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Towards a General Method to Construct Regional Climatic Scenarios for

Model-Based Impacts Assessments’

with 1 figure

Zusammenfassung:

Auf dem Weg zu einer allgemeinen Methode zur Erstel-
lung regionaler Klimaszenarien fiir modellbasierte Klima-
wirkungsstudien

Studien, welche die mdglichen regionalen Auswirkungen von
Klimaveranderungen mit Hilfe von Simulationsmodellen abzu-
schatzen versuchen, weisen sehr unterschiedliche und an-
spruchsvolle Bedirfnisse nach klimatisch-meteorologischen
Eingangsdaten auf. In der vorliegenden Arbeit wird eine allge-
meine Methode vorgestellt, um Szenarien mdglicher zukinfti-
ger Klimata fir solche Studien zu konstruieren. Die Methode
wurde im Kontext von drei Fallstudien entwickelt, die sich mit
den méglichen Auswirkungen von Klimaverdnderungen auf
die Waldsukzession, das Grinland, die Schneedecke und den
AbfluB in den européischen Alpen befassen. Aufgrund der Be-
durfnisse dieser und einer Reihe weiterer, unabhangiger Stu-
dien wurde der folgende Anforderungskatalog ermittelt: Die
benétigte Methode sollte physikalisch konsistente, rdumlich
und zeitlich ausgedehnte Szenarien mit einer hohen raumli-
chen und zeitlichen Auflésung liefern, sie sollte auf einer stati-
stisch préazisen Beschreibung des heutigen Wetters und Klimas
basieren, und sie sollte robust, formal definiert und effizient
sein. Ausgehend von unseren Fallstudien und der Evaluation
bereits existierender Methoden zur Konstruktion von Klima-
szenarien wurde die folgende Prozedur hergeleitet: (1) Be-
schreibung des Wetters an den interessierenden Standorten als
einen stochastischen ProzeB; (2) Schatzung der ProzeB-/Kli-
maparameter fir das heutige Klima anhand von Messungen;
falls keine Messungen vorliegen, Interpolation der Parameter
aus umgebenden Mefstationen; (3) statistische Regionalisie-
rung der Ausgangsdaten eines Klimamodells zwecks Ab-
schatzung zeitabhangiger Veranderungen in ausgewahlten
Klimaparametern; (4) Verwendung der so erhaltenen Resultate,
um die Parameter des stochastischen Prozesses abzuandern,
und Generierung von Wetterdaten mittels stochastischer Si-
mulation. Die vorliegende Arbeit beschreibt die Implementie-
rung der einzelnen Komponenten (Regionalisierung, stocha-
stische Simulation des Wetters, Interpolation) sowie deren
ZusammenfUhrung innerhalb einer Gesamtmethodik zur Kon-
struktion von Klimaszenarien. Die vorgeschlagene Methode
wird mit alternativen Verfahren verglichen und im Lichte der in
den Fallstudien gesammelten Erfahrungen diskutiert. Es
wurde gefolgert, daB die Methode die meisten der oben-
erwdhnten Bedurfnisse zu erflllen vermag und somit flir mo-
dellbasierte Klimawirkungsstudien allgemein tauglich ist. lhr
Hauptnachteil besteht in der Verwendung statistisch-deskrip-
tiver Modelle, die unter einem zukiinftigen Klima ihre Gultig-

keit verlieren kdnnten. Die vorgeschlagene Methode kann je-
doch gut fir ausgedehnte Sensitivitatsstudien verwendet
werden, und dank ihrer modularen Struktur lassen sich Ver-
besserungen der einzelnen Komponenten problemlos einbauen,
sobald sie verfligbar werden.

Pesiome:

Ha nytu kK obuwemy metoay pa3paboTKu permoHanbHbIX
KNIMMaTMYeCKUX CLueHapueB ANA UCCregoBaHUs Mo-
crneAcTBUMWA KNUmata Ha OCHOBe Mogenei

MccneposaHns, KOTOpble MNbITAIOTCA OLEHUTb BO3MOXHbIE
pervoHanbHble MOCNEACTBUS W3MEHEHW Knumata C no-
MOLLbIO CUMYTIALMOHHBIX MOAenen, NpeabsiBNAT BecbMa
pasnu4Hble 1 60MblUMe AYXOBHbIE 3aNPOCbl OTHOCUTENBHO
KNMMaTUYECKU-METEOPONOTMYECKUX BBOAHbBIX AaHHbIX. B
npegnaraeMov cratbe npeacrtaBnseTcs obwui meTtog no-
CTPOEHMUSA CLEeHapUeB BO3MOXHbIX 6yAyLnX KNMMaTUHECKMX
YCNOBWIN AN TakWUx UccnenoBannii. [laHHbii meTo 6bin pas-
BUT B KOHTEKCTE TPEX NPUMEPHbIX 3TIOA0B, 3aHUMAIOLUXCS
BO3MOXHbIMU MOCNEACTBUAMN U3MEHEHWIN KNUMaTta Ha nec-
Hble CyKLeccum, nyra u nactouLla, CHeXHbI NOKPOB U CTOK
B eBpornenckux Anbnax. Ha ocHoBe noTpebHOCTEN 3TUX U
APYrux, He3aBnCUMMbIX UccnefoBaHuii Obin paspaboTaH cne-
Ayowmi Katanor TpeboBanuit: Hy>XHbl MeTog A0MXKeEH Obin
npeAocTaBnTb PU3NHECKN NOCTOSAHHBbIE, O6LWMPHbBIE MO NPO-
CTPAHCTBY U NO BPEMEHW CLIEHAPUN C BbICOKMM MPOCTPAHCT-
BEHHbIM W BPEMEHHbIM pa3peLleHneM; OH A0MKEH bl OCHO-
BblBATbCA HA CTATUCTUYECKN TOYHOM OMUCAHWWN HbIHELIHEN
norogbl U Knumarta, U OH AOMKEeH 6bln 6biTb HAAEXHBIM,
hopmanbHO onpeAenéHHbiM 1 adduumeHTHbIM. Ucxoga ns
NPUMEpPHbIX 3TIOA0B aBTOPOB U OLIEHKW Y>Ke CYLLECTBYIOLUX
METOZ0B MOCTPOEHUSA KNUMAaTUYECKUX cLueHapueB, bbina Bbl-
BedeHa crnegyowas npoueaypa: (1) onvcaHue norogbl Ha
BbI3bIBAIOLMX UHTEPEC MECTAX B KAYECTBE CTOXaCTUYECKOro
npouecca; (2) oueHka npoueccyasnbHbIX U KNMMaTUYECKUX na-
pameTpoB HbIHEWHero KnMmarta npy noMoLwm U3MepeHui, B
crny4ae oTCYyTCTBUS U3MEPEHUN — UHTEPNoNALMSA NapameTpoB
13 6nmanexxawmx U3MepuTenbHbIX CTaHumi; (3) ctatucTude-
CKasi pernoHanusaumsa UCXoAHbIX AaHHbIX MOAENnu Knumara
ANa npefBapuTeNnbHOro onpefeneHnss BpEMEHHbIX U3MEHe-
HUI 36PaHHbIX KNMMaTUYECKMX NapameTpos; (4) NpUMeHeHne
MONYYEHHbIX TakKUM 06pa3oM pes3ynbTaToB AN U3MEHeHUs
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napameTpoB CTOXaCTUYECKOro npouecca U NpousBOACTBO
METEOPOOrMYECKNX AaHHbIX NOCPEACTBOM CTOXaCTUHECKON
cumynsaumu. MNpegnaraemasn crtatbst ONUCbIBaeT UMNNEMeHTa-
LMo OTAENbHBLIX KOMMOHEHTOB (PervoHanuaayms, croxactu-
Yeckast CUMYNALMS NOroAbl, MHTEPMONSALMA) U UX CBEAeHMe
BHYTPU 06Leil METOANKIN MOCTPOEHUS CLEHApWeB KnuMarta.
Mpeanaraembiit MeTOA CPaBHUBAETCHA C aNbTEPHATUBHLIMU
npuémamu n 06CyXxaaeTcs B CBETE HAKOMIEHHOrO C NpUMep-
HbIMW 3TioAamu onbiTa. Beln chenaH BbIBOA, YTO 3TOT MeTof,
MOXXET BbIMOHNTL GOMbBIUMHCTBO Bbille Ha3BaHHbLIX NOTPe6-
HOCTe 1 Tem caMbIM B OBLLEM rOAWUTCA AN UCCEA0BaHNS
NocreAcTBUA KNMMaTta Ha OCHOBe Mogenew. [naBHbIn He-
AOCTaToOK MeTofa COCTOUT B NMPUMEHEHUM CTaTUCTUYECKM-
AECKPUNTMBHBIX MOAesel, KOTopble MOryT nepectaTtb 6biTh
fevicTBUTenNbHLIMK B yCrnoBusix Gyaywero knumarta. Mpes-
naraemblii METOA MOXHO, OAHAKO, YCMELHO NPUMEHUTb ANS
OGIMPHBIX UCCIeA0BaHNA CEHCUTUBHOCTM, W 6rnarogaps ux
MOAYIIbHOW CTPYKTYpe 6€3 Npo6s1eM MOXKHO BKIIOUNTb Yriy4-
LIeHNA OTAesbHbIX KOMMOHEHTOB, KakK TOJIbKO OHU MMEIOTCH
B PacropsiKeHuu.

Summary:

Studies that use simulation models to assess possible regional
impacts of climatic change have very diverse and demanding
requirements for climatic input data. This~paper presents a
general method to construct climatic scenarios for such studies.
It was developed in the context of several case studies deal-
ing with possible climatic impacts on forest succession, grass-
lands, and snowpack/run-off in the European Alps. The follow-
ing set of requirements was identified from the case studies

1. Introduction

Studies dealing with the possible regional impacts of a
changing climate have very diverse needs for climatic
input data (ROBINSON & FINKELSTEIN 1991, GYALISTRAS
et al. 1998). Many of these studies rely on simulation
models (CARTER et al. 1994), and these tend to have
very demanding input requirements. For instance, the
assessment of climatic impacts on ecosystems often
requires a local spatial resolution and a high flexibility in
terms of bioclimatic input variables, such as tempera-
ture sums above a given species-specific threshold, or
wind speeds considered only during particular periods
of the diurnal and seasonal cycles (for a complete list
of variables of likely interest see GvaLISTRAS et al. 1994,
1998). Generally, model-based studies cover wide
ranges of scale, resolution and precision, e.g. temporal
scales ranging from a few years up to millennia, and
temporal resolutions ranging from an hour to a year
(see IPCC 1996).

Moreover, such studies critically depend on the
availability of quantitative information on present and
possible future climatic conditions. This is for three
main reasons: Firstly, many of the modelled impacts

and other, independently formulated scenario needs: The
method should provide physically consistent, spatially and
temporally extended scenarios at a high spatial and temporal
resolution, be based upon a statistically accurate description
of local weather and climate, and be robust, flexible, formally
defined, and efficient. Based on our case studies and an eval-
uation of existing methods we derived the following general
procedure: (1) Describe weather at the locations of interest as
a stochastic process; (2) Estimate the process/climatic para-
meters for present climate from measurements; if no meas-
urements are available, use a spatial interpolation procedure
to estimate the parameters from nearby climatological sta-
tions; (3) Apply statistical downscaling to the output of a cli-
mate model to estimate time-dependent changes in selected
climatic parameters; (4) Use the results from downscaling to
adjust the parameters of the stochastic process, and generate
weather sequences by means of stochastic simulation. The
paper describes the current implementation of the individual
components of the method (downscaling, stochastic weather
generation, interpolation) and their combination within an
overall framework for scenario construction. The proposed
method is then compared to alternative approaches and dis-
cussed in light of our case studies. It is concluded that the
method satisfies most of the above formulated requirements
and thus provides a generally useful technique for model-
based impact assessments. A main limitation presents the
extensive use of statistical-descriptive models, which may
not necessarily hold under a future climate. However, the pro-
posed method supports extensive sensitivity studies, and
thanks to its modular structure enhancements of the individu-
al components can be easily incorporated as soon as they
become available.

are expected to depend strongly on the magnitude,
rate and form of anticipated climatic change. For in-
stance, a sustained temperature increase of 1 °C can
have a major effect on the probability of occurrence of
many tree species (KIRSCHBAUM & FISCHLIN 1996), but a
decadal “warming” of twice that magnitude may be
negligible. Another example is the carbon budget of
temperate forests, which has been shown to sensitively
depend on the rate and pattern of possible changes in
temperature and precipitation (PERRuUCHOUD 1996). Sec-
ondly, many of the modelled systems, such as ecosys-
tems, are inherently complex and our scientific under-
standing is limited. The more complex the response,
the more it becomes necessary to accurately define the
scenario driving the impacted system in order to be
able to relate a particular response phenomenon to a
particular forcing. And finally, climate is typically just
one of several system drivers that need to be considered
in impact projections. Again, the precise definition of all
starting assumptions is a prerequisite if one wishes to
assess the relative importance of the various forcings
and study their interactive effects.

From the above follows that quantitative scenarios
of possible future climatic conditions present essential
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tools to explore system behaviours and interpret the
modelled impacts. Hence the questions arise: What is
an optimal method to derive quantitative climatic
scenarios? Moreover, is there a general method which
could be applied to derive scenarios for several types
of impact studies simultaneously? If such a method
existed, it would not only minimize the efforts for
scenario construction, but it would also allow for more
consistent impact assessments across different sec-
tors within a given region.

To date a series of approaches to construct climatic
scenarios have been proposed, which have been re-
viewed e.g. in LamB (1987), Gioral & MEARNS (1991),
CARTER et al. (1994) and voN SToRcH (1995). The various
approaches vary widely in terms of complexity and so-
phistication. Purely empirical approaches, such as the
construction of temporal (e.g., FLOHN 1979) or spatial
(e.g., BrRowN & Katz 1995) analogues for the future cli-
mate, or arbitrary adjustments of the weather record
(e.g., Rosock et al. 1993), can provide at small expenses
a first indication of future climates, and thus appear
particularly suitable for initial sensitivity studies. More
sophisticated methods, which rely upon information on
global and/or regional climate models (see reviews in
VON STORCH 1995, CUBASCH et al. 1996, GYALISTRAS et al.
1998) can be expected to yield physically more con-
sistent scenarios and therefore appear more suitable
for advanced, quantitative impact studies.

Attempts to incorporate different methods for
scenario construction within a general framework have
been reported for instance by ROBINSON & FINKELSTEIN
(1991), Rosock et al. (1993) and VINER & HULME (1994).
However, we are not aware of any study which has rig-
orously demonstrated the feasibility of a given, general
approach in the context of several case studies. More-
over, most authors have focused mainly on the physi-
cal consistency of the derived scenarios, in particular
on the problem of how to specify regional climatic
changes consistent with global climatic change. As is
shown below, these are but two of several require-
ments that have to be considered when aiming at de-
veloping a general method.

A general method should also pass a practical test
of application and may gain improvements from its use
in specific, challenging situations. Today various studies
attempting to assess possible impacts of climatic
change in a complex terrain such as the European Alps
render themselves to such uses: Models have been de-
veloped which simulate, e.g., grassland productivity
(Riepo et al. 1998), snow-cover (ROHRER & BRAUN 1994),
run-off (STADLER et al. 1997), forest succession (Buc-
MANN 1994, FiscHLIN et al. 1995), or potential natural for-
est vegetation (Brzeziecki et al. 1993). The case studies
also cover a large range of variables with varying tem-
poral resolutions: The grassland and the snow-cover
models require local hourly data on temperature, pre-

cipitation, global radiation, wind speed, and relative hu-
midity, the run-off model requires information for the
same variables at a daily time step, the forest succes-
sion model is driven by monthly means of local temper-
ature and precipitation, and finally the statistical model
by Brzeziecki et al. (1993) requires high resolution
(100 x 100 m) maps of climatic parameters related to
monthly mean temperature and precipitation.

Here we report on the development and evaluation
of a new general method to construct regional climatic
scenarios for model-based impact assessments. First
we present the profile of requirements, summarize the
method’s design, describe its major technical features,
and report the current status of implementation. Then
we discuss the feasibility and generality of the method
in light of a series of case study applications dealing
with possible climatic impacts on grasslands (RiEpo et al.
in press), run-off (STADLER et al. 1997) and forests
(FiscHLIN & GyaLisTRAS 1997) in the Alps. Finally we com-
pare the method to alternative approaches and draw
some general conclusions for future developments.

2. Material and Methods

The profile of requirements was derived based on an
analysis of the following sources: The reviews by Ro-
BINSON & FINKELSTEIN (1991) and GvALISTRAS et al. (1998),
the IPCC (1996) Working Group I report (in particular
Part Il - Assessment of impacts and adaptation op-
tions), a series of selected, recent publications (see
next section), and the experience gathered in the
above-mentioned case studies from the Alpine region.

3.  Results
3.1. Profile of Requirements

(1) Internal consistency: The method should start from
sound assumptions, be based upon a logical procedure,
and yield scenarios which are consistent with empirical
data and the physics of climate. In particular, the sce-
narios should be as far as possible consistent across
space and time scales, between weather variables, and
with the assumed causes of future global climatic
change (see also HuLmE et al. 1990, GioRrGI & MEARNS
1991, GyALISTRAS et al. 1998).

(2) Resolution: Most impact studies require climatic/
meteorological inputs at a spatial resolution of 100 m
up to 102 km, and at a hourly to monthly time step (see
Introduction). Hence, the needed method should allow
to generate scenarios with a high resolution in time and
space.

(3) Spatial and temporal extension: Several applica-
tions, such as the mapping of potential natural vegeta-

© 1999 Justus Perthes Verlag Gotha GmbH



254

GYALISTRAS & FISCHLIN

tion (e.g., KIENAST et al. 1996), or hydrological studies
(e.g., WiGMosTA et al. 1994) require spatially extended
scenarios. Other studies typically need scenarios at
specific, representative locations within a given region,
e.g. along an altitudinal (FiscHLIN & GYALISTRAS 1997) or
latitudinal (PRICE & Apps 1995) transect. If dynamic mod-
els are used, the scenarios should provide data for a
sufficiently large number of years (e.g., 100 years, RiHA
et al. 1996) to ensure statistically stable estimates of
possible impacts. Moreover, to enable the study of pro-
cesses which operate at long time scales, such as for-
est succession or the carbon balance of soils (e.g.,
PeErRRUCHOUD & FisCcHLIN 1995), the method should allow
to construct time-dependent scenarios that extend
over several centuries to millennia.

(4) Precision: Many systems impacted by climate
are sensitive to already small shifts in the means or the
higher-order statistics of weather variables. For exam-
ple, NONHEBEL (1994) reported partially strong sensitivity
of simulated crop yields to relatively small deviations in
the expected values of daily weather variables, and
GyaLisTRAS (1997) found strong sensitivity of tree spe-
cies compositions as simulated by a forest patch model
to the presence of autocorrelation and skewness in
monthly inputs for temperature and precipitation, re-
spectively. Hence, the method should ensure that the
construction of scenarios starts from a statistically ac-
curate description of present-day weather and climate.

(5) Robustness: The procedures used for scenario
construction should be robust with regard to outliers in
the data used to estimate model parameters, errors in
driving inputs (e.g., input data provided from global cli-
mate models), and variations in starting assumptions
(such as the details of a forcing scenario, or the choice
of climate model).

(6) Flexibility: The method should be flexible in sev-
eral respects. First, in order to enable the exploration of
the many uncertainties related to the projection of future
climate, it should be easily applicable to different sce-
narios of global climatic change. Second, to meet the
very diverse requirements of impact studies, it should
be applicable to any desired combinations of weather
variables or climatic parameters, be spatially flexible,
and support a wide range of temporal resolutions (cf.
point 3). Finally, it should allow to perform extensive
tests and sensitivity studies. In particular, it should sup-
port the construction of arbitrary scenarios (e.g. +3 °C
for temperature and +20 % for precipitation), as well as
scenarios that incorporate changes in climatic variabil-
ity (cf. WiLks & RiHA 1996). .

(7) Formal definition: The method should be formally
defined to enable a transparent construction of scenar-
ios, facilitate their documentation, and support the in-
terpretation of the estimated impacts. Formal definition
is also a prerequisite for the implementation and auto-
mated execution of the method on a computer.

(8) Efficiency: Finally, the method should be compu-
tationally efficient, such that the above requirements
can be satisfied at tolerable computational costs.

3.2. Design of Method

The design of the method involved several key decisions:

Firstly, we decided to use information from climate
models (e.g., HENDERSON-SELLERS & MCcGUFFIE 1987),
since these models present the only means to project
possible global climatic changes in a physically based
and precise, quantitative manner. A major alternative
would have been the use of temporal analogues (e.g.,
RoseENBERG et al. 1993). However, this approach was
not further pursued because (1) of its weak physical
basis (see e.g. Gioral & MeArNs 1991), (2) analogues
from the instrumental record cover only a relatively
small range of changes, and (3) palaeoclimatic analogues
generally provide only a restricted set of variables, or
an insufficient resolution of the annual cycle (see also
GYALISTRAS et al. 1994).

Secondly, a suitable type of climate model had to
be chosen. At present two main approaches to model
the global climate system can be distinguished: the
“full-scale” and the “end-to-end” approach. The “full-
scale” approach attempts to represent the full range of
issues raised by climatic change and is based upon so-
called Integrated Assessment Models (IAMs; e.g.,
WEYANT et al. 1996). IAMs simulate a large number of
interactions between human activities, atmospheric
composition, climate, sea level, and ecosystems. On
the other hand, the “end-to-end” approach focuses
mainly on bio-physical interactions and is organized
along the causal chain “emissions into the atmosphere —
atmospheric composition — global and regional climatic
change”. The most sophisticated tools available to sim-
ulate global climate in “end-to-end” assessments are
coupled General Circulation Models of the atmosphere
and the oceans (AO-GCMs; e.g., GATES et al. 1996).

IAMs have the advantage that they are relatively effi-
cient and thus can be used to generate a wide range of
scenarios under different assumptions on, say, anthro-
pogenic emissions of greenhouse-gases (e.g., ALCAMO
et al. 1994). However, in IAMs the atmosphere and
oceans are only crudely represented (e.g., DE HAAN et al.
1994), such that these models appear to be sub-optimal
for the construction of regional climatic scenarios.

We therefore chose to use GCMs. GCMs have typi-
cal horizontal gridpoint-distances in the order of a few
100 km, so that these models also fail to supply the
required spatial resolution. However, they give a com-
prehensive, three-dimensional picture of (possible
changes in) the atmospheric circulation with a tempo-
ral resolution of 1 hr or less, and thus provide generally
a much more convenient starting point for scenario
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construction. Furthermore, as is shown later, the GCM-
based method proposed here still allows for the con-
struction of scenarios under in principle arbitrary as-
sumptions on possible future anthropogenic forcings of
the climate system.

Thirdly, the question arose how to infer possible as-
sociated changes in regional weather and climate from
the coarse-resolution GCM output, a task commonly
termed “downscaling”. Several downscaling approaches
have been proposed so far. A first possibility would
have been to directly interpolate climatic information
from individual GCM-gridpoints in the vicinity of the re-
gion of interest (e.g., BAcH et al. 1985). However, GCMs
simulate regional climates only poorly (GRoTCH & MAcC-
CRrACKEN 1991, CuBascH et al. 1996), so that this ap-
proach would have been likely to give inconsistent re-
sults. A second possibility would have been to rely on
simulations with high-resolution global (e.g., BENISTON
et al. 1995) or regional (e.g., Gioral 1996) climate mod-
els. However, these models still have a relatively coarse
horizontal resolution (typically 20 up to 100 km). This
would have restricted the applicability of our procedure
to topographically simple regions, where climate can
be expected to show only little variation within the area
represented by single model grid-cells. Moreover, the
accurate simulation of climate at the grid-cell scale would
have required knowledge and correct modelling of all
relevant processes within each grid-cell (cf. MACHEN-
HAUER et al. 1996). Finally, high-resolution models have
enormous computing requirements, and this would have
prevented the construction of many different scenarios,
especially over longer time spans.

Therefore we chose to base our procedure upon a
third approach, statistical downscaling (Kim et al. 1984,
VON STORCH et al. 1993). The basic idea of statistical
downscaling is to exploit empirical relationships be-
tween variations of the large-scale and the regional
weather. Regional climatic scenarios can then be con-
structed by applying these relationships to the large-
scale weather simulated by a GCM. Several statistical
downscaling approaches have been proposed which
operate at the daily to seasonal resolution, use different
kinds of statistical models, and focus on different large-
scale predictors and regional variables. Reviews can
be found in ZoRITA & VON STORCH (1997) and GYALISTRAS
et al. (1998). Statistical downscaling has the advantage
that it provides a very high (up to local) resolution and
is computationally efficient. Its limitations will be dis-
cussed later (Section 4).

Finally, a strategy had to be found how to attain the
high temporal resolution required by several applica-
tions. One possibility would have been to directly use
weather variables as statistically downscaled at the
needed (e.g., daily) resolution (e.g., BARDOSSY & PLATE
1992, Zorrma et al. 1995). This approach would have
had the advantage that it would have allowed to base

the simulation of the variability of the regional weather
upon the physically consistent output of a climate
model. However, such an approach has several prob-
lems: (1) The temporal statistics of the large-scale
weather are not yet very reliably simulated by climate
models (e.g., HULME et al. 1993), and this can lead to
large errors also in the statistics of downscaled weather
sequences (BURGER 1996). (2) The approach depends
on large-scale weather data as an input, which are avail-
able from simulations with climate models typically
only for a relatively small (say, 10 to 200) number of
years, and this contrasts with the requirements of many
impacts studies. (3) The approach does not support the
construction of arbitrary scenarios, which are typically
needed for systematic sensitivity studies.

To circumvent these problems we chose to base
our method upon stochastic models which are fitted to
local measurements only (e.g., RICHARDSON 1981). These
models are commonly termed “weather generators”. To
simulate weather under a hypothetically changed cli-
mate, one or several parameters of a weather genera-
tor can be adjusted according to ad-hoc assumptions
or estimates of local climatic change as e.g. statistically
downscaled from a GCM (cf. WiLks 1992, Karz 1996).
However, a problem occurs because stochastic models
generally simulate the variability of weather and climate
correctly only within a restricted frequency range. For
example, though weather generators which have been
fitted to daily data produce generally realistic daily
weather sequences, they tend to underestimate the
year-to-year variability of monthly to annually averaged
weather variables (e.g., GREGORY et al. 1993, MEARNS
et al. 1996). One possible solution is to use a separate
stochastic model for each time scale of interest (Gva-
LISTRAS et al. 1997). To ensure consistency among tem-
poral aggregation levels, the data produced at a coarser
(e.g., monthly) temporal resolution can then be used as
inputs for the simulation at the next higher (e.g., daily)
resolution (GyAausTRAs et al. 1997, cf. WiLks 1989, Katz &
PARLANGE 1996).

These considerations lead us to the formulation of
the following procedure for scenario construction:

(1) Describe weather at the location(s) of interest as a
stochastic process.

(2) Estimate the process/climatic parameters for pres-
ent climate from measurements. If no measure-
ments are available, use a spatial interpolation pro-
cedure to estimate the parameters from nearby cli-
matological stations.

(3) Apply statistical downscaling to the output of a cli-
mate model to estimate time-dependent changes in
selected climatic parameters.

(4) Use the results from downscaling to adjust the para-
meters of the stochastic process and generate
weather sequences by means of stochastic simula-
tion.
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The construction of scenarios by means of this pro-
cedure is illustrated in Fig. 1. In a first step, the large-
scale weather patterns (Fig. 1a) as simulated by a global
(or regional) climate model under a given global forcing
scenario, GHGm, are fed into a statistical downscaling
procedure. The weather data downscaled at a particu-
lar location (jagged curve in Fig. 1c) are then used to
estimate for all climatic parameters « of interest (such
as the expected value of a given weather variable, or
the cross-correlation coefficient of two weather varia-
bles) a response function K= f(GHGm) (see also Egs.
4.1 — 4.5 later). For example, the smooth rising curve in
Fig. 1c shows the response of the expected value of
July mean temperature at the inner-Alpine location of
Bever, as estimated from a “Business-as-Usual” simu-
lation (CusascH et al. 1995) with the ECHAM1/LSG-
GCM. The response function f can further be used to
estimate possible behaviours Ky conditional on arbi-
trary transient scenarios GHG (e.g., “Stabilization”
case in Fig. 1c¢). The obtained K, can be post-processed
in two ways:

Firstly, the values obtained for a given future time
window (e.g., around the timepoint of CO,-doubling) at
several locations (Fig. 1b) can be interpolated in space
to produce spatially extended scenarios (Fig. 1d). Sec-
ondly, the x, can be used as inputs to a stochastic
weather generator (respectively a chain of weather gen-
erators, see next section) to simulate possible local
weather sequences under the respectively hypothesized
climate for a given future timepoint t (Fig. 1e). If no
measurements are available at the location of interest,
the «,, and all other parameters needed for the stochas-
tic simulation of weather must be interpolated from
nearby climatological stations (dashed arrow in Fig. 1).

3.3. Implementation

To describe local weather we use three stochastic mod-
els which operate at a monthly, daily, and hourly tem-
poral resolution, respectively.

The simulation of monthly weather is based upon a
first-order, cyclostationary (HASSELMANN & BARNETT 1981,
GARDNER 1994) autoregressive process with a period
length of 12 months:

x(k)= —(k 1) Bm) €4k (1.1)
k) o) m) i@(m = m (1 2)
Here &k) is a N,-dimensional state vector of standardized

(zero mean, unit variance) monthly weather variables
(e.g., monthly mean temperature and precipitation); k
denotes the current time (time step = 1 month); A and
B, are N xN, system and input matrices, respectively;
m is the phase within the year, i.e., m={(k-1) MOD 12},

where m=0 corresponds to January and p=11 to De-
cember; g, is an input vector of independent random
components from a N -dimensional normal distribution
N(,1); M(k) is a N, -dimensional output vector of monthly
weather variables M; L., and g . are the monthly var-
iables’ expected values and interannual standard de-
viations, respectively; and f is a functions vector with
parameters Oy The functions f,  are given for posi-
tively (q)l1 ,=1) or negatively (¢l1(m)_ 1) skewed variables
as o, Exp((q)I2 Kigt Pigry) +0,,,,), Otherwise as F i~ Ko
Detalls and the procedures used to estimate aIl para-
meters can be found in GyaLISTRAS (1997).

The simulation of daily weather is based upon an
extended version of the model proposed by RiCHARD-
SON (1981). The extended model simulates daily weather
variables D, (such as daily precipitation, daily minimum
and maximum temperature, or the daily global radiation
total) conditional on a monthly input vector M(k_(n(k
Prcpy, Mujy, sig1 w0 MUy, igz(k), e MU ) S|gNy(k) s
where T is the monthly probability for a wet day, prep,
is the monthly precipitation total, and mu, i and sig,,
(i=1.. y) are the means and within-month standard
deV|at|ons of the D.. The model is given by the following
equations:

Qy =Man kOV{Q(d—n’ Po1aqm, )’ p11(ﬁ(m)v1t(k))} 2.1)
if Q=0
= { ’ () (2.2)
Exp (e(ﬂ(k)v prop(q, m) if Q=1
Yo =FmYantCm ez (2-3)
if Q -O
D,. = { Q o () io Womy —(d)"'l'io(d I 2.4
© QML(M() Yoty |fQ _1 @4
o) = Lualdh Sqp MUy, MU, MU T (2-9)
Oy = LoalCoemy SiGyy MUy 7)) (2:6)

Here Q(d) is the daily precipitation state (Q=0 if no pre-
cipitation, otherwise Q=1); d denotes the current time
(time step = 1 day); k and m are defined as in Egs. 1.1
and 1.2; Markov denotes a first-order, two-state Mar-
kov process with state variable Q,, and transition prob-
abilities py,, and p,, ; &, and B are parameter vectors;
P isthe dally total prec:pltatlon Exp( ) denotes a var-
|ate from an exponential distribution W|th mean 6=
prep,, /( , NDays ), where NDays is the number of
days in month m; X( " is a Ny—dimensmnal state vector
of standardized (zero mean, unit variance) daily weather
variables; F(m), G(m) and g, are defined similarly as their
counterparts in Eq. 1.1; Q(d is a Ny -dimensional output
vector of daily weather variables D;; «yand g, are
the daily variables’ expected values and within-month
standard deviations for dry (g=0), respectively wet
(g=1) days; f,,and £, are functions vectors with para-
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Fig. 1 Overview of the proposed procedure to construct regional climatic scenarios. Ovals: models; round-edged rectangles: input
data and assumptions; arrows: flow of information

meter vectors § . and Cqm @=0o0r 1); and mu, and
§ig(k) denote sub-vectors of the monthly input vector
M,,- A more detailed description of the functions Poigy
Py £, @nd £, which are used to adjust the weather

generator’'s parameters conditional on M, can be
found in GyALISTRAS et al. (1997; see also KAtz 1996).
The f,and f, are functions vectors with parameter vec-
tors ., and y, ., respectively. These functions serve
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the simulation of skewed distributions and are deter-
mined similarly as the f in Eqg. 1.2.

To describe weather at a hourly resolution we use
again a first-order, two-state Markov process for precipi-
tation, however in combination with a first-order, cy-
clostationary process (period length = 24 hr) for all
other meteorological variables. The following hourly
weather variables are simulated: hourly total precipita-
tion, and hourly mean temperature, global radiation,
vapour pressure, and wind speed. The hourly data are
generated conditional on the daily precipitation amount,
the daily global radiation total, and the daily mean, mini-
mum and maximum temperature, vapour pressure, and
wind speed. A complete description of the daily and
hourly weather generators, and the procedures used
for parameter estimation can be found in GyALISTRAS
et al. (1997) and GvausTRAs & FISCHLIN (manuscript in
preparation).

Spatial interpolation is realized as follows:

Ng
%o = gty * z Wi,
i=1

(3.1)

no=x-f @ =) He=r) (3-2)
Here K is the climatic parameter of interest (such as an
iy OF O Eq. 1.2) at location r; f is a function with

i(m)?

parameter vector @, describing the dependence of .
on a vector of orographic parameters H, (such as ele-
vation, slope, aspect etc.; e.g., BENICHOU & LE BRETON
1987, DALy et al. 1994); n, is the number of climatological
stations used for interpolation; W is the weight attributed
to the j-th station; K is the value of x at this station; and
n, is its residual from f. In the current implementation
(GvaLIsTRAS & FisCHLIN 1995, FISCHLIN & GYALISTRAS
1997) we use for f a linear, or piecewise linear (e.g. for
temperature, breakpoint at 1500 m), function of eleva-
tion, H,, and the weights w; are inversely proportional
to the distances of the used stations from the interpo-
lation location r.

Downscaling is performed at a monthly time step
based on the procedure proposed by VON STORCH et al.
(1993) as follows:

"p
L
j=1

where M 9 is the downscaled value for the i-th Iocal
monthly weather variable at phase m and year t; i, is

its present-day expected value (Eq. 1.2); the By, are
parameter vectors estimated from simultaneous local
and large-scale monthly measurements by means of
Canonical Correlation Analysis (BARNETT & PREISENDOR-

FER 1987); L, is a vector of gridded, large-scale at-

4.1)

mospheric fields (e.g., monthly mean sea-level pressure
and near-surface temperature; GyALISTRAS et al. 1994)
as simulated in a scenario run with a climate model for
year t; and L, denotes the long-term mean state sim-
ulated by the same model under present (“1xCO,”)
boundary conditions. Note that the vector M,, used for
downscaling can be flexibly defined (e.g., VON STORCH
1995, BURGER 1996, ENKE & SPEKAT 1997, ZORITA & VON
STORCH 1997), and may in particular include (GYALISTRAS
et al. 1994, 1997) variables describing the day-to-day
variability of weather, such as the monthly probability
for precipitation, T OF the within-month standard de-
viations sig,, of the daily variables D, (cf. Egs. 2).

In a further step the downscaled variables are used
to infer time-dependent scenarios for all climatic para-
meters of interest. The identification of an appropriate
set of such parameters for a given application can be
based on sensitivity studies with impact models (e.g.,
NONHEBEL 1994, GyALISTRAS 1997, GYALISTRAS et al.
1997). Note that the proposed chain of weather genera-
tors (Egs. 1, 2) is particularly suitable to this purpose,
since it can be used to test in as far an impact model
can be driven with monthly rather than daily (or hourly)
weather data as an input. Experiments with the grass-
land model by RIEDO et al. (1998) and a simplified ver-
sion of the snow-cover model by ROHRER & BRAUN
(1994), which both depend on hourly weather inputs,
showed that monthly input data were actually sufficient
to estimate at good accuracy system responses of in-
terest such as the annual grass yield (GYALISTRAS et al.
1997) or the annual number of days with snowheights
exceeding a given threshold (results unpublished). There-
fore, here we discuss the estimation of changes in para-
meters related to the simulation of monthly weather
only (Egs. 1). Though in principle a different estimation
procedure is needed for each type of parameter, a gen-
eral approach can be outlined:

First, an initial estimate for each climatic parameter
¥ and timepoint t of interest is computed based on data
from a time window [t-b ... t+b], where b=10 years.
For example, to obtain an |n|t|al estimate m_, for the
expected value ,  of the monthly weather vanable M,
at phase m (cf. Egs. 1) we use:

t+b
;
Mimy = @o+1) T 2 Min, (4.2)
1=t-b

To obtain an initial estimate s, for the transient be-
haviour of an interannual standard deviation o, , we
start from the equation:

2 2
; = +
i(m, t) c Li(m, ) o Oj(m)

4.3)

where 02 ) is the variance of the local weather varia-
ble M, at phase m caused by the year-to-year variability
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of the large-scale weather L) and o, is the vari-
ance due to all remaining processes not epr|C|tIy con-
sidered in Eq. 4.1 (cf. ZORITA & VON STORCH 1997). Note
that Eq. 4.3 assumes as a first approximation that the
large-scale process is statistically independent from all
other processes contributing to the variability of the
local variable Mi(m). The estimate Sim, 4 IS then obtained
using linearly detrended data in [t-b ... t+b] according to:

t+b

2
|(m )= Sqr‘t {( él Z[Mi(m, -r)_(ai(m, t)T+bi(m, t))]z) +Szoi(m)}

t=t-b
(4.4)

Here, 3, and bI .y are the parameters of the linear re-
gressnon Ilne through the data points M and SZo.(m) is
the estimated value for 62, oy’ which is glven by the var-
iance of the residuals of the regression equation Eq. 4.1.
This variance is assumed to remain constant under a
changing climate.

Finally, the actual climate change signal is extracted

by fitting to the My OF S the response function
Kim = M , Ln(GHG_ of GHG)+oy ) (4.5)
where x, - denotes the estimated value for K ( iy

iy OF p033|bly some other parameter) at tlmepomt t;
T= 20 years (e.g., ToL & D Vos 1993); 7» , and o, are
fitted parameters; GHG, is the greenhouse gas con-
centration assumed in the “1xCO,” run of the climate
model used for downscaling; and GHG( is the transient
forcing scenario assumed in the climate change expeti-
ment with this model. Eq. 4.3 can be utilized to estimate
time-dependent scenarios Kim, 1 under in principle ar-
bitrary scenarios for GHG,.

4, Discussion

Similar methods to construct climatic scenarios to the
one proposed here have been suggested by WiLks
(1992), OELSCHLAGEL (1995), and BarRow et al. (1996).
Our method presents however an extension of this
work in several respects: Firstly, the above-mentioned
studies have focused on the construction of scenarios
only with a daily temporal resolution, whereas we con-
sidered the simultaneous simulation of weather at a
monthly, daily and hourly time step. Secondly, in these
earlier studies climatic scenarios were derived based
only upon general indications from climate models
(WiLks 1992), or information from single model grid-
points (OELSCHLAGEL 1995, BARROW et al. 1996), whereas
our downscaling procedure relied upon large-scale at-
mospheric fields (Eq. 4.1); thirdly, unlike the procedures
proposed by WiLks (1992) and Barrow et al. (1996), our

method supported the construction of spatially extended
scenarios (Egs. 3); and finally, our method included a
strategy for scenario construction under in principle ar-
bitrary scenarios for future greenhouse-gas concentra-
tions (Eq. 4.5).

The feasibility of the proposed method has been
demonstrated in three case studies which required
scenarios of local weather respectively at a monthly
(FisCHLIN & GYALISTRAS 1997), daily (STADLER et al. 1997),
and hourly (RiEDO et al. 1999) temporal resolution.
These studies pursued their own research goals, so
that they were considered to represent realistic research
situations. Moreover, their input needs were typical
also for other studies. For instance, the forest succes-
sion model FORCLM (BUGMANN 1994, FiSCHLIN et al.
1995) used in the study by FiSCHLIN & GYALISTRAS (1997)
required 200 realizations of monthly mean temperature
and precipitation over several centuries, and at a spa-
tial resolution of ~100 m. These needs were represent-
ative for a whole family of models, including JABOWA
(BotkiN & NisBeT 1992), FORSKA (PRENTICE et al. 1993),
or PnET-II (ABER et al. 1995). Our method has also been
used to derive first, spatially extended scenarios (Fig. 1d;
see also GYALISTRAS & FiscHLIN 1995). The application of
these scenarios to impact models that require maps of
climatic parameters as inputs (e.g., KIENAST et al. 1996)
should be straight-forward.

The physical consistency of the scenarios obtained
with our method cannot strictly be proven. On the one
hand, the outcome of statistical downscaling strongly
depends on the quality of the inputs provided by the
driving GCM (MATYASOVSZKY & BOGARDI 1994, GYALISTRAS
et al. 1994, BURGER 1996). On the other hand, one or
several of the statistical models (Egs. 1.1 — 4.3) used by
our method might no more hold under a changed cli-
mate. Nevertheless, there are several reasons why we
believe that our approach can generally provide valid
first-order approximations of possible future climates
and associated weather sequences:

Firstly, statistical downscaling according to Eq. 4.1
has been demonstrated in several studies to yield phys-
ically generally plausible (voN STorcH et al. 1993, Gva-
LsTRAS et al. 1994, Busuioc et al. 1999), and spatially
(e.g., FiscHUIN & GvALIsTRAS 1997), as well as between
different weather variables consistent (GYALISTRAS et al.
1994, 1997) estimates of possible regional to local cli-
matic changes. Secondly, the proposed weather gener-
ators (Egs. 1.1 — 2.6) were found to reproduce measured
distributions of monthly to hourly weather variables as
derived from independent data for different subperiods
of this century with reasonable accuracy (GYALISTRAS
1997, GvaLisTRAs et al. 1997). Thirdly, extensive testing
of the spatial interpolation procedure (Egs. 3) showed
that if a few years of measurements are available at the
location of interest, the climatic parameters needed to
simulate monthly weather for a demanding application
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(forest modelling) can be estimated at sufficient accu-
racy (GYALISTRAS & FISCHLIN 1996). Moreover, it was found
that long-term changes in climatic parameters can be
generally interpolated at very good accuracy at any lo-
cation of interest, even in a topographically complex
region such as the European Alps (GYALISTRAS & FISCHLIN
1996; see also correlation analyses by BENISTON et al.
1994). Finally, the postulated relationships (Eq. 4.5) be-
tween global forcings and regional climate responses
remain to be tested, but at least there are some indica-
tions (JoNas et al. 1996; see also the stability of large-
scale patterns of climatic change reported by CusascH
et al. 1994) that they present defensible approximations.

An advantage of our procedure is that it matches
the limited precision of GCMs. This was accomplished
by using the GCM-simulated weather data to estimate
changes but in long-term climatic parameters (Egs.
4.2 - 4.5), by removing model biases prior to downscal-
ing (Eq. 4.1), and by using only the first few principal
components (PReISENDORFER 1988) for downscaling of
monthly averaged fields. This enabled us to construct
plausible scenarios (GyaLISTRAS et al. 1994) in cases
where errors of the driving GCM were directly propa-
gated into, and possibly even amplified, by a high-reso-
lution climate model (RoTacH et al. 1997). This, however,
does not defy the use of regional climate models in
principle; it only demonstrates that it is easier to obtain
plausible scenarios with the proposed method. Accord-
ingly, our scenarios may have to be revised as improved
high-resolution simulations become available.

Additional factors which contributed to increasing
the robustness of the derived scenarios were the appli-
cability of statistical downscaling to long-term GCM-
simulations (GvaLisTRAS et al. 1994), which allowed to
enhance the signal-to-noise ratio of the downscaled
climatic change signal (Eq. 4.5); the use of principal
component analysis (PREISENDORFER 1988) which allowed
to reduce the degrees of freedom in the data used to fit
the downscaling models; and the application of a robust
procedure (HASSELMANN & BARNETT 1981) to estimate
the system matrices of the monthly (Eq. 1.1) and hourly
weather generators. The robustness of our method
could nevertheless be further increased by using im-
proved parameter estimation procedures, for instance
by estimating the parameters of the monthly downscal-
ing models (Eq. 4.1) not separately for each month, but
in a sub-space spanned by the first few Fourier-har-
monics of the annual cycle.

The proposed method was found to be economic
and efficient in several respects. Firstly, the adopted
“top-down” design (Fig. 1) made it possible to restrict
the construction of scenarios to the variables, locations,
and time scales precisely needed in each case study.
Secondly, our approach was found to have only medium
data requirements: the construction of reasonably ac-
curate stochastic models to simulate monthly weather

(Eq. 1) required only 30 yr of local measurements (Gya-
LISTRAS 1997), whereas for the simulation of daily (Egs. 2)
or hourly weather conditional on monthly inputs already
5 yr of data proved sufficient (GyaLISTRAS et al. 1997).
More stringent data requirements apply for statistical
downscaling, which should preferably be based on sev-
eral decades of data (voN STORcH et al. 1993, WiLsy
1994). However, these data needs are still modest
compared to the needs of regional climate simulations,
which require large-scale forcing fields at a time step of
~10 min or less. Finally, our approach was also found
to be computationally efficient. For example, downscal-
ing of 100 years of global climate model output to a
particular location (Fig. 1¢) took only ~1 min on a mod-
ern workstation; the stochastic simulation of monthly
weather sequences required only an additional ~1/2 min
per 10,000 years per location; and the simulation of
daily and hourly weather took only ~5 min per 100 years
each. In contrast, simulations with, e.g., the NCAR sec-
ond generation regional climate model at a resolution
of 60 km per simulated year would have required 60 hr
of CPU time on a Cray Y-MP (Gioral 1996).

The obtained scenarios were, however, subject to
several limitations: they were partially based on weak
statistical relationships between the large-scale and
local weather (e.g., in the case of summertime precipi-
tation; see also BURGER 1996, ENKE & SPEKAT 1997), de-
pended strongly on the choice of large-scale predictors
and partially presented extrapolations beyond present
conditions (GYALISTRAS et al. 1994), or were in some in-
stances possibly contaminated by inhomogeneities in
the local measurements (e.g., for wind speeds) used to
fit the downscaling models (GyAusTRAS et al. 1997). A
further problem was that downscaling was applied to
infer possible changes but in a subset of the several cli-
matic parameters (Egs. 1 - 2) actually used to describe
the local weather. Though these adjustments were done
in a manner that ensured statistical consistency across
climatic parameters (Katz 1996, GYALISTRAS et al. 1997),
the physical consistency of the simulated weather se-
quences remains debatable.

However, all components of our method can be rel-
atively easily tested. This contrasts with the use of re-
gional climate models, which not only depend on the
availability of sufficiently accurate forcing fields and
boundary conditions (e.g., for land-surface characteris-
tics), but also of regional climatologies (e.g., FREl &
ScHAR 1998) against which model behaviours can be
compared. In particular, with our method it was possi-
ble if no to reduce, so at least to quantify the uncertain-
ties related for instance to spatial interpolation (GyALIs-
TRAS & FISCHLIN 1996; see also PHILLIPS et al. 1992, DALY
et al. 1994) or downscaling (GYALISTRAS & FISCHLIN 1995;
see also CARBONE & BRAMANTE 1996). The proposed ap-
proach also proved generally suitable for extensive
sensitivity studies to explore the range of likely scenar-
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ios with impact models (FiscHLIN & GYALISTRAS 1997,
STADLER et al. 1997, RiEDO et al. 1999).

Finally, some more general restrictions of our method
should be mentioned: Firstly, the decadal-scale variabil-
ity of climate is not simulated at present (cf. Eq. 4.5). A
possible improvement could consist in using an addi-
tional stochastic model to prescribe slow variations in
selected parameters (Eq. 1.2) of the monthly weather
generator. The parameters of this model could be fitted
to long-term time series of regional weather variables as
reconstructed from proxy data (e.g. PFISTER 1992), or
statistically downscaled from a long-term simulation
(STOUFFER et al. 1994, vON STORCH et al. 1997) with a cou-
pled oceanic-atmospheric climate model. Secondly, our
method does not account for possible systematic chan-
ges in smaller-scale climate forcings (e.g., land use) or
feedbacks to the regional climate system (e.qg., due to
changes in vegetation cover). However, indications from
simulation studies addressing these issues (e.g., GIoRaGl
1996) could easily be included by adjusting the corre-
sponding parameters used for weather generation.
Thirdly, our method does not yet support applications
which require both, spatially extended scenarios and a
high temporal resolution, such as hydrological studies. A
possible solution would be to extend the state vectors of
the weather generators (Egs. 1, 2) to consider weather
variables from several locations simultaneously (cf. BAR-
DOsSY & PLATE 1992, HUGHES & GuTTORP 1994). Finally, the
estimation of the regional climate response according to
Eq. 4.5 could be extended to account for more than one
global forcing, for instance by considering in addition to
greenhouse gases also possible emission paths for
aerosols. At present, however, little is known on how the
effects of different forcings combine at the regional
scale. Quantitative estimates could be obtained by ap-
plying statistical downscaling to a set of global sim-
ulations that consider the different forcings individually
and combination (e.g., MITCHELL & JoHNs 1997).

5. Conclusions

Our analysis of scenario requirements (Section 3.1) and
methods to construct climatic scenarios (Section 3.2)
suggests that present-day climate models alone can
not satisfy the scenario needs of model-based impacts
assessments. However, by combining the output of
global or regional climate models with large-scale and
local measurements, as well as a series of statistical
techniques (Fig. 1, Section 3.3), it was possible to de-
rive a method which appears to be general and flexible
enough to meet the requirements of a wider range of
impact studies.

The proposed method provides spatially and tem-
porally extensive scenarios at the needed, high spatial
and - at individual locations only — temporal resolution.

Moreover, it allows linkage from assumptions on future
emissions of greenhouse-gases through global and re-
gional climatic scenarios to impact models, and thus
enables consistent, reproducible impacts assessments.

The derived scenarios appear generally plausible.
However, their physical consistency can of course not
be rigorously proven, and depends among other things
on the reliability of the used climate models, the climatic
parameters considered, and the complexity of the ter-
rain. Nevertheless, the obtained, quantitative informa-
tion is certainly useful for impact studies in the sense of
exploratory scenario investigation.

The precision of the derived scenarios is difficult to
judge. Depending on the application considered, the
availability of a few years of regional measurements can
be crucial to enable a sufficiently accurate description
of present-day climate as a basis for scenario construc-
tion. Otherwise, our method provides generally realistic
weather sequences which satisfy the precision require-
ments of three demanding case studies. The accuracy
of our procedure under hypothetical future climatic con-
ditions could be further assessed by comparing its re-
sults with those from regional climate simulations.

The robustness of our procedure is also only parti-
ally understood. However, the used downscaling ap-
proach appears insensitive to the peculiarities of individ-
ual climate models, and the proposed strategy for the
stochastic simulation of monthly to hourly weather prov-
ed to be robust with regard to the choice of the data
used for parameter estimation. Improved statistical
models or parameter estimation procedures for the in-
dividual components of our method can easily be in-
corporated as soon as they become available.

Finally, it should be noted that the method proposed
here provides a concise description of regional climates.
Moreover, it can contribute to reducing the input require-
ments of impacts models and is computationally effi-
cient. This makes it suitable for extensive sensitivity
analyses which are central to a vast range of climate
change impact studies.
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