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Motivation: Flash flood

Hail
Zürich, Winterthurerstrasse, June 1, 2012

Flash flood
Zürich, Haldenegg

Flash floods
Role of climate change?



Convection over Lake Millstätter, Austria

Schär, ETH Zürich
June 10, 2018 (Peter Maier, Facebook) 
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GCM and RCM simulations

Reanalysis or
global climate model (GCM)

(grid spacing 50-300 km)

Regional climate model (RCM)
(grid spacing 2-50 km)



2 km simulation driven by ERA

Schär, ETH Zürich David Leutwyler, ETH Zurich, animations via crCLIM: http://www.c2sm.ethz.ch/research/crCLIM

http://www.c2sm.ethz.ch/research/crCLIM
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Multiscale
challenge

D = 2 km

mm/h

Jan 18, 2007, 12 UTC
(Leutwyler et sl 2016, 2017)
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D = 50 km

mm/h

Jan 18, 2007, 12 UTC
(Leutwyler et sl 2016, 2017)
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D = 12 km

mm/h

Jan 18, 2007, 12 UTC
(Leutwyler et sl 2016, 2017)
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D = 2 km

mm/h

Jan 18, 2007, 12 UTC
(Leutwyler et sl 2016, 2017)
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D = 2 km
Break-up of cold-frontal 
rain band

mm/h

Jorgensen et al. (2003)
Radar observations (Pacific) 



Sommer drought?

(Keystone / Anthony Anex) 



Figure 4.2. Projected future change of median temperature (in °C) over Europe shown by averages

centered at 2035, 2060 and 2085 with respect to the reference period 1981 - 2010, for winter (DJF:

December - February), spring (MAM: March - May), summer (JJA: June - August) and autumn (SON:

September - November). Shown is the multi-model median of the combined simulations of different

resolutions from the EURO-CORDEX ensemble (see Chapter 2.1) for the RCP8.5 emission scenario

with respect to the reference period 1981 - 2010.
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Figure 4.4. Projected future median precipitation change (in %) over Europe by 2035, 2060 and 2085

for winter (DJF: December - February), spring (MAM: March - May), summer (JJA: June - August) and

autumn (SON: September - November). Shown is the multi-model median of the combined

simulations of different resolutions from the EURO-CORDEX ensemble for the RCP8.5 emission

scenario with respect to the reference period 1981 - 2010. Stippling (dots) shows regions where at

least 90 % of the models agree on the sign of change.
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Mediterranean amplifcation

Schär, ETH Zürich (CH2018)

Figure 4.2. Projected future change of median temperature (in °C) over Europe shown by averages

centered at 2035, 2060 and 2085 with respect to the reference period 1981 - 2010, for winter (DJF:

December - February), spring (MAM: March - May), summer (JJA: June - August) and autumn (SON:

September - November). Shown is the multi-model median of the combined simulations of different

resolutions from the EURO-CORDEX ensemble (see Chapter 2.1) for the RCP8.5 emission scenario

with respect to the reference period 1981 - 2010.
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Figure 4.4. Projected future median precipitation change (in %) over Europe by 2035, 2060 and 2085

for winter (DJF: December - February), spring (MAM: March - May), summer (JJA: June - August) and

autumn (SON: September - November). Shown is the multi-model median of the combined

simulations of different resolutions from the EURO-CORDEX ensemble for the RCP8.5 emission

scenario with respect to the reference period 1981 - 2010. Stippling (dots) shows regions where at

least 90 % of the models agree on the sign of change.
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RCP8.5,  2070-2099  versus  1981-2010
Median of 21 CORDEX Simulationen

(stippled where 90% of models agree on sign)

Mediterranean Amplification (summer): 
enhanced warming and drying at low latitudes



Causes of Mediterranean Amplification

Schär, ETH Zürich (Kröner et al. 2017, Brogli et al. 2019)

Ø Mechanism behind stratification changes: moist adiabat

Ø Hypothesis: stratification changes cause changes in convective 
activity, precipitation and lower-tropospheric temperature

Ø Tested with separation of climate-change signal

Projected zonal mean temperature changes (2081-2100 versus 1986-2005)
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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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Differences between dry and moist adiabat

Schär, ETH Zürich

At low  T, 
differences 
are small

At high T, 
differences 

are largePressure [kPa] Height [km]

Temperature [ºC]

Mixing ratio [g/kg]     

Dry adiabat

Moist adiabat

(Brogli et al. 2019; Brogli et al., submitted)



Motivation: Floods

Schär, ETH Zürich

Large-scale precipitation extremes?

Flood August 2005
(Zirlinn, A)



Daylong precipitation extremes

Schär, ETH Zürich

Theory: Clausius-Clapeyron scaling

Ø Increase of heavy precipitation 
controlled by availability of water vapor.

Ø Warm air can hold 6.5% more water 
vapor per ºC.

Ø Climate change: Increase in 
precipitation intensity by up to 
6.5% per ºC warming
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Clausius-Clapeyron,  6.5 % / K

D = 2 km
D = 12 km

Climate models

Ø Models largely confirm Clausius-
Clapeyron scaling (many studies, many 
different models)

1 yr 10 yr
Return period

(Ban et al 2015)

Summer, Alpine region
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Daylong precipitation extremes

Schär, ETH Zürich

Observations

Ø Analysis requires long-term daily observations at many stations 
=> Here: 185 stations in Switzerland since 1900

Ø Trends in very rare events are difficult to detect
=> Here: return periods of 1 year, annual maximum of daylong precipitation (Rx1d) 

(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% of stations have statistic significant increase
(no significant negative trends)
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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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Average increase corresponds to 7.4 % / ºC.
Consistent with Clausius-Clapeyron scaling
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Motivation: Flash flood

Flash flood
Lausanne railway station, June 11, 2018

Short-term precipitation extremes?



Short-term (hourly) precipitation extremes

Schär, ETH Zürich

Ø Can the Clausius-Clapeyron scaling also be applied? 
=> Conflicting results in literature

Ø Over the Alps, published results consistent with CC-scaling

Ø But other regions (e.g. UK, NL)  appear to exhibit super-CC scaling

Continental-scale simulations
Ø 2 km resolution, 10 years long

Ø Current climate (driven by ERA-reanalysis)

Ø Future climate (PGW approach) 
• climate change information from
MPI-ESM-LR (CMIP5 simulation)

• end of century, RCP 8.5

Leutwyler et al. 2016, 2017; Hentgen et al. 2019; Ban et al. 2019, submitted 



Hourly precipitation extremes
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6.5 % / K

(Ban et al. 2019 submitted)

Alps British Isles Mediterranean

Percentile [%]Percentile [%]

JJA, RCP8.5, 2081-2090 versus 1991-2000 

Consistent with CC scaling,
similar as Ban et al. (2015)

Consistent with CC scaling,
reduction at low percentiles,
increases at high percentiles 

Inconsistent with CC scaling!
similar as Kendon et al (2014)

1 yr 10 yr



Changes with height

Schär, ETH Zürich (Ban et al. 2019 submitted)

Alps British Isles Mediterranean

Hourly events, JJA, RCP8.5, 2081-2090 versus 1991-2000 

DT [K]

700 hPa

Consider projected temperature change as a function of height

Ø Warming depends upon height (related to moist adiabatic lapse rate)

Ø Effect depends strongly upon region, most pronounced over British Isles

DT [K] DT [K]

He
ig

ht
 [k

m
]



Hourly precipitation extremes

Schär, ETH Zürich
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(Ban et al. 2019 submitted; Ban et al. 2015; Schär et al. 2016)

JJA, RCP8.5, 2081-2090 versus 1991-2000 

Alps British Isles Mediterranean

Percentile [%]Percentile [%]

Daily
events 

Hourly
events 

△T2MJJA = 4.13
△T850JJA = 4.32
△T700JJA = 5.20
△T500JJA = 5.20

△T2MJJA = 1.97
△T850JJA = 3.22
△T700JJA = 4.50
△T500JJA = 5.30

△T2MSON = 3.60
△T850SON = 4.02
△T700SON = 4.73
△T500SON = 5.04

Figure 4: Intensification of precipitation with mean temperature change. Projected relative

changes of (upper panels) daily and (bottom panels) hourly precipitation at high percentiles scaled

with the mean temperature change (i.e., scaling rates; SR) at 2-meter (T2M), 850 hPa (T850),

700 hPa (T700) and 500 hPa (T500) level obtained in the 2 km model. Relative changes in precip-

itation are expressed as a difference between PGW and CTRL simulations normalized by CTRL.

A black solid line indicates no change, while a black dashed line indicates a change of 6.5% per

degree of warming as expected from the Clausius-Clapeyron relation. Upper right corner shows

the domain mean temperature change for each level and season where the heaviest precipitation

occurs (summer (JJA) for the Alpine and British Isles region, and fall (SON) for the Mediterranean

region).

27

DT2m  = 2.0 K
DT500 = 5.3 K

DT2m  = 3.6 K
DT500 = 5.0 K

Consideration of warming at representative height is important
Ø Projected changes become consistent with Clausius-Clapeyron (increases ≤ 6-7%/K) 
Ø Beware of wet-day percentiles!
Ø Significant differences between 12 and 2km resolution



Oliver Stebler, 10. Oktober 2016

Snow fall and snow cover?



Validation of CTRL over Switzerland

Atmosphere 2019, 10, 463 6 of 18

3. Results

3.1. Evaluation of Snow Water Equivalent

3.1.1. Seasonal Mean Snow Water Equivalent

The spatial pattern of seasonal means for the three simulations and observations at 2.2 km
resolution over Switzerland is shown in Figure 2. We here show the 2.2 km version of the observational
reference as this version includes most of the topographic details and likely best reflects the true
SWE distribution. ERA@2 shows a realistic spatial snow distribution with high values of SWE in
the center of the Alps and lower values within the valleys and the Swiss plateau. While ERA@12
indicates higher SWE values over the Alpine ridge, ERA@50 simulates a too homogeneous spatial
distribution over Switzerland. The more realistic pattern of ERA@2 can be explained by its more
detailed representation of topography, which is the same topography as used for constructing the
2.2 km observational reference dataset (see Section 2.2). ERA@12 and especially ERA@50 show smaller
values than ERA@2. This is due to the fact that the 2.2 km simulation has more grid-points at higher
elevation levels, and thus better represents temperatures below the melting point, while the 12 km
and especially the 50 km simulation do not reach high enough to simulate sub-zero temperatures for
much of the year. This affects especially the topographically more complex Alpine area, and explains
the generally lower SWE values for ERA@12 and especially ERA@50. ERA@2 shows a large bias in
the central Alpine domain compared to the observations. This bias is partly explained by the large
uncertainties of the observational data at high elevation levels, but also by the known overestimation
of precipitation of high-resolution models at high altitudes [11,12]. However, ERA@2 keeps higher
amounts of SWE even during the summer months, which is closer to reality than the interpolated data
from the observational data set. This is also confirmed by Hantel et al. [34] who located the median
Alpine summer snow line for the time horizon 1961–2010 at 3100 m asl. At the coarser grid spacings
(simulated and observed), Switzerland is completely snow free during summer.

Figure 2. Seasonal mean snow water equivalent over the area of Switzerland during the evaluation
period 1998–2007. Results are shown for the three COSMO simulations (driven by ERA-interim
lateral boundary conditions) with grid spacings of 50 km (left column), 12 km (center-left), and 2.2 km
(center-right) and observations interpolated to the 2.2 km gird (right column).

Annual cycle of SWE in CTRL versus OBS

(Lüthi et al. 2019)



Snow projections

Schär, ETH Zürich

Annual cycle of SWE in CTRL and SCEN simulations

ØLarge decreases in all 
seasons by the end of the 
21st century

ØHeights above 3000m 
represented only by 2 km 
model

ØAt high altitude, transition 
from permanent to seasonal 
snow cover 

Altitude range 
3000-3500 m

2500-3000 m

2000-2500 m

(Lüthi et al. 2019)



Summary
Ø Kilometer-resolution climate models provide exciting prospects over 

complex topography

Ø Main advance is explicit treatment of convection

Ø Improved and more physical representation of climate change

Ø Enables new collaborations with impact sciences and mountain research

Schär, ETH Zürich


