(

(/0 0-

%

.&(

$ 1 % &

12 330

7&

(1) &

*

1 )&



Swiss Climate Change
Scenarios CH2011

stems Modeling



Didier Burkhalter

Federal Councillor

Federal Department of Home Affairs FDHA

Bundesrat
Eidgendssisches Departement des Innern EDI

Conseiller fédéral
Département fédéral de I'intérieur DFI

Consigliere federale
Dipartimento federale dell'interno DFI



Foreword to the report Swiss
Climate Change Scenarios CH2011

Weather recognises no borders. The same is true for climate
change. All of us are affected by a changing climate which
has already started to make its impact felt. It is therefore vi-
tal to search for solutions and for scienti ¢ models that will
make it possible for climatologists to project future develop-
ments. Under the aegis of ETH Zurich and of MeteoSwiss,
several scienti ¢ research centres in Switzerland have coop-
erated in order to produce the report Swiss Climate Change
Scenarios CH2011. This report not only constitutes an ex-
tensive scienti ¢ study, it also provides a detailed basis for
discussion and re ection for decision makers in politics and
industry. Switzerland makes an active contribution to scien-
ti cinnovation in the eld of climate research and although
the results of the present study focus on Switzerland, they
will most certainly contribute to the endeavour of nding
global solutions.

Switzerland promotes coordinated, international climate pro-
tection and will continue to do so. Scienti ¢ research and

innovation of the kind realised in Switzerland are indispen-
sable on this journey. The report that you hold in your hands
contributes to this aim in a constructive and innovative spirit.

Préface pour le rapport Les
scénarios du changement
climatique en Suisse CH2011

La météo ne connait pas de frontiéres. Il en va de méme pour
le changement climatique. Nous sommes tous et toutes con-
cernés par I'évolution climatique dont nous ressentons d'ores
etdéjales effets. Ainsi, larecherche de solutions et de modeles
scienti ques permettant de se projeter dans le futur est essen-

Vorwort zum Bericht Szenarien
zur Klima&nderung in der Schweiz
CH2011

Das Wetter kennt keine Grenzen. Das Gleiche gilt auch fur
die Klima&nderung. Wir alle sind vom Klimawandel betroffen,
dessen Auswirkungen wir jetzt schon spiiren. Die Suclmach
Lésungen und nach wissenschaftlichen Modellen, welche
zukunftige Entwicklungen aufzeigen konnen, ist deshalb
von grosster Bedeutung. Unter der Federfihrung der ETH
Zurich und MeteoSchweiz haben verschiedene wissen-
schaftliche Institute der Schweiz zusammengearbeitet, um
den Bericht Szenarien zur Klimaénderung in der Schweiz
CH2011 zu verfassen. Dieser Bericht ist nicht nur eine gros-
sangelegte wissenschaftliche Studie, sondern liefert auch
eine ausfuhrliche Basis fir die Diskussion und Re exion in
politischen und wirtschaftlichen Kreisen. Die Schweiz tragt
aktivzu wissenschaftlichen Innovationen auf dem Gebiet der
Klimaforschung bei: Obwohl sich die Ergebnisse der Studie
auf die Schweiz konzentrieren, werden sie ohne Zweifel
ihre Dienste auch bei der Suche nach kunftigen globalen
Lésungen leisten.

Die Schweiz setzt sich flir einen koordinierten internationalen
Klimaschutz ein und wird es auch in Zukunft tun. Forschung
und wissenschaftliche Innovation, wie sie in der Schweiz
praktiziert werden, sind ein unentbehrliches Werkzeug auf
diesem Weg. Der Bericht, den Sie in Ihren Handen halten,
tragt auf konstruktive und innovative Weise dazu bei.

Prefazione al rapporto Scenari
del cambiamento climatico in
Svizzera CH2011

La meteo non conosce frontiere. E neppure il cambiamento
climatico. Noi tutti siamo toccati dal cambiamento climatico,
di cui percepiamo gia adesso gli effetti. E pertanto fonda-
mentale trovare soluzioni e modelli scienti ci che permet-
tano di prevedere gli sviluppi futuri del clima. Sotto la guida

tielle. Sous la houlette de 'EPFZ et de MétéoSuisse, diversesdel Politecnico federale di Zurigo e di MeteoSvizzera, diversi

institutions scienti ques suisses ont collaboré a n de rédiger

istituti scienti ci svizzeri hanno collaborato alla redazione

le rapport Les scénarios du changement climatique en Suisse del rapporto Scenari del cambiamento climatico in Svizzera

CH2011. Au-dela d'une étude scienti que d’envergure, ce
rapport fournit une base détaillée de discussion et de ré exion
pour le monde politique et économique. La Suisse contribue
activement en terme d’'innovation scienti que dans le champ
de la recherche climatique et bien que les résultats de I'étude
entreprise se focalisent sur la Suisse, ceux-ci béné cieront
sans aucun doute a la quéte de solutions désormais globales.

La Suisse s’engage en faveur d’'une protection climatique
internationale coordonnée et elle continuera de le faire. La
recherche etl'innovation scienti ques telles qu’elles sont pra-

tiguées en Suisse sont un outil indispensable sur ce chemin.

Le rapport que vous tenez entre vos mains y contribue de
maniére constructive et innovante.

CH2011. Oltre a essere una ricerca scienti ca di ampio
respro, questo rapporto fornisce una base di discussione e
di ri essione dettagliata per le decisioni del mondo politico
ed economico. La Svizzera contribuisce attivamente in termini
di innovazione scienti ca alla ricerca sul clima e, sebbene
sianoriferitialla Svizzera, i risultati dello studio contribuiranno
senza dubbio anche alla ricerca di soluzioni su scala globale.

La Svizzera s'impegna gia ora in favore di una protezione
del clima coordinata a livello internazionale e continuera a
farlo anche in futuro. La ricerca e 'innovazione scienti a
cosi come sono praticate in Svizzera sono uno strumento
indispensabile in questo cammino. Il rapporto che tenete fra
le mani vi contribuisce in modo costruttivo ed innovativo.
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The climate of Switzerland is changing. The Swiss Climate The magnitude of climate change in Switzerland depends
Change Scenarios CH2011 provide a new assessment of on region and season, and particularly on the pathway of

how this climate may change over the 2 century. They are
based on new generations of climate models with higher

future global greenhouse gas emissions. This report uses two
non-intervention emission scenarios (A2 and A1B) that an-

resolution, improved statistical methods, and an account of ticipate increases in emissions, and one climate stabilization
all recent relevant studies as well as the assessments by the scenario (RCP3PD) that supposes emissions are cut by aboutestimates of the future

Intergovernmental Panel on Climate Change (IPCC).

Future Swiss climate

In the course of the 21 St century, Swiss climate is
projected to depart signi cantly from present and

past conditions. Mean temperature will very likely
increase in all regions and seasons. Summer mean
precipitation will likely decrease by the end of the
century all over Switzerland, while winter precipi-
tation will likely increase in Southern Switzerland.

In other regions and seasons, models indicate that
mean precipitation could either increase or de-
crease. The projections of future temperature and

precipitationare consistent with past observations.

50% by 2050. As an illustration, Figure 1 shows observed
seasonal temperature and precipitation changes in north-
eastern Switzerland, as well as projected changes for the
three different emission scenarios and selected time periods.

Compared to the past 30 years, and for all Swiss regions
considered, the best estimates for the non-intervention sce-
narios project increases of seasonal mean temperature of
3.2-4.8 °C by the end of the century for the A2 scenario and
2.7-4.1°Cforthe A1B scenario. Summer mean precipitation
is projected to decrease by 21-286 for the A2 scenario and
18-24% for the A1B scenario. For the stabilization scenario,
Swiss climate would still change over the next decades,
but is projected to stabilize at an annual mean warming of
12-18 °C and a summer drying of 8-1@% by the end of
the century. Uncertainties due to climate model imperfec-
tions and natural variability typically amount to about £C
in temperature and 15% in precipitation.

Figure 1: Past and future
changes in seasonal
temperature (°C) and
precipitation (%) over
northeastern Switzer -
land. The changes are
relative to the reference
period 1980-2009. The
thin colored bars display
the year-to-year differ -
ences with respect to

the average of observa-
tions over the reference
period, the heavy black
lines are the correspond-
ing smoothed 30-year
averages. The grey shad-
ing indicates the range
of year-to-year differ -
ences as projected by
climate models for the
A1B scenario (speci -
cally, the 5-95 percen-
tile range for each year
across the available
model set). The thick
colored bars show best

projections, and the
associated uncertainty
ranges, for selected
30-year time-periods and
for three greenhouse gas

emission scenarios.



Figure 2: Change of temper
ature and precipitation
for winter and summer
as simu lated by climate

models. Large scale pat-
terns are similar but details
differ between models,
time period and scenarios.

The gure shows the multi-
model mean change for

2070-2099 relative to
1980-2009, for an interme-
diate (A1B) greenhouse gas

emission scenario.

Along with these changes in mean temperature
and precipitation, the nature of extreme events
is also expected to change. The assessment indi-
cates more frequent, intense and longer-lasting
summer warm spells and heat waves, while the
number of cold winter days and nights is expec-
ted to decrease. Projections of the frequency and
intensity of precipitation events are more uncer
tain, but substantial changes cannotbe ruled out.
Inadditionashiftfrom solid (snow) toliquid (rain)
precipitation is expected, which would increase

ood risk primarily in the lowlands.

Temperature Change (°C)

The European perspective

The projected increase in temperature for Switzerland is
consistent with large-scale warming over Europe for all
seasons (Figure 2). In winter, the warming is ampli ed in
Northern Europe, partly due to decreased snow cover. In
summer, stronger warming is predicted in Southern Europe,
partly driven by drier surface conditions. Northern Europe
will likely get wetter and Southern Europe will get drier,
which is consistent with the global picture of drier subtropics
and wetter high latitudes. In between those opposing trends,
precipitation in the Alpine region could either increase or
decrease in all seasons — except summer, when Mediterra-
nean drying likely encompassesthe Alps and Central Europe.

Precipitation Change (%)
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The role of emission scenarios

Toward the end of the 21 st century, Swiss climate
will be strongly affected by the future course of
global greenhouse gas emissions. Even if global
temperature change is stabilized below 2°C rel-
ative to pre-industrial levels through strong
mitigation efforts (the RCP3PD emission scena-
rio, which requires cutting global greenhouse

gas emissions by at least 50 % by 2050 relative to
1990), models project further warming for Swit-
zerland of 1.4°C toward the end of the century
(most probable value with respectto 1
This is about the same magnitude of warming as
already observed. In the two scenarios without
mitigation, the warming would be twice to three

times as large (Figure 3).

980-2009).

Development and application of climate

change scenarios for Switzerland

The CH201 1 scenarios are based on a new gen-
eration of global and European-scale regional
climate models. The model data have been pro-
vided by several international projects. New sta-
tistical methods were used to generate multi-
model estimates of changes, and associated
uncertainties, in seasonal mean temperature
and precipitation for three representative Swiss
regions. This was also done for changes in daily
mean values at individual meteorological station
sites. Along with the CH2011 assessment, digital
scenario data is provided for the three different

emission scenarios.

The new CH2011 scenario data can serve as a basis for a
variety of climate change impact studies in Switzerland,
addressing ecologic, economic and social impacts. They
should help guide decision making related to future Swiss
climate adaption and mitigation strategies. Well estab-
lished national climate scenarios allow end users to explore
possible impacts and adaptation strategies in a coherent
manner. The new CH2011 assessment is largely in agree-
ment with the preceding scenarios released in 2007. Dif-
ferences can be attributed mostly to a new generation of
climate models, to improved statistical methods, and to
the use of a more recent reference period. Climate mod-
els and statistical methods will undergo further signi cant
developments in the years to come. In addition, more ob-
servational data will become available. As a result, regular
updates to climate change scenarios will be required with
intervals of a few years.

Figure 3: The three
pathways of past and
future anthropogenic
greenhouse gas emis-
sions, along with pro-
jected annual mean
warming for Switzerland
for the 30-year average
centered at 2085 (aggre-
gated from the four
seasons and three repre-
sentative regions). These
pathways are based

on assumptions about
global demographic and
societal development,
energy demand, tech-
nologic and economic
trends, and correspond-
ing decisions and choices
that our world is taking
now and may take in the
future. The unit «CO  ,eq»
is a reference unit by
which other greenhouse
gases (e.g. CH ,) can be
expressed in units of CO .
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Introduction: the CH2011 initiative

There is strong evidence that climate is changing — both and a broad overview of expected impacts on various sec- 11
at the global and regional scale — and that some of these tors in Switzerland. Since then, improved sets of global and
changes are very likely caused by anthropogenic greenhouse regional climate model projections as well as new statistical

gas emissions (IPCC 2007a). Over the last 30 years Swisamethods have become available, which warrant the devel-

temperature has increased with an annual average warm-
ing rate of 0.35°C/decade: roughly 1.6 times the northern
hemispheric warming rate (Begert et al. 2005; Ceppi et al.
2011). Projecting future climate change is a highly complex
and challenging task (IPCC 2007a), particularly over scales
such as the Alpine region that is characterized by a com-
plex topography.

It is expected that climate change will affect many aspects
of our daily life by the middle and end of this century (IPCC
2007b). As aresult, climate and climate change has become
an important topic on the political agenda, at the global
level in general and in Switzerland in particular. In addition,
scienti cally-based strategies aiming to mitigate and adapt
to climate change require design and implementation. Even
though itis an issue of global scale, climate change and the
related impacts can be highly localized and site speci c.
An effective Swiss mitigation and adaptation strategy thus
requires information on climate projections for the coming
decades at scales relevant to Switzerland. In this context,
the aim of the CH2011 initiative is to use the most recent
available climate information to develop, document, and
provide a new set of climate scenarios (referred to as the
CH2011 climate scenarios) at those scales.

At the international level, climate change scenarios has been
compiled on a regular basis since 1990 by the Intergovern-
mental Panel on Climate Change (IPCC); a body established
by the United Nations. Individual countries have started to
develop regionally-focused future climate scenarios to inform
their stakeholders and decision makers. In Europe, such initia-
tives include the United Kingdom Climate Projections (UKCP;
Jenkins et al. 2009) and the KNMI Climate Scenario (Climate
scenarios for The Netherlands; Klein Tank and Lenderink
2009). The rst climate projections relevant to Switzerland
were compiled by a few climate scientists using outputs from
global climate models (Gyalistras et al. 1994; Gyalistras et al.
1997; Rotach et al. 1997; Wanner et al. 2000). In 2007 the
Swiss climate research community released a rst national
climate report under the umbrella of the Swiss Advisory Body
on Climate Change (OcCC) and the Forum for Climate and
Global Change (ProClim) (2007). This comprehensive report
included a set of Swiss climate scenarios (Frei 2004; Frei et al.
2007, the so-called «CH2050» scenarios, to which we refer
to as CH2007 clinate scenarios in the present document)

opment of new climate scenarios for Switzerland.

The CH2011 Swiss climate scenarios rely heavily on results
from the most recent IPCC report released in 2007 (Fourth
Assessment Report AR4; IPCC 2007a, 2007b, 2007c) and
from a large European research project (the ENSEMBLES
project; van der Linden and Mitchell 2009), both of which
have provided a unique set of climate simulations. In addi-
tion, new statistical methods have been recently developed
enabling a better quanti cation of uncertainties in climate
projections (e.g., Buser et al. 2009; Buser et al. 2010;
Fischer etal. 2011) and an improved downscaling of climate
variables at speci c sites (Bosshard et al. 2011).

The CH2011 projections focus on changes in temperature
and precipitation, re ecting the main quantities for which
information is available and required by the users. Probabilis-
tic seasonal mean changes are provided using a multi-model
approach for three representative regions of Switzerland
and for three different future pathways of anthropogenic
emissions. In addition, daily mean scenarios are made avail-
able both on a regional basis and at individual observational
sites, mainly to ful Il the needs of impact models that often
require such resolution. Expected changes in extremes are
discussed based on a comprehensive literature review and
onan analysis of climate indices in individual climate models.

The CH2011 initiative was developed under the auspice of,
and supported by, the Swiss climate research network, origi-
nally established by the National Centre of Competence in
Research on Climate (NCCR Climate). Substantial scienti ¢
developments were made by a group of scientists belong-
ing to institutes involved in the Center for Climate Systems
Modeling (C2SM), particularly the Institute for Atmospheric
and Climate Sciences (IAC) at ETH Zurich and MeteoSwiss,
with valuable support from the Swiss Federal Research
Station for Agroecology and Agriculture (ART) and OcCC.
Discussion with the climate data user community was initi-
ated through a «Climate Scenario» workshop (organized
in March 2010 by C2SM) that was attended by more than
200 researchers and stakeholders. The workshop allowed
the CH2011 initiative to discuss current scienti ¢ methods
for producing climate projections and to gather inputs and
speci ¢ needs from climate scenario users.
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This report rst describes the scienti c methods and tools
applied within the framework of this initiative (Chapter 2). It
highlights the fundamental assumptions and related uncer
tainties involved in the different steps of the «climate sce-
nario cascade» —i.e., from global climate simulations through
downscaling approaches for scales relevant to Switzerland.
Estimates of future changes in seasonal mean temperature
and precipitation and associated uncertainties are described

for three representative regions in Switzerland in Chapter 3.
Expected changes in daily climate variables are presented in
Chapter 4. Possible changesin climate extremes are outlined in
Chapter 5. The new CH2011 climate scenarios are compared
to the previous CH2007 climate scenarios in Chapter 6, and
information regarding data access is provided in Chapter 7.
Finally, concluding remarks and thoughts on future perspec-
tives are presented in Chapter 8.



The methodological setup

The CH2011 scenarios are based on statistical analyses of global and regional climate model simulations.

Three emission scenarios are considered: two non-intervention scenarios (A1B and A2) that exhibit future
growth in greenhouse gas emissions, and one intervention scenario (RCP3PD) that yields a stabilization of
atmospheric greenhouse gas concentrations by the end of the century.

The data from the A1B simulations are post-processed using two different statistical approaches: one based
on a probabilistic method to produce seasonally averaged climate scenarios on a regional scale, and one
based on statistical downscaling to local (station) scale at daily resolution. The in uence of different emission
scenarios on the climate projections is investigated by pattern scaling.

Information on changes in climate extremes is explored by a combination of literature review and analysis
of climate simulations.

Uncertainties resulting from emission scenarios, climate models and natural variability are estimated, and
emphasis is placed on results that are robust, physically well understood and consistent with observed trends.

21
The climate scenario cascade and
associated uncertainties

The CH2011 climate projections are the result of multiple Each of the steps in the cascade for deriving climate change
steps of state-of-the-art methodologies for deriving climate projections is associated with uncertainties that can be
change scenarios (Figure 2.1). These steps involve de ning a grouped into three categories: (i) emission scenario uncer
reference period and regions in Switzerland (Section 2.2), as tainty, (i) model uncertainty, and (iii) natural variability. Emis-
well as selecting anthropogenic emission scenarios describ- sion scenario uncertainty (see Section 2.3) re ects the uncer
ing possible future developments of atmospheric greenhouse tainty in global socio-economic development and associated
gases and aerosols concentrations (Section 2.3). These emis-greenhouse gas and aerosol emissions. It is often, and also

sion scenarios are used to represent the anthropogenic forc-
ing in climate model simulations. The IPCC A1B emission
scenario (Nakicenovic and Swart 2000) is used for a climate
projection with a global climate model (GCM, Section 2.4),
which is in turn supplied to a high-resolution regional climate
model (RCM, Section 2.5). Such a model combination is re-

in this report, circumvented by explicitly considering projec-
tions conditional on selected representative socio-economic
developments and the resulting emission scenario. Model
uncertainty incudes the uncertainties associated with a
limited understanding of processes in the global climate
system and the dif culties in representing them in the

ferred to as a GCM-RCM model chain. climate models. Natural internal variability in this context
is the interannual to decadal variability caused by coupled
Results from such GCM-RCM model chains are processed ocean-atmosphere interaction such as the El Nifio Southern
for seasonal averages using a range of statistical techniques. Oscillation or the North Atlantic Oscillation. Changes in in-
First, model uncertainties are assessed by considering an solation and volcanic eruptions additionally cause natural
ensemble of different model chains, rather than the output  forced variability. Both internal variability and naturally forced
of a single chain alone (Section 2.6). Second, to arrive at changes cannot be attributed to anthropogenic emissions
a consistent set of projections for a range of emission sce- and are largely unpredictable over several decades. Uncer
narios and time periods, a pattern scaling method is used tainty associated with natural variability must therefore be
to transform the results from the A1B emission scenario to added on top of the predictable climate change signal (see
other emission scenarios (Section 2.7). Third, harmonic com- also Section 2.6).

ponents are used to represent the annual cycle for those

applications requiring data at higher temporal resolution On long timescales (i.e. centuries) and for regional to con-
(Section 2.8). Fourth, a statistical downscaling method is tinental scales, model uncertainty and emission uncertainty
used to derive climate scenarios at station locations; i.e., dominate (Hawkins and Sutton 2009), but for the scales of
at scales not explicitly represented by climate models (Sec- a country like Switzerland and in particular for precipitation
tion 2.9). Finally, speci ¢ methodologies that pertain to the  projections before 2050, natural variability is often as large
analysis of extreme events are presented (Section 2.10).  as or larger than climate change induced trends. Therefore,
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2.3 Emission scenarios

even if models agree on a trend, it may take several decades
for the trend to be detectable — i.e. to exceed the natural
variability of the climate. At the same time, an ensemble of
climate models, as used here, will not capture the full model
uncertainty. For instance, GCMs and RCMs do not sample
the full range of climate sensitivity (de ned as the equilib-
rium global surface temperature change for adoubling of the
atmospheric CQ concentration; a measure of how strongly
the model reacts to external forcing) estimated from various
observational constraints (Knutti and Hegerl 2008), do not
sample carbon cycle feedback uncertainties (Friedlingstein
et al. 2006; Plattner et al. 2008), and may contain biases
that cannot be fully corrected for with past observations
(Buser et al. 2009). The results provided in Chapter 3, even
though they are based on a probabilistic method, therefore
do not capture the full range of uncertainties.

A rather comprehensive discussion of the quanti cation
and communication of uncertainties in climate model pro-
jections is given for example by Knutti (2008) and Muller
(2010) or in recent climate assessments (CCSP 2008, 2009;
IPCC 2007a). In the current report, the methodology used
to assess uncertainties, as well as the language in terms of
con dence and likelihood, follows that of the IPCC (Mas-
trandrea et al. 2010). Speci cally, «likely» and «very likely»
refer to «at least two in three cases», and «at least nine in
ten cases», respectively. The overall uncertainty is determined
by the amount and quality of evidence, the consistency of
different lines of evidence and the degree of agreement.

5 Expected changes
in extremes
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For many results in this report, quantitative evidence from
models and statistical methods is available. However, the use
of model data alone to estimate uncertainty ranges often
results in overcon dent projections. To enhance the reliability
of the uncertainty interpretations, the results obtained from
raw model data therefore need to be combined with pro-
cess understanding and observed evidence, as well as with
a full consideration of model limitations. Since this is usually
not possible in a formal statistical way, the interpretation of
uncertainty ranges therefore involves (ultimately subjective)
expert judgment. For temperature and a given emission sce-
nario, the ranges given in Chapter 3 can, by and large, be
interpreted as «likely». That is, there is a chance of roughly
two in three, perhaps higher, for the climate to lie within the
temperature range for the corresponding scenario. For precip-
itation, the climate change signal is expected to be captured
by the uncertainty ranges in at least half of the cases. These
likelihood judgments are necessarily conditionaln currently
available observations, the present understanding of the
climate system and its representation in global and regional
models, the number of models available, and the assump-
tions made in the statistical methods. While each of these
components is known to introduce uncertainties, these are
often dif cult to quantify formally. For example, itis dif cult

to estimate how the magnitude of systematic model biases
affects future projection uncertainties. Model limitations are
more severe for precipitation than for temperature due to
limitations in model resolution, dynamics and land-surface
processes. Models are also harder to evaluate for the water
cycle due to larger observational uncertainty and natural
variability. Therefore the con dence in projected precipitation
changes is lower than for temperature.

3 Climate scenarios
of seasonal means
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4 Climate scenarios at daily resolution




2.2
Reference period and selected
regions in Switzerland

Reference period

In contrast to weather, the term climate refers to the statisti-
cal description of the conditions over a certain time period,
typically a few decades (WMO 1959). The current standard
reference period 1961-1990 is still widely used by many me-
teorological services, but the World Meteorological Organi-
zation (WMO) recommends updating the de nition at com-
pletion of each decade (WMO 1967). MeteoSwiss also plans
to adapt its reference period to 1981-2010. This report uses
1980-2009 as the reference period. By choosing such an
up-to-date reference period, results can be better compared
with very recent observations. Observed climate change in
Switzerland is discussed in Section 6.1.

Results for projections are given for three 30-year intervals:
2020-2049, 2045-2074 and 2070-2099. For simplicity
these periods are denoted by the corresponding central year
of the time window (i.e. 2035, 2060, and 2085). Note that
for consistency with previous projects the daily scenarios at
station scale (Section 4.2) use the slightly shifted scenario
period 2021-2050 instead of 2020-2049.

CH2011-Regions and Topography

Regions

To assess climate changes on a regional scale, Switzerland
has been divided into three representative regions (Figure
2.2): northeastern Switzerland (CHNE), western Switzer
land (CHW) and Switzerland south of the Alps (CHS). To
increase the robustness of results, some of the regions, par
ticularly CHS, have been extended to include grid points of
similar climate characteristics in neighboring countries. The
model grid points of the central Alps are not included in the
regional averages, since averaging within the highly localized
and complex nature of Alpine climate is not meaningful. For
climate change information in the Alpine region we refer to
the downscaled daily climate scenarios at station level pre-
sented in Chapter 4.
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2.3
Global emission scenarios

The climate change results presented in this report are pro-
jections rather than predictions; i.e., the results are condi-
tional on a given scenario of anthropogenic emissions. An
emission scenario is a postulated set or sequence of plau-
sible events, developments or circumstances under which
the world could evolve, spanning a wide range of options.
The results should therefore be interpreted as «what if»
situations — i.e., discussing the consequences of different
assumptions on demographic development, society, energy
demand, technological and economic trends, and decisions
that our world is taking now and in the future.

To simplify comparisons with other climate assessments,
the emission scenarios used in this report are a subset of
those commonly used in past and upcoming IPCC reports,
covering a range from «business-as-usual» cases with high
fossil fuel emissions, to strong carbon mitigation cases that
are likely to be compatible with the often stated goal of
limiting the global temperature increase to less than two
degrees Celsius above pre-industrial levels. Speci cally, the
three emission scenarios A1B, A2 and RCP3PD are used
(Figure 2.3). The scenarios A1B and A2 come from the Spe-

cial Report on Emissions Scenarios (SRES; Nakicenovic and

Swart 2000) developed by the IPCC in preparation for their
Third Assessment Report (TAR; IPCC 2001), and do not ex-
plicitly assume initiatives to limit or reduce climate change
(i.e., frameworks like the Kyoto Protocol). They do include
assumptions about technological progress, e.g., decreas-
ing carbon intensities due to economic or other reasons.
The RCP3PD emission scenario is the lowest in a set of new
representative concentration pathway (RCP) scenarios devel-
oped for the upcoming IPCC Fifth Assessment Report (ARS5;
Meinshausen et al. 2011c; Moss et al. 2010) and assumes
strong mitigation measures.

The A1B emission scenario is characterized by a bal-
ance across fossil-intensive and no fossil energy sources.
It belongs to the Al scenario family describing a future
world of very rapid economic growth, global population
that peaks in mid-century and declines thereafter, and the
rapid introduction of new and more ef cienttechnologies.

The A2 emission scenario describes a very heterogene-
ous world. Fertility patterns across regions converge very
slowly, which results in continuously increasing population.
Economic developmentis regionally oriented and per cap-
ita economic growth and technological change are more
fragmented and slower than in other emission scenarios.

The RCP3PD emission scenario illustrates an emission
scenario that stabilizes the atmospheric CQequivalent
concentration near 450 ppm by the end of the century.
The RCP3PD scenario likely prevents global warming of
more than two degrees Celsius since the pre-industrial
period (van Vuuren et al. 2007); a goal to which coun-
tries have agreed to as decided by the Conference of the
Parties of the United Nations Framework Convention on
Climate Change in Cancun, Mexico, 2010. The scenario
implies strong reductions in greenhouse gas emissions in
the next decades. This reportdoes not judge the feasibility
or likelihood of achieving such a goal, nor does it defend
this target, but it provides a low emission scenario sim-
ply as an illustration of what limiting global warming to
two degrees would imply for the climate in Switzerland.



Model simulations used to derive the projections were com- future world that can be used to explore the vulnerabilities
puted for the A1B scenario, while A2 and RCP3PD projec- of systems to climate change as well as the implications of
tions are derived from that set of simulations based on pat- future policies. No assessments of the economic and politi-
tern scaling (see section 2.7). cal plausibility or likelihood are performed here for the sce-
narios. In line with other climate assessments, no likelihoods
Concerns have been raised that current greenhouse gas are and could therefore be attached to emission scenarios;
emissions are higher than those in the SRES scenarios. Aeach of them should be considered plausible, though not
recent analysis shows that while rates of emission increases necessarily equally likely, and areillustrations thatdo not span
track the highest SRES scenarios, the absolute emissions arethe full range of possible scenarios. Climate projections for
still within the SRES range (Manning et al. 2010), such that the next few decades are similar for many scenarios, both
the range of emission scenarios presented remains a useful because of the inertia of the climate system and because
estimate of possible future developments. But it is imper  of the similarity of the underlying scenarios; even a radical
tant to keep in mind that emission scenarios are not pre- transition of the world economy away from a current path
dictions: they describe a range of plausible outcomes of a of demand for fossil fuel would take decades to complete.
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2.4
Global climate models

Projections of future climate change are based on numerical
climate models that represent the climate system as a set of
equations implemented in a computer code. This report is
based on global coupled atmosphere-ocean general circula-
tion models (GCMs), which in turn are used to drive regional
climate models over a limited domain (Section 2.5). Climate
models are based on physical laws like the equations of mo-
tion, butalso contain closure schemes and parameterizations,
i.e., descriptions accounting for the processes not explicitly
resolved at the typical horizontal model resolutions of 100
to 300 km (e.g., atmospheric convection). Parameterizations
are based on physical principles as far as possible but often
need to include approximations. They introduce model er
rors in the simulated climate, in particular on small spatial

2.5
Regional climate models

Due to computational constraints, current GCMs generally
use a horizontal grid spacing of 100-300 km. As several grid
points are needed to resolve some atmospheric structures,
this yields an effective horizontal resolution of around 500
km at best, which implies that (i) regional climatic varia-
tions cannot be appropriately represented, (ii) the complex-
ity of topography, coast lines, and land surfaces is implicitly
smoothed, and (iii) small-scale atmospheric processes such
as fronts and precipitation systems are not or only poorly
resolved. To overcome part of these dif culties, regional
climate models (RCMs) are utilized to focus the available
computational power on a limited-area domain. This meth-
odology had originally been developed in the context of
regional weather forecasting, and had later been generalized

scales and short timescales —i.e., those scales most relevantfor purposes of climate change scenarios (Christensen and

for climate impacts. Further dif culties arise from the fact
that observational records to test and evaluate models are
often uncertain, short, or of insuf cient resolution. Never

Christensen 2007; Giorgi and Mearns 2002; Giorgi 2006).
The RCMs used in this report are part of the ENSEMBLES
project (van der Linden and Mitchell 2009). They feature a

theless GCMs are the best available tools for assessing future horizontal grid spacing of about 25 km, and cover a domain

climate (Randall et al. 2007).

The climate projections in this report are based on six dif-
ferent GCMs plus two perturbed parameter versions of
one GCM, developed at different institutions and used in

of about 5000 x 5000 km. The resolution across Switzerland
is illustrated in Figure 2.2.

The combination of a low-resolution GCM and a high-res-
olution RCM is referred to as a model chain (Figure 2.1).

the EU-project ENSEMBLES (van der Linden and MitchellWithin such a chain, information from the GCM is continu-

2009). These models form an ensemble and sample part
of the model uncertainty, although not in a systematic way
(Knutti et al. 2010a; Tebaldi and Knutti 2007). The ensem-

ously used to drive the RCM at its lateral boundaries. The
large-scale information from the GCM thus drives the small-
scale processes in the RCM. Most current model chains use a

ble spread is nevertheless used here as a prior estimate of one-way nesting strategy — i.e., information ows from the

model uncertainty (Section 2.6), mainly for lack of practical
alternatives. There is no consensus on how to best weight
or eliminate models from the ensemble that perform poorly,
and all models are therefore treated equally (Knutti et al.
2010b; Weigel et al. 2010). While the patterns of large scale
changes in temperature and precipitation have been quite
robust over several generations of models, known limita-
tions of models remain and details of the projections may
change in future as the understanding of the climate system
improves and computational capacities increase.

global to the regional model, but not vice versa. As a result,
RCMs allow re nement (or downscaling) of the largerscale
GCM information by explicitly representing higheresolution
atmospheric and surface processes, but they are unable to
correct for any large-scale biases that may originate from
the GCM. Nevertheless, the GCM- and RCM-simulated
climates at a particular location may differ substantially, due
to the important role of small-scale topography and atmos-
pheric processes in the hydrological cycle.



Evaluation of RCMs is based on the simulation of current
climate including associated seasonal, interannual and
geographical variations, and extreme events (Jacob et al.
2007; Vidale et al. 2003). The main strength of RCMs (and
GCMs) is the use of governing equations that are derived
from physical laws. In principle this allows the considera-
tion of changes in atmospheric processes and associated
implications for extremes (e.g., Frei et al. 2006; Schar et al.
2004). The main weakness is the occurrence of model biases.
The magnitude of these biases in comparison to the simu-
lated changes depends on the variable. For instance this
error is much smaller for temperature than for precipita-
tion or cloud cover.

Within the aforementioned ENSEMBLES project, a total of
eight different GCMs and GCM versions and 14 different
RCMs have been used, some of these in several different
con gurations. However, only a fraction of all possible GCM/
RCM combinations have been simulated, yielding a current
total of 20 simulations, including the CCLM model used at
ETH Zurich (CCLM ETH Zurich) (see Figure 2.4). Most of the
simulations cover the period 1950-2100, but some cover the
period 1950-2050 only. These simulations form the basis of
the climate scenarios presented in Chapters 3 and 4.

Emission scenario Global climate models GCMs Regional climate models (RCMs)
HIRHAM (Met. No)
> BCM

SRES AlLB

OO

(HadCM3Q3)

RCA (:,M—n)

**%

*k*k
*kk
*k%
*k%
*k%

AVADINENR)
|, NABEGE {:_
. HIREENBNI),

> CGCM3 — RCM (QURANOS)
> IPSL — CCLM (GKSS)

19



20

2.6
Climate scenarios based on
probabilistic methods

As discussed in Section 2.1, climate projections are associ-

ated with several levels of uncertainty. Particularly for regional
projections, these uncertainty terms can have considerable
magnitudes. One option is therefore to communicate the
expected changes as probability distributions. In this report,
a sophisticated statistical algorithm is applied to obtain
probabilistic projections of climate change. This involves
the quanti cation of uncertainties originating from climate
model formulation and decadal variability as outlined in
the following. For a detailed account of the methodology
applied, the reader is referred to Fischer et al. (2011) and
Buser et al. (2009).

To address climate model uncertainty, the probabilistic projec-
tions employ the concept of multi-model combination (e.g.,
Tebaldi and Knutti 2007; Weigel et al. 2008). This means
that climate projections originating from different models
are jointly assessed. If the individual climate projections
diverge signi cantly from each other, model uncertainty is
considered to be large. To obtain quantitative estimates of
model uncertainty, assumptions must be made concerning
the statistical properties of the model output. Any uncer
tainty estimate obtained is therefore necessarily conditional
on the assumptions made, particularly if the set of available
model runs is small. This kind of conditional uncertainty can
be mathematically described in a so-called «Bayesian» frame-
work, which allows decomposition of the complex interre-
lationships between observations, model projections and
unavoidable (subjective) prior assumptions in a systematic
and transparent way. In this report, the Bayesian algorithm
of Buser et al. (2009) is applied. This algorithm, which is
an extension of the statistical framework of Tebaldi et al.
(2005), combines observational data with model simulations
of past and future climate, yielding probabilistic projections
of expected changes in seasonal mean temperature and
precipitation. Here, this algorithm is applied in its simplest
con guration, assuming that systematic model biases do
not depend on the actual state of the climate and are con-
stant with time. Further, it is assumed (i) that a priori each
model is equally credible, (ii) that the GCMs rather than the
RCMs are the dominant source of model uncertainty, and
(iii) that the range of model uncertainty is fully sampled by
the set of available model runs. A full account and discus-
sion of the assumptions made is provided in the Technical
Appendix A 1, and in more detail in Fischer et al. (2011).
The implications of these assumptions for the interpreta-
tion of the probabilistic projections obtained are discussed
further below in this section.

Since the Bayesian algorithm of Buser et al. (2009) only
considers model uncertainty, decadal variability also needs
to be explicitly quanti ed. In this report, decadal variabil-
ity is estimated from historical homogenized surface meas-
urements of MeteoSwiss (Begert et al. 2005), applying
the method described in Hawkins and Sutton (2009). In
this method, a smooth fourth-order polynomial is tted to
observational time-series from 1864—2009, characterizing
long-term climate change. In a second step, the 30-year
mean residuals from this smooth t are calculated. The vari-
ance of these residuals is interpreted as decadal variability,
which is assumed to stay constant with projection time (an
assumption that bears some uncertainty that has not been
guanti ed here). In this report, station data at Basel and
Zurich are used to estimate decadal variability for north-
eastern Switzerland (CHNE), stations at Geneva and Berne
used for western Switzerland (CHW), and the station at
Lugano used for southern Switzerland (CHS). Given the long
averaging interval of 30 years and the climatological homo-
geneity of the regions considered, these station-based esti-
mates of decadal variability are, as a rstapproximation, con-
sidered representative for the entire corresponding regions.

For the climate projections presented in Section 3.1, the
total uncertainty range is estimated by adding the variances
of model uncertainty and decadal variability. The resulting
probability distributions are summarized by three values: (i)
the 2.5th percentile, characterizing the lower end of the
distribution (if the projection was «reliable», then the true
climate change signal would lie at or below the 2.% per-
centile with a probability of 2.5%); (ii) the 50" percentile,
representing the «best guess» of the projection; (iii) the
97.5" percentile, characterizing the upper end of the distri-
bution. The range spanned by these percentiles is displayed
in the form of uncertainty bars as illustrated in Figure 2.5.
Examples of such uncertainty bars are shown in Figure 2.6,
along with the raw projections of the underlying climate
models and estimates of decadal variability. Note that, par
ticularly for precipitation, decadal variability is a major con-
tributor to overall projection uncertainty. Also note that
some of the raw projections are well outside the uncertainty
bars, implying that the Bayesian algorithm considers them
to be unlikely. The question as to whether the uncertainty
bars are wider or narrower than the range spanned by the
raw projections depends mainly on the magnitude of dec-
adal variability, and on the distributional characteristics of
the raw model projections. For instance, uniformly distrib-
uted raw model projections have a tendency to yield wider
uncertainty bars than if the majority of models cluster near
the ensemble mean (see also Fischer et al. 2011).



However, while being formally probabilistic, we expect
that the uncertainty bars shown underestimate the true
uncertainty range substantially. This is for three reasons:
First, the projections are conditional on several pragmatic
yet ultimately subjective assumptions, such as the assump-
tion that model biases are constant (see Technical Appen-
dix A 1). Second, the number of available climate models
is too small to yield robust estimates of model uncertainty.
Third, due to limitations in spatial resolution, computa-
tional resources, and scienti ¢ understanding, the climate
models treat many processes and feedbacks only in a sim-
plied manner. For instance, uncertainties in the carbon
cycle, while being particularly relevant at the upper end of
the climate change distribution (e.g. Plattner et al. 2008),
are not sampled in the present setup. Moreover, the mod-
els used do not sample the full range of climate sensitivity
as estimated from various observational constraints (Knutti
and Hegerl 2008). Given these conceptual limitations, this
report refrains from interpreting the projection uncertainties
obtained in a strictly probabilistic way. In particular, it is not
claimed that the true climate change signal falls with 95%
probability into the uncertainty intervals shown. Rather, the
intervals are interpreted as possible ranges of future climate

@ (b)
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evolution, which are consistent with the data at hand but
may change as more information becomes available and
more sources of uncertainty are included. In line with this
non-probabilistic interpretation, the 2.5, 50t and 97.5%
percentiles are henceforth not referred to as percentiles,
but simply as «lower estimate», «medium estimate», and
«upper estimate». Based on expert judgment (see Section
2.1), the ranges spanned by the upper and lower tempera-
ture estimates are expected to capture the true evolution
of climate for the corresponding scenario with a chance of
roughly two in three; perhaps even higher. For precipitation,
where uncertainties are larger, the climate is expected to be
captured in at least half of the cases.

Finally, note thatin this report RCM data are available for the
A1B emission scenario only (see Section 2.5), so that model
uncertainty can be estimated directly with the algorithm of
Buser et al. (2009). For the other emission scenarios consid-
ered, model uncertainty is derived from the A1B estimates
using the technique of pattern scaling described in the next
section. The additional uncertainties arising from this tech-
nigue have not been considered in this report.

(c) (d)
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22 Figure 2.6: Examples — B —
of climate change
projections (left: tem-
perature; right: precipi-

tation) for winter (DJF),

30

spring (MAM), summer
(JJA) and autumn (SON) in
northeastern Switzerland
(CHNE), for the A1B emis-
sion scenario.  Projections

10

are for the scenario

periods 2020-2049 (blue),

2045-2074 (orange) and

2070-2099 (green) with

respect to the reference I I I I I I I I
period 1980-2009. The

colored bars are the uncer -

Temperature Change ic]
Precipitation Change 6]
10

30

tainty ranges as  obtained
by the statistical algorithm
described in  Section 2.6
(including decadal vari-
ability). The grey bars
show the magnitude of
decadal variability alone
as estimated from past
observations. The grey
symbols represent the
underlying climate projec-
tions (crosses: individual
GCM-RCM-chains; circles:
averages of RCMs driven
by the same GCM).




2.7
Pattern scaling

Pattern scaling is a method to generate climate change infor
mation for emission scenarios or time periods that are not
explicitly used or simulated by global or regional models
(Santer et al. 1990). The most common use of pattern scal-
ing assumes that a map of temperature and precipitation
change, generated from a state-of-the-art climate model
and normalized to a one degree global temperature change,
can be multiplied by the global temperature change asso-
ciated with any emission scenario derived from a simple cli-
mate model to yield an approximate estimate of the regional
climate change signal. This technique is widely used in climate
and impact studies. For example, recent probabilistic meth-

scenario simulated by the RCMs. Thereby, the global tem-
perature change based on annual time-series is estimated
from the multi-model mean of the GCMs (IPCC 2007a) for
the A2 emission scenario, and from the simple coupled
climate-carbon cycle model MAGICC (Meinshausen et al.
2011a; Meinshausen et al. 2011b) for the RCP3PD emission
scenario. These numbers — one value for each time period
and each scenario, relative to the corresponding global
warming for the A1B emission scenario — are then used to
estimate the upper, medium and lower estimates (cf. Sec-
tion 2.6). On top of that, the seasonally dependent natural
variability estimate (cf. Section 2.6) is added for each season

ods for national climate assessments and projections (Jenkins individually. The uncertainties associated with the MAGICC

et al. 2009) are based on such pattern scaling methods. The
strengths, limitations and applications have been documented
in the relevant literature (e.g., Cai et al. 2003; Dessai et al.
2005; Fowler etal. 2007; IPCC 2001, 2007a; Jylha et al. 2004;
Mitchell 2003; Santer et al. 1994). For example, the response
of the hydrological cycle may not be linear with temperature

in aggressive mitigation scenarios (Wu et al. 2010). But pat-
tern scaling remains the best available method given the lack

of suitable alternatives. In this report, pattern scaling is used
as a simple tool to extend the range of the climate change
projections (Section 2.6, Chapters &nd 5) beyond the A1B

model are small, with the model spread of the GCMRCM
results and the error introduced by pattern scaling being
more dominant.
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Figure 2.7: lllustrative
example of seasonal mean
precipitation changes
(dashed line) and the
corresponding spectral
representation of the
annual cycle of change
(solid line).

2.8
Representation of the annual cycle

The regional climate models employed in CH2011 provide
data output at daily resolution for 25 km grid cells. For the
probabilistic projections (Section 2.6 and Chapter 3), this
output has been aggregated to seasonal and regional aver
agesto enhance statistical robustness. However, many appli-
cations require climate change information at daily (or even
higher) rather than seasonal resolution. To accommodate
the need for daily data, the concept of harmonic compo-
nents is used to derive a continuous climate change signal
at daily resolution (i.e., changes in the long-term average
climate as a function of the day in the year) from seasonal
mean changes as obtained from the probabilistic scenarios.

A 2) to the four seasonal mean changes such that (i) the
seasonal means are preserved, and (ii) the mean curvature of
the annual cycle is minimized. Anillustrative example for pre-
cipitation is shown in Figure 2.7. The resulting annual cycles
of the climate change signal can be considered as a heuris-
tic interpolation between the four seasonal mean changes.
They are fully consistent with the probabilistic projections
and share their virtue of being based on a comprehensive
assessment of multiple-model output. However, they do not
take into account the actual course of the climate change
signal throughout the year as simulated by the underlying
GCM-RCM model chains. Their main purpose are studies

These seasonal mean changes could for example be the four that would like to make use of the probabilistic framework

medium estimates, or the four upper estimates, or any other
combination of seasonal quantiles (Figure 2.5). More pre-
cisely, annual cycles at daily resolution are constructed by
tting a third-order harmonic function (details in Appendix

15

(Section 2.6) but require climate change information on a

daily time scale, which is not delivered by the probabilistic

projections themselves. Scenarios at higher temporal reso-
lution (e.g., hourly) are not covered by CH2011.
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2.9
Statistical downscaling
to station scale

Statistical downscaling (SD) attempts to bridge the gap
between coarse resolution climate model output and local
weather conditions. A large variety of methods of different
complexity exists, many of them applicable to both GCM and
RCM output. For generating daily scenarios at station level,
we apply an extension of the simple delta change method
that scales observational time series by a climate change
signal extracted from climate model output. Beyond that, a
variety of methods of different complexity exists which are
brie y reviewed in the following.

One type of SD, often referred to as perfect prognosis,
assumes that the local and regional climate is a function of
the large-scale climatic state and of local physical features
such as topography and land use. Based on this idea, a sta-
tistical model is built that relates one or several observed

climatic patterns in a future climate (Gyalistras et al. 1994;
Schmidlietal. 2007; von Storch 1999; von Storch and Zwiers
1999; Wilby etal. 2004). The most sophisticated SD schemes
can be classi ed into three groups: (i) regression models, (ii)
weather typing schemes and (iii) statistical schemes involving
weather generators (Fowler etal. 2007). The key advantages
of SD methods are a low computational demand — facilitat-
ing the generation of ensembles of climaterealizations —
and their ability to provide site-speci ¢ information (Wilby
et al. 2004). In addition, most SD methods are free of bi-
ases during the calibration period, which makes the output
very suitable for impact studies. The main weaknesses of
SD methods relate to the fact that the predictompredictand
relationship is assumed to be stationary in time, remaining
the same in a future climate, and that some climate feed-
backs operating at the regional scale are naiccounted for.

large-scale climate variables at the synoptic scale (predictors) Furthermore, SD methods tend to underestimate variance

to observed local and regional parameters (predictands). Ina
second step, the synoptic-scale output of a climate model is
fed into the statistical model to estimate regional and local

w
=}

(von Storch 1999) and often poorly represent extreme events
(Fowler et al. 2007).
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Frequency

An increasingly important type of SD methods are bias cor
rection techniques or model output statistics (MOS), which
establish statistical relationships between variables simu-
lated by a climate model and local scale observations of
that variable, in order to correct for model biases in the
current and future climate (e.g., Maraun et al. 2010). The
simplest method of this kind, the delta change method,
shifts an observational time series by a climate change in-
duced value (Gleick 1986; Hay et al. 2000). In this report,
an extension of this widely used technique is employed to
provide site-speci ¢ information on the annual cycle of tem-
perature and precipitation changes. Observed time-series
of both parameters are scaled on a daily basis according
to the climate change signal derived from individual GCM-
RCM chains. The extension concerns the spectral estimation
of the annual cycle of the climate change signal. Details of
the methodology are described in Bosshard et al. (2011)
and summarized in Appendix A 2. In a rst step, the daily
values of temperature and precipitation, as simulated by
ten individual GCM-RCM chains, are spatially interpolated
to the measurement sites of the MeteoSwiss monitoring
network (188 temperature and 565 precipitation stations)
using the four nearest RCM grid cells and applying an inverse
distance weighting scheme. After the spatial interpolation
of the RCM data to the individual measurement sites, the
mean annual cycles of temperature and precipitation over
the reference and the scenario period are calculated for
each site and each model chain. These 30-year mean annual
cycles are represented by a superposition of harmonics, which
smoothens the annual time-series and reduces random uc-
tuations caused by natural variability (Figure 2.8). The use
of harmonic functions is motivated by their conceptual sim-
plicity and the linear nature of the associated lItering. The
annual cycle of the climate change signal in temperature is
then computed by subtracting the spectral representation
for the reference period from that for the scenario period.

For precipitation, a multiplicative approach is applied; i.e.,
the scenario period is divided by the control period. For each
site, each model chain, and each day of the year, this proce-
dure yields the spectral estimation of the temperature and
precipitation climate change signal.

Note that, due to several restrictions, only a subset of all
available GCM-RCM chains are downscaled to station scale
(indicated by «***» in Figure 2.4). These restrictions refer
to (a) methodological aspects (HadCM3Q16-driven model
chains can produce an overshooting of daily climate change
signals atsomelocations; see Bosshard etal. 2011 fietails),
(b) the length of the simulation period (for consistency rea-
sons only model chains providing scenarios until 2100 are
considered), and (c) reduced data availability on a daily scale
(at the time of constructing the daily scenarios not all model
chains provided data at daily resolution). This selection pro-
cess reduces the range of possible climate change signals
covered by the daily scenarios at station scale compared to
the probabilistic scenarios at regional scale (the latter are
based on the full set of 20 GCM-RCM model chains). For
instance, the daily scenarios at station scale rely strongly on
RCMs driven by the ECHAM5 GCM and other GCMs are
only partly represented (see Figure 2.4).
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2.10
Climate extremes

Climate extremes are de ned as events that are very rare for
a given place and time of year and characteristically have
a large departure from the mean. In recent years Switzer
land experienced several extreme events with severe socio-
economic and ecological impacts, such as the 1993, 2000
and 2005 intense rainfall events, the 1999 winter storm
«Lothar» and the 2003 summer heat wave.

Climatic extreme events are part of a stable undisturbed
climate system, and result from natural variability. How-
ever, climate change can potentially affect the frequency
and intensity of climate extremes through changes in the
statistical properties of the temperature and precipitation
distribution as illustrated in Figure 2.9. Since adaptation to
such extremes is particularly dif cult, future changes in their
frequency, intensity, duration or spatial extentare among the
most serious challenges to society in coping with a changing
climate (CCSP 2008; IPCC 2007c; OcCC 2003).

The physical mechanisms underlying extreme events gener
ally relate to highly non-linear and multi-scale interactions
of different contributing factors. Thus, understanding the

sequence of processes and feedbacks in driving processes is

particularly challenging. The large-scale drivers of extreme
events, such as the sequence of low- and high-pressure sys-
tems, are generally well represented by GCMs — albeit the
models have a number of systematic biases. For instance,
GCMs generally underestimate the frequency and persis-
tence of atmospheric blockings over Europe, thereby in-
ducing substantial uncertainties in simulating prolonged
warm or cold spells (D’Andrea et al. 1998; Sillmann and
Croci-Maspoli 2009).

Changes in large-scale atmospheric forcings may directly
imply changes in the occurrence of heat and cold waves,
provided the models capture relevant key processes (e.g.
land-surface and precipitation processes). Other types of ex-
tremes, such as heavy precipitation events or extreme win-

In this report, the information provided is predominantly
based on a literature review. This information is supple-
mented by exemplary illustration of extreme indices based
on an analysis of the ENSEMBLES climate simulations. Such
indices use a moderate but robust criterion such as the
exceedance of absolute thresholds or percentiles in the ref-
erence climate.

As an illustrative example, the CH2011 considers the fol-
lowing four indices proposed by the Expert Team on
Climate Change Detection and Indices (ETCCDI; Klein Tank
et al. 2009), which characterize hot and dry summer as well
as cold and wet winter extremes.

Warm spell duration index (WSDI): count of warm spell
days in May-September. A warm spell is de ned as a
period of at least six consecutive days with maximum tem-
peratures exceeding the local 90th percentile of the ref-
erence period (1980-2009). To account for the seasonal
cycle, the 90" percentile is calculated for each calendar
day centered on a 5-day time window.

Number of cold nights (TN10): percentage of nights in
NovemberMarch when daily minimum temperatures are
below the local 10" percentile of the reference period
(1980-2009). Again the 10" percentile is calculated for
each calendar day centered on a 5-day time window.

Maximum dry spell length (CDD): maximum number of
consecutive dry days in May-September. A dry day is de-
ned as a day with a total precipitation amount smaller
than 1 mm.

Maximum 5-day accumulated precipitation (RX5DAY):
maximum accumulated precipitation on 5 consecutive

days in NovembeiMarch.

The indices are calculated on an annual or seasonal basis

ter storms, occur at very small spatial scales. These scaleswith daily output of each RCM, and smoothed in time us-

cannot be explicitly resolved by GCMs and often act even
below the scales of RCMs (e.g. in the case of hail storms).

ing a 31-year moving window. The relative changes in the
four extreme indices are calculated with respect to the ref-

Particularly at such small spatial scales, assessing the behav-erence period 1980-2009.

ior of climate extremes under climate change is challenging.






Climate scenarios of seasonal means

In the course of the 21 St century, temperature is very likely to increase in all seasons and regions in Switzer -
land compared to the mean observed temperature of the past decades.

Toward the end of the century, summer precipitation is likely to decrease in all regions in Switzerland, and
winter precipitation is likely to increase in southern Switzerland.

The magnitude of climate change in Switzerland depends on the pathway of future greenhouse gas emissions.

Forthe A2 scenario, and taking the observed climate of 1980-2009 as areference, the best estimate from climate
model simulations indicates (i) an increase in seasonal mean temperature of 3.2—4.8°C by 2085, depending on
region and season; (ii) a 21-28 % decrease in summer mean precipitation, depending on region; (iii) a 23 %

increase in winter precipitation south of the Alps.

If greenhouse gas emissions are reduced globally by about 50 % by 2050 (RCP3PD scenario), climate in Switzer -
land would still be likely to change over the next decades with respect to the 1980-2009 reference, but is pro-

jected to stabilize at 1.2—1.8°C overall warming and 8-10

% summer drying by 2085.

The magnitudes of temperature and precipitation change are probably positively correlated in winter and

negatively correlated in summer.

Probabilistic climate change projections for mean tempera-
ture and precipitation have been derived with the method-
ologies described in Sections 2.6 and 2.7 and in more detail
inFischeretal. (2011). To enhance their statistical robustness,
while retaining the key-features of spatio-temporal variabil-
ity, the model output has been aggregated to regional and
seasonal averages. The projections have been calculated for:

fourseasons: winter (Dec/Jan/Feb), spring(Mar/Apr/May),
summer (Jun/Jul/Aug), and autumn (Sep/Oct/Nov)

three regions as shown in Section 2.2: northeastern Swit-
zerland (CHNE), western Switzerland (CHW), and Switzer
land south of the Alps (CHS)

three projection periods: 2035 (representing the aver

age of the 30-year period 2020-2049), 2060 (average
of 2045—-2074), and 2085 (average of 2070-2099). All

climate change signals are evaluated with respect to the
reference period 1980—-2009 (see Section 2.2)

three underlying greenhouse gas emission scenarios: the

IPCC SRES emission scenarios A2 and A1B, and the RCP3PD

emission scenario (see Section 2.3 for details)

three estimates illustrating the uncertainty range arising
from decadal variability and climate model imperfections.
These are referred to as «upper», «mediums, and «lower»
estimate (see Section 2.6 for details).

The climate projections for temperature are shownin Section
3.1, and those for precipitation in Section 3.2. A discussion
of possible correlation structures between temperature and
precipitation is provided in Section 3.3.
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3.1
Expected changes in mean
temperature

Projected changes of future temperature under the A1B season and region considered. Due to uncertainties arising
emission scenario indicate a large-scale warming pattern from decadal uctuations and climate model imperfections,
over Europe, which intensies in the course of the 23  signi cantly higher and lower warming levels are considered
century (Figure 3.1). The strongest increase is projected for possible, as indicated by the upper and lower estimates.
northern Europe in winter and southern Europe in summer.  For instance, by 2085 both a relatively moderate increase
Consistent with this pan-European warming, Switzerland is of 1.8-3.0°C (range of lower estimates across all regions
very likely to experience rising temperatures. and seasons) and a relatively strong increase of 3.6-5.3°C
(range of upper estimates) are fully consistent with the avail-
Figure 3.2 shows the probabilistic temperature change for able model simulations.
three emission scenarios and three regions in Switzerland.
The corresponding numerical values of the projections are Up to 2035, the choice of emission scenario has only a weak
listed in the Technical Appendix A 3 as well as in Fischer et impact on the projected outcomes, and uncertainties arising
al. (2011), and the values of seasonal mean temperature from decadal variability and model imperfections dominate.
as observed during the reference period 1980-2009 are However, for longer projection times the different scenarios
shown in Appendix A 4, Figure Al. All estimates derived increasingly diverge from each other. By 2085, the impact
from the climate models indicate an increase of temperature  of the emission scenario on the projected change of future
for all seasons, regions, and emission scenarios. Particularlytemperature is on the order of several degrees. For instance,
in the second half of the century, Switzerland is projected while the medium estimate of temperature increase for the
to be exposed to substantial changes in temperature. For A2 emission scenario is in the range of 3.2-4.8°C (depend-
the A1B emission scenario, the medium estimates indicate ing on region and season considered), for the RCP3PD sce-
a warming of 0.9-1.4°C by 2035, 2.0-2.9°C by 2060, and  nario it is only in the range of 1.2-1.8°C.
2.7-4.1°C by 2085, with the exact value depending on the
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To interpret the projections for the RCP3PD scenario in the
context of the (global) 2°C temperature target (see Section
2.3), two aspects need to be borne in mind. Firstly, the 2°C
target is global while the scenarios presented in this report
are regional. Thus meeting the global 2°C target does not
necessarily imply that the regional warming in Switzerland

A1B emission scenario and the medium estimate, the 2085
projectionsindicate a summer warming of 3.7°C in CHNE,
3.8°C in CHW, and 4.1°C in CHS, while winter tempera-
tures are projected to increase by 3.1°C in CHNE and CHW,
and 3.3°C in CHS. For autumn, the projected warming sig-
nal is usually comparable to that of winter, while for spring

also stays less than 2°C. In fact, annual mean temperatures it is slightly smaller, particularly north of the Alps (medium

in Europe are likely to increase more than the global mean

temperature (IPCC 2007a). Secondly, the CH2011 projec-

tions are relative to 1980-2009 while the 2°C global tem-
perature target is relative to pre-industrial times. Thus to

estimate: 2.8°C).

Note that all climate projections shown in Figure 3.2 have
been calculated independently for each season and region.

discuss the RCP3PD projections of Figure 3.2 in the context That is, with the methodology applied no statement can be

to the global 2°C target, the observed warming of ~1.5°C
(Begert et al. 2005) from pre-industrial times to the CH2011
reference period must be also added.

Regional and seasonal differences in the warming signals

are comparatively small, but become evident toward the
end of the century. The climate models indicate that sum-
mer temperatures increase stronger than winter tempera-
tures, and that the warming is slightly more pronounced
south of the Alps than in the north. For example, for the

made about the correlation structure between projections
for different regions and projections for different seasons.
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3.2
Expected changes in mean
precipitation

The large-scale European pattern of relative precipita-
tion changes shows pronounced geographical variations
that intensify toward the end of the century (Figure 3.3).
While the simulations indicate an increase of precipitation
for northern Europe, a decrease is projected for southern
Europe, particularly in summer. During spring, autumn and
winter, Switzerland is located in or near the transition zone
between these two regimes, implying that uncertainties on
the sign of future precipitation changes are large for these
seasons, and hence that precipitation could either increase
or decrease. In summer, however, the transition zone is in
northern Europe, implying that Switzerland is likely to be
affected by considerable reduction of precipitation.

The probabilistic precipitation projections for Swiss regions
are consistent with the larger scale picture described above.
The projections are provided as relative precipitation changes
with respect to the average seasonal precipitation sums
observed during the reference period 1980-2009 (the lat-
ter are displayed in Appendix A 4, Figure Al). The projection
ranges obtained are shown in Figure 3.4, with the corre-
sponding numerical values listed in the Technical Appendix
A 3 as well as in Fischer et al. (2011). Projection uncertain-
ties are generally large: depending on lead-time, season
and region, the upper and lower estimates of relative pre-
cipitation change are up to 10-20% above and below the
medium estimates. This uncertainty is partly due to decadal
variability, which is the dominating uncertainty contribution
in the next one to three decades. This also explains why no
clear trend emerges from the model projections by 2035
(Figure 3.4, blue bars).

In the second half of the century, however, summer precipita-
tionis projected to decrease signi cantly (Figure 3.4range/
green bars). Considering the medium estimates of the A1B
emission scenario, the projections indicate a decrease of
10-17% by 2060, and 18-24% by 2085, depending on
the region considered. This decrease may be associated with
a reduction in the number of wet days (see Chapter 5). For all
other seasons, the upper and lower estimates indicate that
both increases and decreases of precipitation are possible.
The medium estimates are on the order of 106 changes
or less and thus relatively small. The only exception is win-
ter precipitation in the south, where the medium estimate
indicates an increase of 206 by 2085.

As for temperature, the projections indicate that the choice
of emission scenario does not have a discernible impact on
precipitation changes in the rst half of the century, but
does signi cantly affect the magnitude of changes toward
the end of the century. For example, the medium estimate
for summer precipitation in CHW in 2035 is affected by less
than 1% by the choice of emission scenario. However, by
2085, the projections range from a decrease of 1@ for the
RCP3PD scenario to a decrease of 28for the A2 scenario.

Again note that, as fortemperature, all projections have been
calculated independently for each season and each region.
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3.3
Combined changes of temperature
and precipitation

For the projections discussed above, the probabilistic algo-
rithm of Section 2.6 has been applied independently for
temperature and precipitation. As a consequence, the in-
formation provided in Figure 3.2 and Figure 3.4 does not
allow one to decide whether, say, the upper estimate of a
projection of winter mean temperature is more likely to be
accompanied by an increase or a decrease of precipitation;
or whether the magnitude of summer warming is directly
related to the magnitude of summer drying. A robust quan-
titative assessment of this correlation structure is dif cult
due to the small number of independent global climate
models available. However, some qualitative conclusions
can be drawn on the basis of past observations, physical
arguments and results from literature.

First, the interannual correlation structure between sea-
sonal mean temperature and precipitation is analyzed, using
homogenized historical measurements at ve Swiss sta-
tions (Zurich, Berne, Basel, Geneva and Lugano) from 1864
through 2010 (Begert et al. 2005). The long-term climate
change signal has been removed from the time-series by
the method described in Section 2.6. For the transition sea-
sons spring and autumn, correlations between mean sea-
sonal temperature and precipitation are generally weak and

in many cases statistically insigni cant (exception: Lugano
with a statistically signi cant correlation coef cientof0.38in
spring). For winter, however, signi cant positive correlations
are found at all ve stations, with correlation coef cients
ranging from 0.19 (Lugano) to 0.44 (Berne). Mild winters
have therefore a tendency to be moister than average, while
cold winters have a tendency to be dryer than average. This
is consistent with the fact that cold weather situations in
northern and western Switzerland are ofterassociated with
the advection of cold and dry air masses from the northeast
(«Bise»). For summer, correlations are negative, implying that
hot summers are more often associated with dry rather than
wet anomalies. Also here, the correlation coef cients are
signi cant at all stations and range from 0.40 (Geneva) to
0.53 (Zurich). These ndings are consistent with analyses of
Madden and Williams (1978), Trenberth and Shea (2005),
and Adler et al. (2008). The future development of the ob-
served correlation structure has not been assessed for this
report, but earlier studies indicate that — at least for summer
— the relationship between temperature and precipitation
is approximately preserved under an enhanced greenhouse
gas scenario (Beniston 2009; Gyalistras 1997; Schar et al.
2004; Vidale et al. 2007).




How can these correlations be understood? In a study
focusing on Europe, Berg et al. (2009) have shown that
winter precipitation is limited by the water holding capac-
ity of the air. Since this capacity is directly linked to tem-
perature according to the Clausius-Clapeyron relationship
(Trenberth et al. 2003), the observed positive correlation
between temperature and precipitation is physically plausi-
ble. Onthe other hand, in summer, warm and dry conditions
accompany conditions of high pressure, and the latter may
be more pronounced in the future due to a poleward expan-
sion of the subtropical dry zone (Lu et al. 2007). The anti-
correlation between temperature and precipitation may be
enhanced by positive soil moisture-temperature feedbacks
when evapotranspiration reaches a soil moisture-limited
regime (e.g., Hirschi et al. 2011; Seneviratne et al. 2006;
Seneviratne et al. 2010). A prominent observeéxample
where such feedbacks were important was theEuropean
heat wave in summer 2003 (Fischer et al. 2007a).

While robustand plausible, the observed interannual temper
ature-precipitation relationships do not necessarilynply that
the same co-variability exists at longer timescales. However,
there are some indications supporting similar relationships
on the multi-decadal timescale of climate change. Based

on observations in North America and Europe, Madden and
Williams (1978) showed that the correlation structure is ro-
bust for timescales up to about a decade; Adler et al. (2008)
found that in the extratropics the ratios of long-term pre-
cipitation to temperature change reveal a similar structure
as those at the interannual timescale. Also the output of the
individual model chains employed in this report is consist-
ent with these ndings (though not statistically signi cant):
those models exhibiting larger warming signals in summer
show stronger decreases in precipitation, while in winter —
at least in the CHS region — models projecting higher tem-
peratures have a tendency for more precipitation. This can
be seen in Figure 6.2 that shows the combined projections
for changes in 30-year mean temperature and precipita-
tion, for each model chain, each season and each region.

In summary, there is evidence that the magnitudes of tem-
perature and precipitation change by the end of this century
are positively correlated in winter and negatively correlated
in summer. However the combined temperature and pre-
cipitation projections should be interpreted with caution.
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Climate scenarios at dalily resolution

Two sets of scenarios provide climate change information at daily resolution.

The rst set is based on the probabilistic regional mean changes of Chapter 3. The second set is derived
directly from the output of individual GCM-RCM chains and provides information at speci c sites of the
observational network, including the Central Alps.

Both sets agree with respect to the basic patterns of climate change —e.g. atemperature increase in all seasons
and all regions and a pronounced summer drying by the end of the century. Minor differences between the
two sets of data can be attributed to differences in the methodological setup.

The daily scenarios are intended for studies of impacts that derive primarily from changes in the mean annual

41

cycle of temperature and precipitation. The suitability depends strongly on the eld of application, and any

usage should be critically assessed by the user.

The probabilistic scenarios presented in Chapter 3 provide
climate change information in the form of seasonal and
regional mean changes. Impact-oriented applications, how-
ever, often require information at daily resolution. Further
more, they often require higher spatial detail, particularly
for applications in topographically structured terrain such
as the Alps. To accommodate these speci ¢ needs two sets
of daily scenarios, representing changes in the long-term
average climate as a function of the day in the year, were
developed by applying the methodologies described in Sec-
tions 2.8 and 2.9.

4.1
Regional scenarios based on the
probabilistic method

This rst set of daily scenarios was heuristically derived from
the regional probabilistic mean changes presented in Chap-
ter 3. As discussed in Section 2.6 the probabilistic scenarios
include estimates of both model uncertainty and uncertainty
due to natural climate variability on decadal scales. For each
region (CHNE, CHW, CHS), each scenario period (30-year
averages centered at 2035, 2060, 2085), and each emis-
sion scenario (A1B, A2, RCP3PD), the four seasonal mean
changes of the individual projection estimates (lower, me-
dium, upper) were transformed into a continuous annual
cycle using the technique described in Section 2.8. For il-
lustration, Figure 4.1 shows the resulting annual cycles of
daily temperature and precipitation changes for the A1B
emission scenario and the period 2085. For each region and
each variable the annual cycle of the climate change sig-
nal based on the medium estimate, along with the related
uncertainty bounds (corresponding to the lower and upper
estimate, respectively), are shown. Averaged over each sea-
son these results are fully consistent with those presented in

Chapter 3, and the same conclusions apply. However, the
seasonal mean changes are now extended to a daily reso-
lution that allows one to follow the climate change signal
throughout the course of each season. When interpreting
Figure 4.1 it is important to keep in mind that the true an-
nual cycle of climate change is unlikely to be represented
by the same quantile of the probabilistic uncertainty range
for all seasons. In other words, future climate cannot be ex-
pectedto exactly follow the medium estimate throughout the
entire year, nor the upper or lower estimate, nor any other
speci ¢ quantile in between. Furthermore, the projections
possess regional resolution, neglecting any spatial variability
of the climate change signal within a region.
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Figure 4.1: Annual cycle
of the regional temper
ature change (top) and
precipitation change (bot-
tom) for the scenario
period 2085 with respect
to the reference period
1980-2009, and for the
A1B emission scenario.
The daily changes were
derived from the seasonal
mean changes of Chap-
ter 3 (see dashed line for
the medium estimate). The
shaded area indicates the
uncertainty interval given
by the range between
the lower and the upper
estimate of the probabilis-

tic scenarios.

Figure 4.2: Annual cycle
of temperature changes
(top) and precipitation
changes (bottom) at the
stations of Zurich, Payerne
and Lugano, as simulated
by ten GCM-RCM model
chains and downscaled
to station scale. Changes
refer to the period 2085
with respect to the refer
ence period 1980-2009 and
to the A1B scenario. The
color indicates the

driving GCM.
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4.2
Local scenarios based on individual
model chains

This second set of daily climate scenarios was derived directly particularly in the summer season. This nding is consistent

from the output of individual GCM-RCM model chains by
means of the statistical downscaling technique described in
Section 2.9. It provides future changes of temperature and
precipitation for each day of the year at MeteoSwiss obser
vational station sites for the periods centered at 2035, 2060
and 2085. Only the A1B emission scenario is considered.

As an example, Figure 4.2 depicts the daily temperature
and precipitation changes for the period 2085 at the sta-
tions Zurich, Payerne and Lugano, representing the regions

with the published literature and indicates that precipita-
tion, in particular summer precipitation, strongly depends
on regional-scale physical processes and is therefore strongly
in uenced by the RCM formulation (e.g., Déqué et al. 2007).

An overall illustration of the spatial variability of the sea-
sonally averaged climate change signals at station sites,
and of the model consensus, is given in Figure 4.3 as well
as in Figures A2—-A5 of the Technical Appendix. Figure 4.3
shows the spatial pattern of the mean summer tempera-

CHNE, CHW and CHS, respectively. All model chains show ture and precipitation changes for the scenario period 2085.

higher temperatures throughout the whole year (top pan-

els), and exhibit a pronounced annual cycle of the warm-
ing with amplitudes larger than 1°C. Most chains show

a strong summer warming which is presumably linked to
the pronounced summer drying simulated by all chains for
all three stations (bottom panels). During the rest of the

year, most model chains project a precipitation increase at
Zurich and Payerne. At Lugano, the spread among differ
ent chains is large, covering both positive and negative pre-
cipitation changes.

The temperature changes of simulations driven by the same
GCM (lines of the same color in Figure 4.2) exhibit smaller
differences than among simulations driven by different
GCMs, indicating a strong in uence of the driving GCM on
the warming of the combined GCM-RCM chain. In contrast,
differencesinthe precipitation changes between simulations
driven by the same GCM can be of similar magnitude com-
pared to those for simulations with different driving GCMs,

JJA Emperatur e change [°C]

Temperature change [°C]

Each marker represents one observation site, and the back-
ground shading indicates the model agreement in terms of
the standard deviation of the climate change signal within
the model ensemble (for temperature) or in terms of the
number of models agreeing on the sign of the projected
change (for precipitation). The ensemble mean summer tem-
perature change is larger than 3°C throughout the country
with an inter-model standard deviation of more than 0.5°C.
The latter re ects the strongly differing summer tempera-
ture changes of the individual GCM-RCM model chains (see
Figure 4.2). The most pronounced warming is found in the
southern part of the country. Also for precipitation, a pro-
nounced spatial variability of the climate change signal is
evident. All stations exhibit a summer drying with ensemble
mean summer precipitation decreasing by more than 2%

in the Ticino and by 10-2%% in the rest of the country. The
model consensus is large — i.e. most model chains agree on
the sign of the summer precipitation change.
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4.3
Intercomparison and limitations

The two sets of daily scenarios presented in Sections 4.1
and 4.2 were both created based on the suite of RCM

daily temperature and precipitation values were averaged
over all RCMs driven by the same GCM before computing

experiments provided by the ENSEMBLES project. They areclimate change signals). This ensures maximum consistency

both intended for use in climate impact studies that require
information on temperature and precipitation changes at
daily resolution. However, due to differences in their con-
struction, the two sets of scenarios provide different kinds
of information. These differences relate to methodologi-

with the probabilistic scenarios for regional mean changes.
As can be seen fronFigure 4.4, the probability-based range
of winter precipitation changes in region CHNE (bottom row,
left panel) is covered very well by the changes from indi-
vidual model chains for the site of Zurich. Figure 4.4 also

cal aspects (assessment of a probabilistically generated highlights the methodological restriction of the statistical

joint multi-model projection versus analysis of individual
GCM-RCM chains), the spatial scale at which information
is provided (regional mean changes excluding the Central
Alps versus site-speci ¢ changes including the entire Alpine
region), the number of underlying GCM-RCM model chains
(full set versus reduced set of only ten) and the number of

downscaling procedure described in Section 2.9, which
may lead to the ampli cation of arti cial peaks in the an-
nual cycle of precipitation change for HadRM3Q16-driven
RCMs (see also Bosshard et al. 2011). This was the main
reason for excluding HadRM3Q16-driven models from the
station-based scenarios of Section 4.2. Key features of the

emission scenarios covered (full set versus only A1B). As aprobabilistic approach become evident when comparing

consequence, climate impact studies that would like to make
use of the daily information provided in this chapter might
either choose the rst or the second set, depending on the
speci ¢ requirements. For instance, numerical impact stud-
ies requiring site-speci ¢ information would have to rely on
the station-based scenarios for individual model chains as
provided in Section 4.2. If regional mean changes outside
the central Alpine region alone are of interest, the use of the

probability-based estimates for several emission scenarios

as provided in Section 4.1 is recommended.

The probabilistic scenarios of Chapter 3 and those of Sec-
tion 4.1 and Section 4.2 agree with respect to the basic
features of future climate change in Switzerland; e.g., a
temperature increase in all seasons and regions and a pro-
nounced summer drying by the end of the century. For a
number of aspects, however, differences between the sce-
narios are evident. The medium estimate of the probabilistic
framework, for instance, indicates only a small increase of
winter precipitation in CHNE for 2085 and the A1B emis-
sion scenario (see Section 3.2 and Figure 4.1). In contrast,
most individual GCM-RCM chains of Section 4.2 exhibit an
increase of winter precipitation of more than 10% at the
station of Zurich (Figure 4.2), as well as in many other parts
of northeastern Switzerland (Technical Appendix Figure A5).
In general, these differences are small and can be attributed
to differences in the methodology and in the underlying set
of GCM-RCM model chains as well as to a slightly shifted
scenario period 2035 (see Section 2.2). For illustration, Fig-
ure 4.4 compares the site-speci ¢ daily temperature and
precipitation changes for the period 2085 based on indi-
vidual GCM-RCM model chains (Section 4.2), to the prob-
abilistic regional mean changes (Section 4.1). In contrast
to Figure 4.2, the daily changes depicted in Figure 4.4 are
based (i) on the full set of 14 GCM-RCM model chains and
(ii) on GCM-averaged temperature and precipitation (i.e.,

the probability-based range of temperature changes (grey
shading in upper row panels) to the projections of individual
model chains: outliers are implicitly down-weighted in the
probabilistic framework, and the range between the lower
and upper estimate excludes the very large temperature
change of HadRM3Q16-driven model chains as well as the
very small temperature change of the BCM-driven chain for
most parts of the year.

When using the daily scenarios of Sections 4.1 and 4.2 it
is important to keep in mind that they are intended exclu-
sively for studies of impacts that derive from changes in the
mean annual cycle of temperature and precipitation. Both
approaches neither account for potential changes in inter
annual variability, nor for changes in wet-day frequency and
intensity or of dry-spell lengths. Thus, the data are gener
ally not suitable for the analysis of future changes in ex-
treme events, unless the nature of these extremes primarily
depends upon changes in mean characteristics rather than
single-day events. Forinstance, an analysis of future changes
in heavy precipitation statistics would be inconsistent with
the methodological assumptions. The suitability of the daily
scenarios thus depends strongly on the eld of application,
and any usage beyond the analysis of changes in the mean
annual cycle should be critically assessed by the user. Given
the large spread of model results for most seasons and for
most sites in the station-based scenarios of Section 4.2, it
is also recommended to analyze as many GCM-RCM chains
as possible when using these scenarios in order to obtain a
more robust estimate of the model uncertainty.
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The information on climate extremes synthesized here is predominantly based on a literature review and is
supplemented by illustrative examples.

The nature of extreme events is expected to change, with potentially far-reaching impacts on society, econ-
omy and ecosystems.

By the end of the 21 st century, and for the range of scenarios considered, it is very likely that the frequency,
duration and intensity of summer warm spells and heat waves in Switzerland will increase signi cantly.
The number of cold winter nights and days is likely to decrease. The length of summer dry spells is likely
to increase.

Projections of the frequency and intensity of precipitation events are more uncertain, but substantial changes
cannot be ruled out. In addition, depending on region and season, a shift from solid (snow) to liquid (rain)
precipitation is expected, with potential implications for the frequency of oods.

The information on climate extremes synthesized here is pre- standing of different types of climatic extremes relevant to
dominantly based on a review of the literature for Switzer ~ Switzerland. The level of scienti ¢ understanding and thus
land and central Europe, and is supplemented by illustrative con dence in the projection of changes varies between
examples based on an analysis of the ENSEMBLES RCMdlifferent types of extremes, depending on their spatial and
Table 5.1 provides a summary of the current level of under temporal scales and the complexity of processes involved.
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Table 5.1: Summary table on changes in climate extremes

in

Switzerland and central Europe

Summer heat waves / increasing frequency and intensity along with  increasing frequency and duratiofi

hot extremes warming and enhanced variability / ampli cation

through soil drying

Winter cold waves / general decrease along with warming, poten-  weakly decreasing frequency and duratioh

cold extremes tially ampli ed by snow albedo feedback

Intense rainfall more intense as a result of higher water carrying increasing frequency of heavy winter rainfall
capacity of warmer air events'i

Dry spells/droughts increased risk of summer droughts due to no robust trend, weak tendency toward higher

enhanced evaporation, earlier snow melt and  frequency in CHS
vegetation onset leading to soil drying

Winter storms intensi cation of cyclones due to greater latent  no robust trend*

heat release, changes in latitudinal temperature
gradient affecting storm tracks

Hail sign not clear, several competing effects weak increases in hail insurance clairfts

Tornadoes sign not clear, competing effects of decreasing events of waterspouts and few tornadoes
wind shear, and moistening / warming of documented, no evidence for changes
boundary layer

Intense snow fall events sign not clear, winter warming and precipitation no observational evidence for changes

(lowlands not Alps) increase are competing factors at low altitudes

Xii

Xiii

Expected changes under increasing atmospheric greenhouse-gas concentrations based on current understanding of physical processes
Level of scienti c understanding: This is an index on a 5-step scale (very high, high, medium, low, and very low) designed to charac-
terize the degree of scienti ¢ understanding. The index represents a subjective expert judgment about the reliability of the estimate,
involving such factors as the signi cance of observed changes; uncertainties in how model capture the relevant mechanisms, agree-
ment among different models, and theoretical process understanding.

(e.g., Della-Marta et al. 2007; Frich et al. 2002; Klein Tank and Kénnen 2003; Moberg et al. 2006; Scherrer et al. 2005)

(e.g., Beniston 2004; Beniston et al. 2007; Fischer and Schar 2009; Fischer and Schar 2010; Giorgi et al. 2004; Lenderink et al. 2007;
Orlowsky and Seneviratne 2011; Schér et al. 2004; Seneviratne et al. 2006; Tebaldi et al. 2006; Vidale et al. 2007)

(e.g., Alexander et al. 2006; Jungo and Beniston 2001; Moberg et al. 2006)

(e.g., Kodra et al. 2011; Nikulin et al. 2011; Orlowsky and Seneviratne 2011; Seneviratne et al. 2010; Sillmann and Croci-Maspoli
2009; Tebaldi et al. 2006)

i (e.g., Moberg et al. 2006; Schmidli and Frei 2005; Zolina et al. 2009)

(e.g., Christensen and Christensen 2007; Frei et al. 2006; Orlowsky and Seneviratne 2011; Tebaldi et al. 2006)

(e.g., Rebetez 1999; Schmidli and Frei 2005; Shef eld and Wood 2008)

(e.g., Frei et al. 2006; Nikulin et al. 2011; Orlowsky and Seneviratne 2011; Raisanen et al. 2004; Seneviratne et al. 2006; Tebaldi et al. 2006)
(e.g., Barring and von Storch 2004; Leckebusch et al. 2008; Matulla et al. 2008)

(e.g., Donat et al. 2010; Leckebusch et al. 2006; Pinto et al. 2007; Schwierz et al. 2010)

(e.g. Schiesser 2003; Willemse 1995)



_ Projected changes LOSU'i Key uncertainties in projections

increasing frequency, intensity and duratiot high-very high

decreasing frequency and duration, intense cold medium-high
spells possible even in future climaté

weak tendency toward more intense rainfall medium
events in autumn, potential increase isummer

and winterVii, major changes cannot be ruled

out

tendency toward increasing risk of droughts and medium
longer dry spells along with summer drying

no coherent evidence for changes, individual low
models suggest decreasing frequency but

increasing intensity"

no model evidence for changes (spatial scale  very low

too small)

no model evidence for changes (spatial scale  very low
too small)

no model evidence for changes low

circulation changes (persistence of anti-
cyclones, large-scale circulation changes),
strength of land-surface atmosphere
interactions, precipitation processes

circulation changes (changes in

blocking frequency and persistence)
large-scale circulation changes, precipitation
processes and convection, role of soil moisture

circulation changes (persistence of anticyclones,
large-scale circulation changes), precipitation
processes, strength of land-surface atmosphere
interactions (soil moisture and vegetation feed-
backs, convection, boundary layer processes)
circulation changes (frequency, intensity and
track of cyclones)

small-scale convective processes

vertical wind shear, change in convective
available potential energy, storm initiation

circulation changes (frequency and
persistence of cross-Alpine ows)
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