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Indizien

Schär, ETH Zürich

Indiz – eine erwiesene Tatsache, aus der in unmittelbarer Schlussfolgerung 
der Beweis für eine andere, nicht unmittelbare beweisbare, Tatsache 
abgeleitet wird. 

(dtv-Lexikon 1992) 

Allgemein gilt, dass ein Indiz mehr als eine Behauptung, aber weniger als ein 
Beweis ist. 

(Wikipedia 2019)

Ein Indiz (von lateinisch indicare „anzeigen“) ist allgemein ein Anzeichen, von dem 

BeweisIndizVerdacht



«Multiple lines of evidence»
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Die drei Säulen der wissenschaftlichen Methodik

Theorie

Archimedes 
(ca. 287–212 BC)

Experiment

Galileo Galilei 
(1564–1642)

(IPCC)

Wichtig: das aktuelle «Experiment» mit 
dem Planeten Erde gilt nicht als 
wissenschaftliches Experiment, da es 
nur einmal durchgeführt werden kann!

numerische
Simulation

Seit einigen
Jahrzehnten

Gesucht: konsistente 
Indizienketten basierend auf 
Beobachtungen, Theorie und 

Simulation



Beispiele (regionale Skala)
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Sommerhitze und
Trockenheit

im Mittelmeerraum

«Mediterrane
Verstärkung»

Grossräumige
Starkniederschläge

Tägliche 
Niederschläge

Kurzfristige 
Starkniederschläge

Stündliche 
Niederschläge
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NiederschlagTemperatur

Mediterrane
Verstärkung

Projektionen 2070-2099 (Sommer), RCP8.5

Cramer et al. (2018)

m3 pro
Person
und Jahr

Wasser-Ressourcen

Gefährliche Hitzewellen

Fischer und Schär (2010)

Libyen (1980er Jahre)



Modell:

Ø 2070-2099 vs 1980-2009

Ø Euro-CORDEX Modelle (CH2018),
Ensemble Median

Mediterrane Verstärkung

Schär, ETH Zürich (Ch2018)

Polare 
Verstärkung

Te
m

pe
ra

tu
r

Ni
ed

er
sc

hl
ag

Winter Sommer

M
ed

ite
rr

an
e 

Ve
rs

tä
rk

un
g

1.1. Climate Change 7

Figure 1.5: Liner trend in observed near-surface summer temperature between 1901 and 2019. The
trend is based on the CRU TS4 (Harris et al., 2014) observational dataset. Source: KNMI (2018)

1.1.3 Regional Impacts

As previously seen, the extent of changes in the climate system is expected to vary between regions.
But what are the consequences for ecosystems, life, and humans in different regions? Considering
temperature changes, it is clear that regionally enhanced warming will increase temperature-related
hazards in the affected regions (IPCC, 2014a). These hazards will lead to higher or lower climate-
related risks depending on the regional extent of climate change but also based on the vulnerability and
exposure of the region (Oppenheimer et al., 2014). Key risks related to increasing temperatures include
(Oppenheimer et al., 2014):

• Increasing illness (dehydration, heat stroke) and mortality from exposure to extreme heat

• Biodiversity loss and connected loss of ecosystem goods

• Food insecurity due to production losses such as decreasing crop yields or less productive work-
ers

• Natural hazards such as wildfires

Regional drying trends due to decreasing precipitation amplify the risks listed above and give rise to
additional risks connected to water scarcity (IPCC, 2014a). The competition for water between sectors
such as agriculture, urban water supply systems and industry will increase, as the average supply for
each sector diminishes (Kovats et al., 2014). The increasing competition for food and water could

Beobachtung

Ø Trend 1901-2019 [ºC / 100 Jahre]
Juni - August 

(KNMI 2018)



Erwärmung

Ø Wird duch Modell-Rechnung bestätigt

Volle Modell-
simulation

Nord-Süd-Kontrast
der Erwärmung

Mediterrane Verstärkung
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Theorie: Thermodynamischer Effekt 
und vertikaler Temperaturgradient

Ø Thermodynamischer Effekt: mittlere 
Erwärmung und Anfeuchtung

Ø Lapse-Rate Effekt: Höhere Troposphäre 
erwärmt sich stärker als bodennahe 
Schichten.
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signature of anthropogenic climate change (Seneviratne et al., 2012), 
the magnitude of change and consensus among models varies with 
the characteristics of the event being considered (e.g., time scale, mag-
nitude, duration and spatial extent) as well as the definition used to 
describe the extreme.

Since the AR4 many advances have been made in establishing global 
observed records of extremes (Alexander et al., 2006; Perkins et al., 
2012; Donat et al., 2013) against which models can be evaluated to 
give context to future projections (Sillmann and Roeckner, 2008; Alex-
ander and Arblaster, 2009). Numerous regional assessments of future 
changes in extremes have also been performed and a comprehensive 
summary of these is given in Seneviratne et al. (2012). Here we sum-
marize the key findings from this report and assess updates since then. 

It is virtually certain that there will be more hot and fewer cold extremes 
as global temperature increases (Caesar and Lowe, 2012; Orlowsky 

and Seneviratne, 2012; Sillmann et al., 2013), consistent with previous 
assessments (Solomon et al., 2007; Seneviratne et al., 2012). Figure 
12.13 shows multi-model mean changes in the absolute temperature 
indices of the coldest day of the year and the hottest day of the year 
and the threshold-based indices of frost days and tropical nights from 
the CMIP5 ensemble (Sillmann et al., 2013). A robust increase in warm 
temperature extremes and decrease in cold temperature extremes 
is found at the end of the 21st century, with the magnitude of the 
changes increasing with increased anthropogenic forcing. The coldest 
night of the year undergoes larger increases than the hottest day in 
the globally averaged time series (Figure 12.13b and d). This tenden-
cy is consistent with the CMIP3 model results shown in Figure 12.13, 
which use different models and the SRES scenarios (see Seneviratne 
et al. (2012) for earlier CMIP3 results). Similarly, increases in the fre-
quency of warm nights are greater than increases in the frequency 
of warm days (Sillmann et al., 2013). Regionally, the largest increases 
in the coldest night of the year are projected in the high latitudes of 

Figure 12.12 |  CMIP5 multi-model changes in annual mean zonal mean temperature in the atmosphere and ocean relative to 1986–2005 for 2081–2100 under the RCP2.6 (left), 
RCP4.5 (centre) and RCP8.5 (right) forcing scenarios. Hatching indicates regions where the multi-model mean change is less than one standard deviation of internal variability. 
Stippling indicates regions where the multi-model change mean is greater than two standard deviations of internal variability and where at least 90% of the models agree on the 
sign of change (see Box 12.1).
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(Brogli et al., 2019)(IPCC 2013)

Ø Hängt zusammen mit Feuchtigkeit und 
vertikalem T-Gradienten (Lapse-Rate)
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2003     – 0.51 m Sommer-Tiefststand  

seit 1930

Vor Linth-Korrektur 

Höchststände  
seit 1930

Escher-Denkmal Weesen



Niederschlagsextreme
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Theorie: Clausius-Clapeyron

Ø Warme Luft kann mehr Wasser 
aufnehmen und transportieren.

Ø Klimawandel: Intensitäts-Zunahme 
von Starkniederschlägen um bis zu 
6.5% pro ºC Erwärmung

Clausius-Clapeyron
Beziehung
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2

(Rudolf Clausius 1850, @ETH 1855-1867)

Modelle: Sommerniederschläge

Ø 2046-2075 versus 1981-2010, ohne Klimaschutz

(Rajczak und Schär 2017, CH2018, Ban et al 2015, Fischer und Knutti 2015)

Ø Modelle bestätigen Clausius-Clapeyron
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Niederschlagsextreme

Schär, ETH Zürich

Beobachtungen: Trends von Starkniederschlägen

Ø 185 Niederschlagsstationen der MeteoSchweiz, seit 1900

Ø Rückkehrperiode 1 Jahr

(Scherrer et al. 2016)

average every 100 days) have been determined across all days in the 1961–1990 period. This choice avoids
sampling uncertainties inherent to daily percentiles [Mahlstein et al., 2015] and can be motivated by an only
moderate seasonal cycle in Switzerland for daily precipitation. The 99th percentile threshold of daily precipi-
tation varies between less than 25mmd!1 in northern Switzerland and more than 100mmd!1 at some sta-
tions in southern Switzerland. The number of actual days exceeding these values in a single year varies
between 0 and roughly 10 days in the 1901–2014 series. Precipitation indices are only computed for series
with less than 5 years of missing data in the 1901–2014 period, reducing the number of stations for trend ana-
lysis to about 170 on the annual and seasonal scale.

To investigate changes in hot temperature extremes, homogenized daily maximum temperature data [Begert
et al., 2005] from nine long and complete MeteoSwiss stations covering all major climate regions of
Switzerland are used (cf. Figure 1, squares). The anomalies of all nine temperature series are used to create
a “Swiss” series which is very highly correlated with the official Swiss mean temperatures series used by
MeteoSwiss for national assessments. The official Swiss series is only available for mean temperature and
cannot be used here. A four station mean (stations Zurich, Geneva, Basel, and Bern) is used as a proxy for
the densely populated “Plateau” (cf. Figure 1 and Figure 2, inset). We restrict the analysis to the Swiss and
Plateau series since the series are too similar in order to expect a meaningful spatial pattern.

The observational analysis period for hot temperature extremes is from 1901 to summer 2015. The following
indices are used to investigate changes in hot temperature extreme intensities: the annual temperature maxi-
mum (i.e., the hottest day, abbreviated as TXx) and the annual maximum of averaged daily maximum tempera-
ture over a continuous N day period (abbreviated as TXx[N]d), where [N] is 3 and 7 (i.e., the hottest three day
period and the hottest week). Additional indices are used to estimate changes in hot temperature extreme fre-
quencies: the number days when daily maximum temperature is above the 90th, 95th, and 99th percentile
(abbreviated as TX[P]p, where [P] is 90, 95, and 99). The TX[P]p indices have been computed using the R-package

Figure 2. (a and b) Observed 1901–2014 trends of the annual daily maximum precipitation (Rx1day) and (c and d) the number of days exceeding the 99th percentile
(#R99e) at ~170 Swiss precipitation stations, in % 100 yr s!1. Filled circles and red histogram bars indicate trends that are statistically significant at the 5% level. The
main geographical regions of Switzerland are shown in the inset on the top left corner.
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31% der Stationen 
haben signifikante Zunahme

der Intensität
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Durchschnittliche Zunahme 7.4 % / ºC.
Konsistent mit Clausius-Clapeyron



Motivation: Flash flood

Zürich, Haldenegg

Gewitter und 
“Flash floods”

Schär, ETH Zürich

Bahnhof Lausanne, 11. Juni 2018
41 mm Niederschlag in 10 min



Gewitter über dem Millstätter-See, Österreich

Schär, ETH Zürich 10. Juni 2018 (Peter Maier, Facebook) 



Gitterabstand in Klimamodellen
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Bewölkung über dem Alpenraum
(flüssige Wolkentröpfchen)

Konventionelles Modell:  Dx = 50 km Hochauflösendes Modell: Dx = 1 km

COSMO-Modell: 
- läuft auf GPUs   (PizDaint, CSCS, Lugano)
- eines der ersten Modelle seiner Art
- erlaubt hochauflösende Klimasimulationen
- Zusammenarbeit MeteoSchweiz / CSCS / ETH

(Christoph Heim, ETH Zürich)



Dx = 2 km 
Simulation 

über Europa

Schär, ETH Zürich COSMO-Modell (MeteoSchweiz, DWD), Leutwyler et al. 2016: http://www.c2sm.ethz.ch/research/crCLIM
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D = 2 km 
simulation 

über Europa

Auch für stündliche Stark-Niederschläge im Alpenraum 
funktioniert Clausius-Clapeyron Theorie (Ban et al. 2016, 2019)

Viele offene Fragen zu 10-Minuten Niederschlägen, zu Hagel,
zu schweren Gewittern, etc.



Folgerungen

Schär, ETH Zürich

Der globale Klimawandel ist durch zahlreiche Untersuchungen 
überzeugend belegt. 

Ø Wichtig um Mitigation voranzutreiben!

Zunehmend überzeugende Indizienketten für regionale Auswirkungen:
Hitzewellen, Reduktion Schnee, Starkniederschläge, …

Ø Wichtig um Adaptation (Anpassung) voranzutreiben! 


