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1 Introduction

The potential impacts of climate change on agricultural
crop production are manyfold and complex in general, and
contain many uncertainties. Process oriented simulation
models (also called mechanistic or dynamical models) are
frequently used to assess the complex interactions of the
soil-crop-atmosphere system at different scales. However,

they still represent only a simplification of the different in-
volved processes and rely to defined boundary conditions.
Therefore simulation studies are limited in the validity of
their results. In agriculture mostly specific aspects such as
crop yields or yield risks under defined boundary con-
ditions such as various climate scenarios, land use and
management scenarios were investigated using simulation
models (e.g. AUDSLEY et al., 2006; DOWNING et al., 2000;

Zusammenfassung

Die Erforschung der Auswirkungen einer Klimainderung auf die Landwirtschaft muss die komplexen Interaktionen
des natiirlichen Systems Boden-Pflanze-Atmosphire und gleichzeitig die vom Menschen beeinflussten Systeme, wie
die sozio-skonomischen Rahmenbedingungen beriicksichtigen. Weiters basieren diese Analysen auf Klimaszenarien,
welche mit verschiedenen Klimamodellen und Methoden erstellt wurden und ihrerseits auf Annahmen kiinftiger
Emissionsszenarien beruhen. All diese modellierten Systeme und deren Interaktionen beinhalten daher eine Reihe un-
terschiedlicher Unsicherheiten und limitierender Annahmen, wie Trends in der technologischen Entwicklung oder
menschlicher Aktivititen, die vereinfachte Reprisentation der Realitit in Modellen, Liicken im Systemwissen oder
Mingel bei Kalibrierdaten. Diese Unsicherheiten werden in den jeweiligen Studien oft nur ungeniigend beschrieben
oder vorausgesetzt und sind daher eine Quelle von Fehlinterpretationen von Ergebnissen. Diese Arbeit versucht daher
die wichtigsten Quellen von Unsicherheiten in Simulationsstudien zu den Auswirkungen des Klimawandels auf die

landwirtschaftliche Pflanzenproduktion aufzuzeigen.
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Summary

Climate change impact research in agriculture involves the complex soil-crop-atmosphere interactions and human
determined systems such as socio-economic conditions. Furthermore it is based on climate scenarios, which were de-
veloped from various climate models and methods based on underlying assumptions of future emission scenarios. All
these modeled systems and their interactions include therefore many different kind of uncertainties and limitations,
such as trends in technology and human activities, models representation of reality, lack of knowledge on system re-
sponses or lack of calibration data. However, these uncertainties and limitations often are not clearly described and a
potential source of misinterpretations. This paper will provide therefore an overview on the main sources of uncer-
tainties in recent modeling studies on climate change impacts on agricultural crop production.

Key words: Climate scenarios, climate change impacts, agriculture, crop production, uncertainties.
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EITZINGER et al., 2003; FUHRER, 2007; KERSEBAUM et al.,
2005; PARRY, 2000).

Results indicate, for example, that in many Central Eu-
ropean regions an increasing number and duration of sum-
mer drought periods under most climate change scenarios
could affect crop yields through a decrease of available soil
water reserves, especially under poor soil conditions (such
as low soil water storage capacity). On the other hand, neg-
ative yield impacts through higher temperatures and short-
ening of the growing period in many locations could be
compensated by the effect of increasing CO, levels in the
atmosphere due to an increase of photosynthesis rate and
water use efficiency. In regions with increasing precipitation
or no water limitation for crops the higher temperatures will
increase the production potential for many crops (e.g. by
longer vegetation period for permanent crops or by remov-
ing temperature limiting growing conditions).

To assess the effects of adaptation options in agriculture
is even more complex because of the impact of the human
factor. However, there are also simple and effective adapta-
tion measures which can be easily simulated by crop mod-
els. For example, crop production potential could be main-
tained under a warmer climate by a change to cultivars
which are adapted to higher air temperatures or an earlier
seeding for spring crops. The introduction of new culti-
vars, resistant to climate change related stresses (e.g.
drought and heat stress, ozone, pests, diseases, etc.) is an-
other option. Future options include not only measures in
crop management, but also medium and long term adap-
tation for land use and farming systems. Additionally the
socio-economic environment and other boundary condi-
tions beyond the farm level can play a significant role for
future expected impacts on crop production and for adap-
tation options. Several studies, for example, indicate that
the impact of management and socio-economic conditions
can outrange the pure climate change impact (e.g. HOL-
MAN et al., 2005).

It is quite impossible to consider all potential important
influential environmental factors, crop managements or
socio-economic feedbacks because of a lack of data, meth-
ods and information, which is a source of uncertainty for
assessments of future climate change impacts. Sources of
uncertainties can be detected also at all scales of model ap-
plication, including uncertainties based on a) model repre-
sentation of involved processes as well as on b) model in-
puts. An example for the first type of uncertainties at the
crop production level is the potential effect of increasing at-
mospheric carbon dioxide concentration on crop growth
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processes and yield (e.g. EWERT et al., 2002). Uncertainties
in crop model inputs can be based on measurement errors
or uncertain inputs based on other model outputs such as
climate change scenarios from global climate models. Basi-
cally, model application is always a compromise between
model simplification (uncertainty in simulation results in-
creases with increasing simplification of simulated process-
es) and input data demand (in more complex models un-
certainty of simulated results increases because of increasing
number of input parameters, which are not always available
or have a high degree of uncertainty in the data itself).

Many uncertainties in general are related to the scaling
problem such as significant differences between the model
inputs and their regionalization at the farmers field level, for
example soil input data from a low resolution soil map or
weather input data from distant stations or from General
Circulation Models (GCM’s). Another problem is that
from climate scenarios changes only of the mean in weath-
er parameters (e.g. of temperature and precipitation) are
considered and used in impact simulation models, neglect-
ing a change in climate variability. Also many extreme
weather events such as hail, which can have additional neg-
ative impacts on crop yields, are not represented by mod-
eled climate scenarios directly. Regional climate scenarios
can differ from GCM’s on a regional basis considerably and
can represent local conditions much better (e.g. seasonal
variations of temperature and precipitation), however,
often with a higher degree of uncertainty. Therefore down-
scaling methods should be used for regional crop yield sim-
ulations, if reliable and available.

2 Overview on climate change impact
simulation studies for agriculture in

Central Europe

The approach of analysing the effects of climate change on
agro-ecosystems using dynamic crop models has the advan-
tage to include all relevant impact factors of the soil-crop-
atmosphere system over short time periods. Complex ef-
fects on crop growth and yield can be simulated directly,
where most crop yield models use daily time steps. In the
past decades a number of studies on potential impacts of cli-
mate change in agricultural crop production were carried
out using process oriented crop or ecosystem models. A sur-
vey of applied process oriented models in Europe was re-
cently carried out (EITZINGER et al., 2008) within COST
Action 734, which was showing the main fields and prob-
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lems of these model applications. Most model applications
are related to climate change impact research studies, cov-
ering to a great extent the economically most important
crops such as maize and wheat. There is also a focus on a
small number of “crop modelling schools” manifested by
different software packages or model groups. The three
most important “schools of development” from Australia,
the Netherlands and the United States include APSIM
models (ASSENG et al., 2000), models from the “School of
De Wit” (VAN ITTERSUM et al., 2003; PENNING DE VRIES,
1989) and the DSSAT family of crop models (JONES et al.,
2001, 2003), respectively. However, a number of different
other models (often related however to one of the “model-
ling schools”) are applied as well in climate change impact
studies, for different crops, environments and scales. In
Germany, for example, AGROSIM (MIRSCHEL et al., 2001,
2005) was applied for effects on field based yield and water
balance, APSIM (WESSOLEK and ASSENG, 2006) for re-
gional effects on yield and water balance, DAYCENT
(SCHALDACH and ALCAMO, 2006; Wzu, 2005) for region-
al effects on yield and carbon balance, HERMES (KERSE-
BAUM et al., 2005; KERSEBAUM, 2007) for effects on yield,
nitrogen leaching, adaptation, fertilization, SWIM (EPIC)
(KRYSANOVA et al., 1999; GERSTENGABE et al., 2003;
STOCK, 2005) for regional effects on yield and water bal-
ance. Another example from France is the STICS model
which is widely used at INRA and other organizations for
several crops (BRISSON et al., 2003, 2006). New develop-
ments reported are mainly the application of crop models
within whole farm system models and spatial applications
in combination with GIS and remote sensing methods. At
the Macaulay Institute in Scotland, for example, the
LADSS (Land Allocation Decision Support System) farm-
scale integrated modelling framework consists of a core of
biophysical simulation models overlaid by financial, social
and environmental accounting modules (MATTHEWS et al.,
1999). The crop module is a version of the CROPSYST
model developed at Washington State University (STOCKLE
et al., 1994).

The impact of climate change on crop production in Eu-
rope using process oriented crop models was investigated in
several studies at different spatial scales and for different cli-
mate and management scenarios (e.g. AUDSLEY et al., 2006;
DOWNING et al., 2000; HOLDEN et al., 2003). As men-
tioned, many studies in Europe are investigating maize and
wheat production because of its economic relevance. In
most of the simulation studies only climate effects without
extreme weather events (except drought and heat) are con-
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sidered under current production technology. Also the ef-
fect of increasing CO, levels on crop growth is not always
considered. For example, the effect of water balance para-
meters and water stress on winter wheat production in
north-east Austria under different climate change scenarios
(without downscaling) was investigated by EITZINGER et al.
(2003) using the CERES-Wheat model (including the
direct CO, effect on crop growth). Despite higher yield lev-
els, crop transpiration dropped compared with current con-
ditions through the simulated increase in water-use effi-
ciency and reduced total potential evapotranspiration
(related to the shortened growing period) under the applied
2 x CO, climate scenarios (no change in climate variabili-
ty assumed). This caused also less water stress for the crop.
Other studies on winter wheat (EITZINGER et al., 2001) and
barley (ALEXANDROV et al., 2002) also show increasing
yields under future climate scenarios in Austria, which can
deviate from each other considerably (Figure 1). Despite ex-
pected higher air temperatures till the 2080s, the projected
increases in wheat yield were between 3 and 20 % due to
the fertilization impact of the increased CO, level as shown
in Figure 2 for a site with medium soil. Sensitivity analyses
show that soil water storage capacity can have a strong im-
pact on the yield potential, especially on sites where water
is a limiting factor during the growing period such as in
north-eastern Austria (Figure 3). Figure 4 demonstrates for
the same region latest simulation results for winter wheat,
showing the range of potential yield reactions by consider-
ing different climate scenarios, soil types and the direct
CO, effect. It shows that negative yield trends are simulat-
ed only on soils with low soil water storage capacity, but also
that negative yield trends would increase with higher rise in
temperatures or a lower CO, effect considerably. Spring
barley yields showed lower positive yield effects compared
to winter wheat or even slightly decreasing yield trends for
the next decades, especially in the dry regions and at soils
with low soil water storage capacity.

Similar findings of mainly (except on sandy soils and dry
regions) positive yield effects are reported by other studies
on cereals for Europe, mainly due to the simulated effect of
enhanced atmospheric carbon dioxide levels (e.g. WOLF,
1993; SEMENOV et al., 1993; TRNKA et al., 2004; Wzu,
2005). Comparable results are also described for non cere-
al crops e.g. for potato (HOLDEN and BRERETON, 2006;
WOLF and VAN OIJEN, 2002).

A slightly different picture is shown for maize, which is a
C4 crop with expected low direct CO, fertilization effect.
Most of the studies for maize indicate an increasing yield
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Figure 1: Transient GCM climate change scenarios for air temperature (AT) and precipitation (AP) for the 2020s and 2080s for northern Austria.

Abbildung 1: Zeitiufe von Klimaszenarien globaler Klimamodelle fiir Lufttemperatur (AT) und Niederschlag (AP) fiir 2020er und 2080er Jahre
fiir das nordliche Osterreich.
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Figure 2: Winter wheat yield changes, relative to the current yields, under GCM scenarios for the 2020s (Figure 1), 2050s and 2080s (Figure 1) at
a specific site (medium soil water storage capacity) in northern Austria, assuming indirect and direct CO, effects; CERES-Wheat model
Abbildung 2: Anderung der Winterweizenertrige im Vergleich zu gegenwirtigen Ertrigen unter den Klimaszenarien der 2020er, 2050er und 2080er
Jahre an einem bestimmten Standort (mittlere Bodenwasserspeicherfihigkeit) im Norden Osterreichs unter Beriicksichtigung des di-

rekten und indirekten CO,-Effektes; CERES-Wheat-Modell
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potential in northern Europe and decreasing production in
southern European regions, mainly due to increasing sum-
mer drought stress conditions (WOLF and VAN DIEPEN,
1994, 1995; ZALUD and DUBROVSKY, 2002). Significant
negative yield effects for several crops and additional water
demand for irrigation might be expected in southern Eu-
rope in general (e.g. MARRACHI et al., 2005) or regions with
low soil water availability (TUBIELLO et al., 2000). Rainfed
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summer crops are, as many simulation studies show, in
general at higher yield risk because of increasing summer
droughts under most climate scenarios.

Most impact studies conclude that there is a strong evi-
dence that, especially for soils with low soil water storage ca-
pacity (Figure 3—4) or no groundwater impact to the root-
ing zone, irrigation or water-saving production techniques
(e.g. by introducing mulching systems, adapting crop rota-
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Changes in grain yield of winter wheat under incremental changes of air temperature and precipitation in Austria (left: soil with high

available water storage capacity (300mm), right: soil with low water storage capacity (100 mm)), CERES-Wheat model
Abbildung 3: Anderung des Kornertrages bei Winterweizen bei stufenweiser Anderung von Temperatur und Niederschlag (links: Boden mit hoher
verfligbarer Wasserspeicherfihigkeit (300mm), rechts: Boden mit geringer Wasserspeicherfihigkeit (100 mm)), CERES-Wheat-Mo-
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Figure 4:

Changes in grain yield of winter wheat under the HadCM SRES A2 scenario (with high and low climate sensitivity/change) for the

2050s (SRES A2) for the 5 main soil classes in the Marchfeld region (north-east Austria), CERES-Wheat model
Abbildung 4: Anderung des Kornertrages bei Winterweizen unter dem HadCM Klimaszenario (mit hoher und niedriger Klimasensitivitit/-inde-
rung) fiir die 2050er Jahre (Emissionsszenario A2) fiir die 5 wichtigsten Bodenklassen im Marchfeld (Nord-Ost-Osterreich), CERES-

Wheat Modell
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tion), will remain important requirements under future cli-
mates in Central European agricultural regions for the at-
tainment of the yield potential of crops. Summer crops will
be more vulnerable and dependent on soil water reserves, as
the soil water or higher ground water tables during the win-
ter period cannot be utilized as much as by winter crops.
Evapotranspiration losses during summer due to higher
temperatures would increase significantly. Further many
studies conclude that if the frequency and duration of
droughts will increase as recent studies indicate (PAL et al.,
2004; CALANCA, 2007) or soil- and groundwater reserves de-
crease (e.g. by decreasing summer river flow from Alpine re-
gion) water shortages during summer would become more
common, which could regionally also limit water availabili-
ty for crop irrigation. An example of potential increase of
drought risk in the region adjacent Austria (Figure 5) shows
marked increase of drought risk with time (assuming real-
ization of the given SRES and GCM scenarios). Apparently
the most productive agricultural regions (i.e. typically low-

Poland'-‘ji-r-

ECHAM
2040

Figure 5:

lands) and semi-arid regions with poor soils are especially at
risk.

Farmers and agricultural systems will, in fact, try to adjust
to changing environmental conditions. Results of some sim-
ulation studies therefore include effects of adaptation mea-
sures, mostly by changing farm production methods or tech-
niques, which can be simulated by the models. Results from
these studies suggest for example that possible changes in
sowing date (e.g. earlier sowing dates for summer crops) and
cultivar selection can outrange negative effects of climate
warming on crops (e.g. ALEXANDROV et al., 2002; OLESEN
and BINDI, 2004), especially in warmer regions with low soil
water availability (e.g. TUBIELLO et al., 2000). Potential
adaptation measures for agriculture, however, involve not
only technical measures at the farm level, but a number of
higher level measures such as adaptations in infrastructure,
socio-economic, environmental and mitigation aspects
(trends, scenarios, regulative frameworks), and all kind of
options for production risk management. The overall assess-
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Spatial analysis of the percentage of dry months during the whole year (based on Palmer’s relative Z-index) for the 1961-2000 base-

line and expected climatic conditions in Moravia/Czech Republic. The climate change scenario is based on the ECHAM GCM model
outputs driven by the average of Al and B1 SRES scenarios and medium sensitivity of climate system to the greenhouse gas concen-
tration increase. The relative Z-index (Dubrovsky et al., 2005) calculation used 1961-2000 baseline data as the reference. The area
with drought probability < 20 % is considered as “low risk” (> 60 % as “high risk” and > 90 % as “extremely high risk”)

Abbildung 5: Riumliche Analyse des Anteils trockener Monate pro Jahr (basierend auf den Palmers relativen Z-index) fiir die Periode 1961-2000
und unter Klimaszenarien in Mihren. Das Klimaszenario basiert auf dem globalen Klimamodell ECHAM simuliert fiir ein Mittel aus
Al und B1 Emissionsszenarien und mittlerer Sensitivitit des Klimasystems bei einer Zunahme der Treibhausgase. Der relative Z-index
(Dubrovsky et al., 2005) wurde unter Verwendung der Periode 1961-2000 als Referenz berechnet. Die Regionen mit einer Trocken-
heitswahrscheinlichkeit < 20 % werden mit ,,geringem Risiko®, jene mit > 60 % mit ,,hohem Risiko“ und jene mit > 90 % mit ,sehr

hohem Risiko“ bewertet
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ment of adaptation options in agriculture is therefore even
more complex and related to additional uncertainties by the
human impact, where crop or ecosystem simulation models
can only contribute a part of it. New developments such as
whole farm system models try to include these additional as-
pects to a certain degree as mentioned above.

3 Uncertainties in climate change impact
simulation studies

3.1 Uncertainties based on models representation of
simulated processes

A significant source of uncertainty remains from the applied
methods and models, as different crop models, can have var-
ious sensitivities and levels of representation of certain soil-
crop-atmosphere processes (JANSSEN, 1994; JAMIESON et al.,
1998). These differences origin from various sources of
knowledge on specific processes (which are changing over
time, leading normally to an increasing number of model
versions) but also from the way of implementation into a
model driven by the requirements of planned model appli-
cation. The planned model application determines also the
simulated time step (e.g. hourly, daily, monthly) and the
model design for a certain spatial scale (e.g. single plant,
field, region). Most crop models are designed for daily time
steps and the field level scale, which is the most appropriate
approach also for climate change impact studies.

A well known process related problem is for example the
direct COz—effect, which is mostly considered as a fixed
value in crop models, often only distinguishing between C3
and C4 crops. FACE (Free Air Carbon Experiments) ex-
periments show a more complex picture and strong vari-
ability between cultivars and environmental conditions of
which many processes are still not known and therefore dif-
ficult to simulate (FUHRER, 2003; KARTSCHALL et al., 1995;
KERSEBAUM et al., 2008; WOLF et al., 2002).

The simulation of soil and crop water balance is another
crucial point in dynamic crop growth models (e.g. STEN-
ITZER et al., 2007; KROES and ROELSMA, 2007). For exam-
ple, there are different approaches for soil water balance
simulation applied, reaching from the simple “cascade” ap-
proach (e.g. in DSSAT models) to complex soil water flow
simulations based on soil water potentials, including e.g.
the Richard’s equation (e.g. SWAP model; KROES and VAN
DAM, 2003). It means that the more simple approaches are
not always applicable in any soils (e.g. STENITZER and
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MURER, 2003), however, they show mostly acceptable
results for crop yield simulation in free draining soils
(EITZINGER et al., 2003), without significant capillary rise
from groundwater tables. Another problem of simulating
correctly field and soil-crop water balance is the difficult pa-
rameterization of interception (which can reach in agricul-
tural crop stands in average 20 % of a precipitation event)
and surface runoff, which is determined by infiltration ca-
pacity of the soil and surface slope. These parameters can
change soil water balance and crop available soil water con-
siderably if not correctly described, and are often a source
for deviation to measured soil water contents (beside the
problem of site representative precipitation inputs).

Another to the soil-crop water balance related problem is
the still highly empirical simulated process of root growth,
which has a strong feedback to soil water availability and
use. For example, the interactions of root growth with cer-
tain soil properties (such as strong inhomogeneities, soil
temperature, chemical properties or compacted layers) are
mainly not considered as a dynamical process. Several stud-
ies compare different crop models in these aspects, for ex-
ample by EITZINGER et al. (2004) and WOLE et al. (1996).
It is shown that the representation of root growth can have
a strong feedback on simulated soil water contents with soil
depth. The models should therefore be calibrated well in
this aspect, which is of course often not possible or carried
out under different soil conditions. In climate change im-
pact studies for large areas, e.g. the European scale, often
simplified models or empirical procedures within complex
models are used, where these aspects are not considered at
all due to lack of data and resources.

Due to the different representations of dynamic processes
crop models (and other ecosystem models) often show dif-
ferent sensitivities to input parameters or different responses
when input parameters, such as weather or climatic condi-
tions, are changing over time. In several studies crop model
sensitivities to different model inputs are compared and esti-
mated (NONHEBEL, 1993; DUBROVSKY et al., 2000). The
model sensitivities should however reflect crop responses
well to avoid biases in simulated model outputs, especially
when input parameters vary over the simulated period.

3.2 Uncertainties based on models inputs
The requirements for model inputs (e.g. the number of

input parameters and for in-time changing inputs such as
weather data, the time step) are determined by the way how
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processes are simulated in models. Also the model design
for a certain spatial scale plays an important role. Scaling
problems can therefore be related to the spatial as well as
time scale (e.g. if model inputs for soil or climate/weather
characteristics do not represent spatial variability or if
weather data of certain time steps do not reflect extremes or
short term variability). These scaling problems lead to cer-
tain uncertainties, which are inherent to the applied mod-
elling methods (OLESEN et al., 2000).

An important source of uncertainty, related to the scaling
problem, is the spatial representation of the weather and soil
model input data, which is one of the main problems of spa-
tial model applications.

Soil input data need to be considered critically, because of
the importance for soil water storage and availability for
crops. Often spatial data on field capacity or wilting point
are not directly available and need to be assessed by e.g. pe-
dotransfer functions. In the paper of GIJSMAN et al. (2002)
it is shown that the use of different pedotransfer functions
can lead to significant deviations in simulated crop yields.

The weather input data for crop models are in general
very important in climate change impact studies (TSVET-
SINSKAYA et al., 2003). Especially the spatial representa-
tion of historical temperature, precipitation and solar ra-
diation are critical for any model application. For model
applications at the field level and for short time steps (such
as the mostly used daily time step), the weather input data
have to represent the local variation correctly, especially
for precipitation because of the high spatial variability. For
spatial model applications, several authors apply interpo-
lation methods on these weather parameters, which
should be chosen carefully (TRNKA et al., 2005). Figure 6
shows that the use of different methods for estimating
global solar radiation from other meteorological parame-
ters can cause an error in the calculated crop model yields
of more than 20%, when long-term production potential
(i.e. mean yield over extensive period of time) is consid-
ered.

This figure illustrates that uncertainties in the weather
data (if not taken into account) may seriously affect the out-
come of the climate change impact studies, depending on
the most limiting factor for growth (NONHEBEL, 1993). In
case of solar radiation both the climate change impact and
the error in solar global radiation estimates can cause a yield
response of the same magnitude.

In climate change impact simulation studies the weather
input data representing conditions under climate scenarios
strongly determine outputs and related uncertainties, e.g. for
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crop growth and yield (e.g. OLESEN et al., 2007). The obvi-
ous differences in the various GCM'’s for a given site urge for
a probabilistic approach to deal with these uncertainties as
GIORGI et al. (2004a,b) showed for climate change predic-
tions in response to anthropogenic forcing at multi-decadal
time scales. He argued that the non-linear and stochastic as-
pects of the climate system causing variations in climate
models capability to represent climate variability. Therefore,
and because of uncertainties in the climate models represen-
tation of the anthropogenic and natural forcing (e.g. a real-
istic representation of land surface heterogeneity and inter-
actions), climate change scenarios contain an intrinsic level
of uncertainty. One of the most common approaches is to
compare different climate model scenarios (related to differ-
ent emission scenarios as well as different climate models) for
the same site and study to indicate the potential range of un-
certainty (see Figure 2, 4). Ensembles of climate model sim-
ulations are, however, needed for a more robust assessment
of the model’s capability to simulate climatic trends. There-
fore climate change prediction as well as climate change im-
pact descriptions needs to be approached in a probabilistic
way (e.g. JASPER et al., 2004; TRNKA et al., 2004). This re-
quires a characterization and quantification of the uncer-
tainties associated with the sequence of steps involved in a
climate change prediction study.

Finally, it has to be considered that many measured model
input data can potentially contain measurement errors be-
cause of several reasons. Long time weather data series often
contain inhomogeneities if they were not corrected (e.g. PE-
TERSON et al., 1998) before (which is still often the case, es-
pecially for daily data). These inhomogeneities can easily
produce wrong trends in simulated model outputs, espe-
cially for long term trends in climate change impact stud-
ies. For all input data potential errors from measurements
have to be evaluated carefully. The fact that a model can not
compensate for errors caused by incorrect input data is ob-
vious.

4 Strategies to improve local representation of
climate change impact simulation studies

4.1 Improvements in the representation of model
input data

Recent studies on climate change impacts on crop produc-

tion often include climate downscaling methods in order to
improve results of crop simulation studies by a better rep-
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Relative bias in the simulated mean spring barley yield (1961-2000) caused by the different methods of estimating global solar radia-
tion. The spatial analysis was based on crop yields calculated using WOFOST crop growth model at 50 weather stations and taking
into account 25 different soil types. In this study the Angstrom-Prescott formula (based on the sunshine duration hours) was selected
as a benchmark method in accordance with results of Trnka et al. (2005). The layer of crop yields attained using this method was then
compared to those obtained when diurnal temperature range and precipitation (a—b) and diurnal temperature range only (c—d) were
used as predictors of solar global radiation

Abbildung 6: Relative Abweichung des mittleren simulierten Sommergerstenertrages (1961-2000) durch unterschiedliche Methoden der Bestim-

mung der Globalstrahlung als Eingangsdaten fiir ein Wachstumsmodell. Die rdumliche Analyse basiert auf Simulationen mit dem
WOFOST Modell unter Beriicksichtigung von 50 Wetterstationen und 25 verschiedener Bodenarten. In dieser Studie wurde die
Angstrdm-Prescott Gleichung (basiert auf Sonnenscheindauer) aufgrund der guten Ergebnisse aus Trnka et al. (2005) verwendet. Die
Auswirkung auf die Ertriige wird mit anderen Methoden zur Bestimmung der Globalstrahlung verglichen: (a—b) unter Verwendung
der tigl. Temperaturamplitude sowie des Niederschlags und (c—d) nur die tigl. Temperaturamplitude

resentation of local climate variability and extremes. Down-  tical and dynamical downscaling showed large regional dif-
scaled climate scenarios can change the GCM’s picture con-  ferences in air temperature and precipitation characteristics
siderably especially in complex terrain which is a serious  (FORMAYER et al., 2003; LOIBL et al., 2007).

limitation of past studies without downscaled scenarios. Es- For example, local-scale climate change scenarios for tem-
pecially in complex terrains such as in Austria, both statis-  perature and precipitation at about thirty stations in Aus-
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tria, based on IPCC 1S92a emission scenarios whose effects
on the climate system, were calculated by use of the
ECHAM4/OPYC3 global circulation model, were devel-
oped and presented by MATULLA et al. (2004). The study
applies statistical downscaling, which is based on empiri-
cally derived relationships between the GCM scale (based
on monthly NCEP/NCAR reanalysis data) and the local
scale of the stations. The data sets are analysed by use of Em-
pirical Orthogonal Functions (EOF) and brought into re-
lation using the Canonical Correlation Analysis (CCA).
Downscaling was performed for each season separately.
Moreover, different climatic provinces in Austria were dis-
tinguished (because of strong influence by the Alps). The
results show a complex regional pattern and differences to
the large scale GCM climate scenarios. For example, the
local-scale scenarios for the next four decades show no in-
crease or even a slight decrease in precipitation during the
winter period. Temperature is increasing significantly, espe-
cially in winter and stronger with increasing elevation
(Figure 7). Further, an increase in the frequency of drought
periods is estimated in the southern part of Austria.
Another recent study (LOIBL et al., 2007) on dynamical
downscaling for Austria (using regional models but based
on ECHAMS) revealed the potential spatial pattern for sea-
sonal temperature and precipitation for the 2040’ on a
10x10km grid. Compared to the above mentioned statisti-
cal downscaling results based on ECHAM4 it showed dif-

ferent seasonal changes with the highest temperature in-

crease in late summer and autumn. Precipitation change
shows significant spatial variability, however, with much
higher uncertainty. In general, a similar slight decrease
(eastern Austria) to increase (western Austria) of precipita-
tion depending on the season is described. The study reveals
also a strong increase of number of heat waves (doubling
and more of heat days till the 2040s) and regional different
increase of extreme precipitation.

On a seasonal and monthly time scale many climate mod-
els indicate an increase of climate variability such as the
summer temperatures in Central Europe (SENIVERATNE et
al., 2006) causing more frequent heat weaves. This has im-
portant consequences for assessing agricultural production
potentials and risks. A problem with climate impact studies
in the past was that information on a change in climate vari-
ability on a smaller time scale than seasonal or monthly
(such as daily) was not included, because of high uncer-
tainties from the climate models (e.g. SEMENOV and
PORTER, 1995). TRNKA et al. (2004) showed for example
that potential increasing variability of temperatures can
have a strong negative yield impact on cereals in Central Eu-
rope (Figure 8). Combined with a change in the frequency
of drought periods this negative effect could further in-
crease. Recent studies therefore consider potential changes
in daily climate variability by applying weather generators
using information about change in climate variability from
the updated climate models with better representation of
land-atmosphere interactions.

Temperature change {(°C})

] <2
[]2-25

Figure 7:
(Formayer et al., 2003)

Change in temperatures over the Austrian terrain, depending on elevation, as calculated by statistical downscaling for the 2040’s

Abbildung 7: Temperaturinderung in Osterreich in Abhiingigkeit von der Seehdhe, berechnet durch statistisches Downscaling fiir die 2040er Jahre

(Formayer et al., 2003)

Die Bodenkultur

140

59 (1-4) 2008



Aspects on results and uncertainties of climate change impact simulation studies for agricultural crop production in Europe

S0"2.000

S0%1.250
s5D*1.125

5D*1.000
SDU0.875
S50D"0.750

SD*2.000

S0%1.250
s0%1.125
SD*1.000

SD0.872
S00.750 |

............................

S0°2.000
S071.250
SD"1.125
S0%1.000
S0"0.873
S0D"0.T50

scenario

............................

5D*2.000

501,250 |
3D*1.125
50'1.000

SD'0.875
sSD*0. 750

0 2000 4000

6000 10000

grain yield (kafha)

Figure 8:
of 7 GCM’s); (Trnka et al., 2004)

Impact of increasing temperature variability on simulated crop yields (SD=standard deviation) and different GCM’s (AVG = average

Abbildung 8: Einfluss zunehmender Temperaturvariabilitit auf simulierte Getreideertriige (SD = Standardabweichung) bei unterschiedlichen Kli-
maszenarien (AVG = Mittelwert von 7 Klimaszenarien); (Trnka et al., 2004)

The other three main groups of model inputs are solil,
plant and management characteristics, which are needed for
any kind of model application (not only for climate change
impact studies). For all three groups technical develop-
ments allow better representative input data for future ap-
plications, especially for spatial applications in combination
with GIS such as Crop Growth Monitoring Systems
(CGMs). For soil data, for example, digital soil maps with
improved spatial resolution (e.g. NACHTERGAELE, 2008) are
already available. For actual land use information remote
sensing data can be used (e.g. DELECOLLE et al., 1992;
BoUMAN, 1995; MOULIN et al., 1998). Also information on
management input data could be gathered from remote
sensing, especially for spatial model applications. Examples
for that are sowing, harvest or cutting dates. Parameters de-
rived from remote sensing can be used also for model cali-
bration and validation (such as LAI or NDVI, duration of
snow cover, surface temperatures, etc.). One example of ap-
plication is the Crop Growth Monitoring System of MARS
(Monitoring Agriculture with Remote Sensing) (http://
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mars.jrc.it/) for yield prediction at the European scale.
Here, databases of meteorological data, soil characteristics
from the European soil map (KING et al. 1995) and crop
specific parameters from remote sensing (BOONS-PRINS et
al., 1993) available for the whole EU are applied.

For point applications of crop models (e.g. on farm scale)
many new and increasingly cheap measurement techniques
are available even for operational applications (e.g. irriga-
tion scheduling), such as agrometeorological field stations
for gathering actual weather input data or soil water content
sensors for crop irrigation scheduling. Field stations are also
recommended for crop pest and disease models as well as
warning systems.

4.2 Improving results by considering the human
factor

Recent publications on climate change impacts on agricul-
ture and potential adaptation measures include crop man-

59 (1-4) 2008



J. Eitzinger, H. Formayer, S. Thaler, M. Trnka, Z. Zdenek and V. Alexandrov

agement, socio-economic scenarios and feedbacks from
other boundary conditions such as regulatives or large scale
infrastructure (REIDSMA, 2007; REIDSMA and EWERT,
2008). In several cases it turned out that socio-economic
changes could outrange the pure climate change impact in
Europe as described for example in the paper of HOLMAN
et al. (2005). He investigated climate and socio-economic
impacts, adaptation options as well as cross-sectoral inter-
actions between four major sectors driving landscape
change (agriculture, biodiversity, coastal zones and water
resources) in England. Despite yield changes, cropping in
that region is shown generally insensitive to climate, but
very sensitive to socio-economic change. Similar findings
for Central Europe from the EU-project ACCELERATES
are described by AUDSLEY et al. (2005). They found that
areas of agricultural land use in Central Europe may not
change significantly, however significant shifts of cropping
pattern were simulated. Socio-economic scenarios generat-
ed larger changes than climate scenarios, although the
climatic conditions are a basic driving factor. Purely differ-
ences in climate scenarios had marginal effects on agricul-
tural land use in many regions. This study however shows
that there are still severe limitations for interpreting the re-
sults of such studies in general. These includes the often
large spatial scale of soil data, which is much more hetero-
geneous in reality or the simplifications of applied crop
models for specific crops. Also not considered or unknown
potential production risks or stresses on crop production
such as weather extremes or pest and diseases as well as the
uncertainties in socio-economic scenarios are important
limitations. Often hydrological aspects of river basins are
neglected as well, although they could have a significant
impact on groundwater resources, water availability for
crops, soil erosion and others under changed climate (e.g.
JASPER et al., 2004; PRUDHOMME, 2003). Additional often
not considered aspects, which are especially important for
the assessment of adaptation measures, are effects for mit-
igation, sustainability of production and long term effects
such as changes in soil conditions and fertility. Current site
specific agricultural conditions like cost related technolog-
ical aspects of farm management, including the field size or
the terrain, also should be considered, which opens a wide
area for future research.
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5 Conclusions

Simulation of climate change effects on crops using process
oriented models is a promising method for the assessment
of potential impacts of climate change and adaptation op-
tions in agriculture. Many studies carried out in Europe and
in general are limited however by defined boundary condi-
tions and model limitations. These, and problems of model
applications for various scales can produce a number of un-
certainties in the model outputs and related study results.

Past simulation studies on climate change impacts on
crop yield in Central Europe show a mixed picture of re-
sults, depending on model complexity, the applied spatial
scales, input data availability and applied scenarios. In gen-
eral, the simulation studies show under climate scenarios in
Central Europe decreasing yields at locations with water
limitation and increasing yields at locations where water is
no limiting factor for crops. Also there are simulated strong
positive potential yield effects of increasing atmospheric
carbon dioxide on C3 crops, which is also one of the most
discussed uncertainties: New results from FACE and other
field experiments often limit this effect considerably, de-
pending on environmental interactions. Results on actual
yields under the same climate change scenario can also dif-
fer considerably between regions as represented by soil and
current climate conditions, crops and management options
as well as and socio-economic assumptions.

Although large scale studies can detect basic trends the
question arises if they are able at all to characterize reliable
the impact of climate change on agricultural production for
local decision conditions and decision makers. A better ap-
proach might be a synthesis of a pattern of small scale stud-
ies with locally calibrated models and methods, a high spa-
tial soil data resolution and “downscaled” climate and
socio-economic scenarios. A number of new methods and
techniques is available and will be used for future studies,
especially in order to improve the representation of spatial
model input data. However, also other impacting factors
have to be considered such as potential changes in climatic
variability or impact of extremes not considered so far.
Other boundary conditions like socio-economic develop-
ments and long term effects of climate change on natural re-
sources should be considered by combination of data
sources and methods. This is especially true for the assess-
ment of adaptation measures, especially in Central Europe
with large differences of farming systems and conditions be-
tween regions such as the farm size or the increasing num-
ber of organic farms.
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