less water is
eeded for the same dry matter amount. Increasing rainfed yields,
s found in our results, can be attributed to increase rainfall, a higher
ater use efficiency or a combination of both. As time progresses,

tagnating rainfed yields indicate that the climate becomes drier.
or the C3 crops this effect is smaller than for C4 crops as a result
f different reduction rates. The transpiration reduction rate for
3 crops is small, it is 10% at the end of the century. For C4 crops
maize) it is much higher, 26%.

As the climate changes, land suitability changes as well (e.g.
accache et al., 2012). This has repercussions on the spatial crop
istribution. As rainfall will decrease and possibilities for irrigation

ecome less, the less productive soils may  be taken out of produc-
ion. For the future scenarios we used land use information of the
ear 2008. As consequence, the aggregation process (Eq. (1))  will
ut too much weight on the future unsuitable soils and the regional
rainfed crop yields may  therefore be under estimated in scenario
calculations.

5.2.2. Wheat
New varieties and improved management have nearly tripled

wheat yields in Europe between 1961 and today (Ewert et al.,
2005). The contribution of increased CO2 concentration to these
yields increase is limited, less than 4% (Ewert et al., 2007). Supit
et al. (2010b) reported that the actual wheat yield trend slowed
down in the period 1976–2005 in some European regions. This
could be the result of increasing winter and spring temperatures
which lead to a shorter growing season. This study shows that the
climatic potential for winter wheat for both potential and rainfed
situations continue to rise from the present to 2050 (Fig. 2). After
2050, depending on the CO2 concentration and temperature rise,
potential as well as rainfed yields continue to increase (A2 sce-
nario) or stagnate and ultimately decline (B1 scenario). However
in many regions the maximum possible yields are not obtained
(Supit et al., 2010b)  and there is still room for yield improvement
as new breeding techniques, improved varieties with an improved
light and nitrogen efficiencies (Loomis and Amthor, 1999; Borlaug,
2000), improved pest management techniques become available.
Wheat yields may  continue to increase even if the climatic potential

after 2050 declines.

Assuming that winter wheat represents the C3 crops planted
in autumn and winter we can speculate that these crops may
profit from climate change up to 2050. After 2050, improved crop
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Fig. 5. Significant changes (t-test, p = 0.05) in potential and rainfed potato yields between respectively the baseline period and 2030, 2030–2050 and 2050–2090 for the A2
and  B1 emission scenarios. Baseline period is 1990–2008.
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anagement techniques, improved varieties, etc. may  also con-
ribute to increasing yields in many regions.

.2.3. Maize
By the end of the century the climatic potential for maize

ecreases as temperature increases in southern Europe (Fig. 3).
e used the same planting dates as in the present situation. In

eality however, maize will be planted earlier in the season to
void droughts and extreme temperatures in summer. The climatic
otential for maize cultivation may  therefore decrease less as is
stimated. However, especially in southern Europe, droughts can-
ot always be avoided and rainfed maize cultivation may  not be

easible anymore. Unless irrigation is possible, it may  probably be
bandoned. Future maize production in southern Europe depends
n irrigation water availability and thus on the willingness of pol-
cy makers to redirect the available water to the agricultural sector.
imilar to maize, other summer crops in southern Europe may  also
xperience water shortages. In general, by the end of the century
ummer crop cultivation in southern Europe depend on the com-
etition between various water consuming sectors. Probably the

ess productive soils will be taken out of production.
Maize production may  shift to the north, to the temper-
te climate zones where presently the growing season is too
hort. In these regions maize is mainly cultivated for fodder (e.g.
etherlands and Denmark). By the end of the century the climatic
onditions improve and grain maize cultivation may increase. The
occurring summer droughts may  make supplementary irrigation
necessary.

5.2.4. Sugar beet and potato
Sugar beet and potato are C3 crops planted in spring. The differ-

ence between actual yields and what is potentially possible is about
20–30 ton/ha for all countries (Supit et al., 2010b). There is cer-
tainly room for yield improvement and actual yields may  continue
to increase in the future. In the A2 situation this process, especially
in northern Europe, may  continue much longer than in the B1 situ-
ation where the limited CO2 concentration increase will negate the
yield research advances in an earlier stage (Fig. 4). Potato is more
susceptible to high temperatures than sugar beets and high tem-
peratures will temper the increasing yields earlier than for sugar
beet (Fig. 5).

Similar to maize, we  used the same planting dates as in the
present situation. In reality however, as the spring temperatures
rise, planting may start earlier, the growing season will thus extend
and consequently yields may  increase provided enough water is
available. In southern Europe however, by the end of the century
temperatures in late spring and summer become too high and
in combination with the occurring droughts crop yields decline
and irrigation will be necessary to maintain the production level.

Competition between various water using sectors will decide the
distribution and amount of available water. Rainfed potato and
sugar beet cultivation will gradually disappear and irrigated pro-
duction may  probably be limited to those areas where enough
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ater is available. The main production centers remain in northern
urope.

. Conclusion

This study only considers climate change effects on various
rops. Further research should address how adaptation strategies
uch changing planting dates, other crop varieties etc., affect crop
ield. Up to 2050, regardless of the followed scenario winter wheat
nd crops planted in autumn and winter in general, may  bene-
t from the increasing temperature and CO2 concentration. After
050 yield development depends on further development of the
emperature and CO2 concentration increase.

Maize and probably other C4 crops planted in summer may  ini-
ially benefit from the increasing CO2 concentration as the water
se efficiency increases. However by the end of the century in
outhern Europe, unless irrigation is applied, rising temperatures
nd water shortages may  cause declining yields to a point that crop
roduction is not feasible anymore. In the temperate climate zone

n northern, western and part of central Europe the increasing tem-
erature may  have a positive effect on crop yield and production
ay  increase. Due to summer droughts supplementary irrigation
ay  be necessary in these regions.
Root crops planted in spring (sugar beets, potato) may  initially

enefit from the increasing CO2 concentration and temperature.
fter 2030 in southern Europe, depending on the crop type, poten-

ial yields stagnate and in the course of time decline. In northern
nd western Europe potential yields may  continue to increase until
he end of the century. Potato is more susceptible to high temper-
tures and potential yields decrease earlier than sugar beets and
ay  decline also in northern Europe. As less rainfalls in spring and

ummer, rainfed potato and sugar beet yields initially stagnate and
n the course of time decline, first in the south, gradually extending
o the north. Irrigation may  be necessary.

In summary, climate change impacts depend on species and
egion: autumn and winter crops may  benefit from the changing
limate. Spring and summer crops initially may  benefit from the
hanging climate as well, however in the course of time yields
ecline, first in the south and later also in the north. To maintain

 stable yield level, irrigation is required in southern Europe. In
orthern Europe supplementary irrigation is needed in summer.
daptation strategies such as changes in farm planning and devel-
ping new breeding lines should take these regional differences
nto account.
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