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Abstract

The aim of this work is the analysis of reliability of multiday precipitation estimates from climate
model, more precisely from the chain model simulations that compose CH2018, the most up to date tool for
climate simulations in Switzerland. The analysis was carried out through the statistical study of the correlations
of the CH2018 outputs with the historical data recorded by SwissMetNet (SMN) network, an integrated
automatic monitoring network of MeteoSwiss which collets observations resulted from a centralized
modernization of the meteorological monitoring system between 2003 and 2015 (previous 2003 the different
meteorological variables were split into different monitoring networks). CH2018 includes 68 EURO-CORDEX
simulations running three different future scenarios: RCP2.6, RCP4.5, and RCP8.5. The different scenarios or
Representative Concentration Pathways (RCPs) describe the possible increase in radiative forcing values in
W/m2by 2100 (CH2018,2018), covering from a reduction in emissions up to the point where global warming
is kept below 2°C (RCP2.6) to unabated emissions (RCP8.5) with a possible intermediate scenario, where even
with due care, global warming fails to stay below 2°C. (CH2018, 2018).

Data analyses and temporal correlations were performed with R, a free software environment for
statistical computing (Rstudio Team, 2021). Later spatial analyses were also done using the free and open-
source cross-platform desktop geographic information system application QGIS (QGIS.org, 2021).

Changes in precipitation patterns, storms and cyclones, and locally heavy rains around the world have
recently conspired to bring down structures and power grids, cause flooding, and result in deaths. There are
numerous variables that link flooding to climate change, and it's becoming a growing problem as more
countries experience unprecedented flash floods. This is where climate models come in, created to help
prepare for the consequences of climate change, as they are designed to project weather conditions into the
future, but being systems of physical and mathematical formulas and procedures that aim to represent real-
life conditions, they are far from perfect and as a result are constantly being improved and revised.

However, precipitation products to date have primarily been evaluated in terms of rainfall totals, but
for hydrologic concerns and forecasting, other precipitation characteristics are also important to evaluate. For
example, for the prediction of drought duration and severity, the number of consecutive days with little
precipitation or the minimum monthly precipitation amounts are important or for forecasting large flood
events, three-day precipitation or above-average moisture conditions are an important factor to consider.

Due to the importance of climate change on precipitation and hydrological extremes in particular
therefore in this work the mean, maximum, 95th percentile and 99th percentile of 3, 7, 30 and 90 day multi-
day precipitation were analyzed. The starting point were the daily outputs so that we have the same inputs
that CH2018 uses for simulations. The daily precipitation results were then summed for each chosen multi-
day precipitation for both the SMN observations and CH2018 outputs. At the temporal level, the analysis was

conducted in three different periods: the first one starts from 1981 and goes up to 2020, the second one goes
|



from 2021 to 2060 while the third one covers from 2061 to 2099. The first period is the one in which historical
data are available, the other two periods were chosen accordingly to have an average of 40 years per period
each.

In furtherance of the correlations for the first period, SMN observations were analyzed only for the
RCP8.5 scenario, as the scenario with no change in emissions is the closest to the current situation. For future
periods, however, the analysis was performed for all three scenarios, comparing the outputs of each scenario
in the future with the outputs of the corresponding scenario in the first period.

The study of the chosen statistical variables highlighted the inability of CH2018 to accurately simulate
the median of SMN. About the extremes, i.e., the 95th and 99th percentiles, the correlation between the two
datasets is quite good, especially for longer multiday precipitation windows, i.e., 30 and 90 days. The spatial
analysis also highlighted the underestimation of the extremes along the Alps and a general overestimation of
the SMIN data in the rest of Switzerland. In addition, the 99th percentile has a higher overestimation of SMN
data than the 95th percentile. Analyses on projected future data also show the same trend as found for the
first period analysis although there are some small differences between scenarios, visible especially in the
shorter time windows.

The analysis of the maxima shows a general overestimation that becomes more accurate the wider
the time window, but the area of Ticino and Walensee are more affected by maximum precipitation. The
analysis of the future has fewer clear results both statistically and spatially.

Beside the fact that the data analyzed are few to make an accurate general consideration on the
reliability of CH2018 simulations about precipitations patterns, this work highlights how the simulations are
not yet able to accurately predict extreme events. The tendency is in fact to standardize the data (Edwards,
2011) and we can have an idea of how the rainfall will evolve, but not having accuracy and adequate warning
time in case of disasters such as floods or droughts. The multi-day analysis turns out to optimize this lack, since
it can monitor the sequence of days with precipitation (or lack thereof) that are the discriminating factor to
predict problematic situations related to precipitations (whether there are present or not).

In conclusion, this work shows that it is also worthwhile to do multi-day precipitation analysis. Their
knowledge can help to improve the warning and prediction of extreme events that in recent years are
becoming less rare. Moreover, it turns out to be a valid solution to have an overview of the general trend of
heavy rains and thus improve the management of their consequences, and possibly also make the reading of

CH2018 more sensitive to the sequence of multiple rainy days or their absence.
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1 Introduction

Climate change does not only refer to the increase in temperature but also changes in weather
characteristics, including extreme events. Extreme events such as heat waves, cold waves but also heavy
precipitation and droughts are becoming more frequently and severe (Huber et al., 2011). Region with low
elevation on the Swiss Plateau, Ticino and the lower Alps are already experiencing an increase in temperature
extremes and tropical nights (CH2018, 2018). These of extreme events will become less rare and rather
normal, which is consistent with our theoretical understanding and climate models (Prudhomme et al., 2002).
This trend will likely continue in the years to come, and it is especially the rarer and more extreme events that
will be most affected (Alexander et al., 2006).

Predictions for the coming decades is an increase in global temperatures due to the absorption of
longwave radiation by greenhouse gases, going on to affect the distribution of water resources. (Kothavala et
al., 1997). The higher the temperature, the more the atmosphere can retain moisture due to the exponential
relationship between temperature and saturation vapor pressure described by the Clausius-Claperyron
equation and since an increase in temperature is directly consequent to higher evaporation rate, precipitation
is as well in a rising trend. As previous research suggests possible occurrence of summer droughts would be
directly proportional to increased evaporation (Manabe et al., 1981).

Moreover, Changes in rainfall patterns, storms and cyclones, and locally severe rain across Asia have
recently conspired to bring down structures and power grids, cause flooding, and result in deaths. Extreme
weather, rising sea levels, and other climate change consequences are not just affecting Asian countries.
European countries are also witnessing flooding as a result of extreme weather, rising sea levels, and other
climate change impacts. There are numerous variables that link flooding to climate change, and it is becoming
an increasing problem as more countries experience unprecedented flash floods. According to a recent study
by Anderson et al. (2015), precipitation changes were responsible for 36 % of all U.S. flood damages from 1988
to 2017. Models demonstrate how climate change increases the likelihood of intense rain events, which
contribute to most of the flood damage, according to Wilhelm et al. (2012). Hydrological studies
have concluded that as climate change accelerates, changes in precipitation will become more intense. The
connection between climate change and extreme weather events has been thoroughly documented in various
parts of the world. Coastal flooding has grown as sea levels have risen, while torrential rainfall and urban floods
have increased as a result of the warmer atmosphere's capacity to retain more water.

The hydrological data is highly speculative. This is true even for the most fundamental values, such as
rainfall at a specific location, discharge at a specific location, and accurate evapotranspiration variations. It is
significantly more difficult if we are concerned in the hydrological cycle over a catchment region, because
precipitation, snowpack, evapotranspiration gradients, and measurement tools are all subject to uncertainty.
The problem is exacerbated because, in most cases, the uncertainties are caused by a lack of expertise rather

1



Désirée Montalbetti Introduction

than variability. Hydrologic modelling is used to address environmental mobility concerns including water
shortage, excess, or dissolved or solid content. There is no single optimum model for environmental
predictions due to the nature of the subject. Rather, depending on the objective and required complexity,
there are a variety of viable options. For this and other reasons, hydrologic modelling has tended to rely too
heavily on mathematical concepts at the expense of genuine knowledge, and there is a need for more
thorough assessment of appropriateness. In most cases, model selection is based on familiarity rather than
suitability. Hydrologic modelling is complicated by process uncertainties as well as the disproportionate
influence of variabilities and other understudied and poorly characterized natural phenomena. As a result, a
large range of hydrologic models exist, all of which are insufficient and unreliable in all but the most basic
scenarios.

Climate models are used to project weather conditions into the future but being system of physical
and mathematical formulas and procedure that aim to represent real-life conditions, they are far from perfect
and consequently are constantly improved and revised.

Global climate models (GCMs) are considered one of the most reliable tools for the study of climate
change (Shine et al., 1990), they consider five basic variables, such as: temperature (determined by the
thermodynamic equation), humidity and surface pressure (determined by equations for the conservation of
substances and mass of water), and the NS and EW wind components (determined by the Navier-Stokes
equation). Moreover, sea surface temperature is derived from climate data and coupled with solar zenith angle
variation by day and season, GCMs can be considered numerical weather prediction models adapted for long
periods (decades) (Mitchell, 1989).

Despite their potential catastrophic impact, both economically and as a hazard to humans, animals,
and vegetation (Aon Benfield, 2017) extreme precipitation changes in the literature have received limited
attention (Gordon et al.,, 1992; Rind et al., 1989) furthermore it is argued that in analyses of climate impact
relative to the mean, is the variability that carries more significance (Katz et al., 1992).

Model predictions for temperature tend to agree with reality but their predictions of precipitation are
more variable and uncertain (Neelin, 2010). Evaluation of climate models’ outputs for precipitation has mainly
focused on rainfall totals which data from daily, monthly or annual scale (Wilby, 2010). For hydrological
predictions, other precipitation characteristics are important as well. For example, for prediction of large flood
events, the three-day or 30-day total precipitation data is needed to obtain information on the wetness
conditions that can significantly affect the response to large precipitation events. Many floods are the
consequence of several consecutive days of rain. For example, in August 2021, heavy rainfall in Kanzaki, Saga
prefecture, Japan caused floods and landslides (Jones, 2021). Storms were triggered by deep tropical moisture,
resulting in severe flooding and landslides, prompting the evacuation of more than one million residents.
Several people are thought to have died, with the Kyushu region taking the worst of the damage, with some

weather records indicating more than 1,000mm of precipitation in five days. In climate modelling to predict
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the duration and severity of future droughts, the number of consecutive days with very little rainfall or monthly
minimum rainfall amounts is important because droughts are the results of long periods with little rain.

Climate change may exacerbate hydrological extremes, altering the size as well as the timeframe of
flood and drought occurrences. Understanding anticipated future trends in hydrological extremes at the state
level is crucial for guiding national policies and ensuring suitable adaption measures are implemented.
Hydrological models' process descriptions are simply generalizations to the real-world elements of surface and
groundwater flows. It is also self-evident that the epistemic difficulties with hydrological data imply that even
a flawless model would not be able to make perfect projections. Indeed, the predictions can appear to be poor
at times, especially when models are deployed without validation, as if to an ungauged catchment. Calibration
is often useful in identifying parameter sets that, at least during the calibration period, produce forecasts that
are comparable to the measurements. Whenever a split record analysis was conducted, it is usual to discover
that the model's reliability is poor during the validation timescale or under other seasonal or climate patterns.

Droughts and floods can have devastating societal, environmental, and economic consequences. The
California drought of 2012-2016, for instance, resulted in catastrophic crop yield declines and water rationing
in large cities. These extreme weather events might have particularly serious consequences if they strike a vast
area or occur in quick succession. Drought—flood transitions that occur quickly, such as the shift from the
California drought of 2011-2016 to the winter of 2017 in the United States. Due to the opportunity
cost between water storage and flood mitigation, the California floods prove problematic to water supply and
dam operations. Management solutions that focus just on floods or droughts may hinder the ability to cope
with other types of extremes. Droughts and floods ought to be evaluated together in order to build
coordinated and efficient management methods. Our capacity to forecast floods and droughts at diverse time
periods is critical for developing management methods to reduce the negative effects of droughts, floods, and
rapid event changes. Flood and drought predictions at hourly to annual time periods are used to plan crisis
measures and early warnings. Estimates of the frequency and size of severe occurrences, such as the likelihood
of a 100-year flood event, are required effective water resource management. Long-term drought and flood
forecasts that describe future climate are needed for the development of policy interventions.

Given the importance of climate change on precipitation and hydrological extremes, with this work, |
would like to try to understand if multi-day precipitation statistics, such as 3, 7, 30 and 90 day total rainfall,
minimum or maximum monthly rainfall, are well represented by climate models. |, therefore, compared global
climate model with a regional climate model to estimate multi-day precipitation. More specifically, | aimed to

answer the following research questions.

What is the reliability of climate models for Switzerland, in terms of different precipitation signatures

and precipitation distributions, and since floods, respectively droughts often occur in response to long periods
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with and without precipitation, are the models able to correctly simulate these extreme events with enough

accuracy?
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2 Literature Review
2.1 Precipitation measurements

Precipitation is a measure of the quantity of water reaching earth's surface's horizontal and horizontal
ground projection plane and is represented as a vertical level of water or the water equivalent of snowfall. In
Switzerland, the unit of measurement is millimeters, where 1 mm = 1 I/m? and 1 mm of water corresponds
approximately to 1 cm of fresh snow (MeteoSwiss, 2021). Precipitation is usually measured in its liquid form,
so in the case of solid precipitation, once it has melted the equivalent in water is calculated (MeteoSwiss,
2021).

The measurement of the amount and distribution of precipitation with respect to time and space can
be acquired both directly and indirectly. Ground-based instruments such as rain gauges are used for direct
measurement while indirect data collection is entrusted to remote sensing techniques (radar system, aircraft
and Earth-observing satellites) (Jain et al., 2003). In this work the analyzed data came from direct
measurement and more specifically from two types of rain gauges. The first one is a 1518 H3 and 15188
manufactured by Lambrecht and the second one is a Pluvio2 by OTT. The 1518 H3 is a type of rain gauge
heated so in case of solid precipitation it is possible to calculate its contribution after the melting. Moreover,
it is also equipped with a tilting device, meaning that when it is full, the collecting basin is automatically poured
into a second one located at the base of the funnel. Then from the number of overturns in a given period of
time it is possible to determine the amount of precipitation. In the case of the Pluvio2 rain gauge, the
measurement is based on weight, all precipitation (whether solid, liquid or mixed) is determined by means of
a closed weight scale inside the device. In contrast to the tilting device, this second instrument must be
emptied regularly. Despite all the precautions that can be taken, the measurement of precipitation using rain
gauges is not always accurate and carries a few systematic errors that lead to an underestimation of the actual
volume of water falling to the ground and if the precipitation is solid the error is even greater (Lendvai et al.,
2014). The main uncertain factor is the wind that induces perturbations in the trajectory of raindrops that
prevents the funnel from collecting them accurately (Lendvai et al., 2014). these errors can essentially be
grouped into two subcategories such as systematic and random errors, where systematic errors are essentially
due to instrument malfunction, wrong exposure conditions or lack of observer knowledge (Jain et al., 2003);
whereas random errors cover from possible losses in and out of the receiver to observer errors in handling the
data.

All precipitation measurements, alongside other meteorological variables, besides being a valuable
tool for research in terms of better understanding what happens in our atmospheric system are also the
starting point for creating climate models as accurate as possible: climate models are useful tools for better
understanding and forecasting climate behavior on seasonal, yearly, decadal, and centennial time scales
(Buytaert et al., 2010). Models look into whether recorded climate changes are the result of natural variability,
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human action, or a combination of both. Their findings and estimates give critical information for making
better decisions about management of water resources, agriculture, infrastructure, and urban development
at the federal, provincial, and local levels.

Temperature, moisture content, pressure, sun radiation, precipitation, and wind conditions are all
continuously recorded by SwissMetNet standard monitoring station. The monitoring program and instruments
deployed are tailored to the type of station in question. Some stations are dedicated to the study of climate
and its long-term evolution; they are equipped with specific instruments that can be counted on to provide
accurate data over an extended period. MeteoSwiss optimizes its measurement systems with SwissMetNet in
order to meet the needs of its partners and customers in industries as diverse as air transport, meteorology,
agricultural production, power generation, and infrastructure maintenance. As a result, the measurement
program records various elements such as surface temperatures at various depths, sunshine length, radiation,

radioactivity, visibility, and of course precipitation.

2.2 Precipitation signatures

Precipitation data was originally available at a daily resolution but is now available at an hourly or
minute resolution. The most frequent used precipitation data is, however, the daily precipitation sum. The
analysis of extreme values by MeteoSwiss (Kotlarski and Rajczak, 2018), for example, used daily precipitation
data for the 1966 to 2015 period to determine climatic conditions. Multi-day metrics of precipitation that are
used in the literature are the 3-day, 7-day, and monthly precipitation. The tangible impacts on the territory
are a consequence of several consecutive days of torrential rains, dry periods, high temperatures, wind,
humidity; and beside having most accurate information possible is also an advantage to have a clearer view of
what happened and consider it for building models as accurate as possible is necessary and useful but a wider

overview, especially in term of time is not to be underestimated.

2.3 Climate models

Climate models are vital instruments for bettering our understanding and forecasting of atmospheric,
oceanic, and climate phenomena. They enable us to determine the unique influence of various climate aspects
by allowing us to investigate climate sensitivity using experiments that cannot be carried out in the real world.
For example, is possible to determine the influence of changes to one component in a climate model, such as
natural variability sea floor temperatures, simply by changing the variable on the simulation.

Moreover, they can be also used for diagnosis and prognosis. Detection and attribution are two
examples of diagnostic uses. Detection and attribution include proving that a measured variation is statistically
meaningful before assigning it to non-natural causes, such as the importance of anthropogenic forces in

twentieth-century climate change (Santer et al., 1995). Prognostic climate modelling uses current or historical
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data such as ocean topography and solar radiation to forecast future climate. Seasonal variability, decadal
forecasting, and 21st century forecasts are all timescales for projection. Finally, to test the validity and accuracy
of the model simulations, itis run for a period in the past. The results are then compared with the observations
obtained through the years testing the accuracy of the simulations and helps correct the equations that
regulate it. Furthering improvement and new ideas came also from constant comparison with the results and
the observations of other models already existing. (Sahoo et al., 2020).

Global Climate Models (GCMs) are computer-based simulations of the Earth's climate system. The
models cover various aspects of the Earth's climate system and include the most important processes in the
atmosphere, ocean, on land, and the cryosphere. They are used to reconstruct the climate in the past and to
make projections for the future (National Centre for Atmospheric Science, 2020).

Despite the validity of GCM simulations, the information has low resolution, on the order of hundreds
of kilometers. For areas where the models are largely dependent on orography, such as mountainous areas,
the GCM information is transferred to a regional scale by downscaling procedures in order to increase the
spatial resolution of the data. To achieve this goal, various downscaling techniques have been developed that
can be classified into statistical and dynamic downscaling.

Underlying the design of downscaled climate variables (such as precipitation) by statistical
downscaling is the assumption that statistical associations are valid even at different spatial resolutions (Wilby
et al.,, 1997). With this assumption, typing schemes, transfer functions, or weather generators are then used
for downscaling (Ayar et al., 2016). Although it is very simple to use, it has uncertainties as it relies on the
assumption that the statistical relationships used remain unchanged over time (Hakala et al., 2019).

Dynamical downscaling, on the other hand, includes the use of RCMs with spatial resolution from 10
to 50 kilometers that are performed using the boundary conditions obtained from GCMs offering a more
realistic view (Lafon et al., 2013). Regional Climate Models (RCMs) are embedded in global climate models, a
combination often referred as GCM-RCM model chain and with their higher spatial resolution allow forecasts
for smaller topography areas (Eden et al., 2014).

Despite the increase in accuracy a 10x10 km resolution is still too inaccurate for Switzerland, which is
why the RCMs are additionally downscaled to 2x2 km resolution through bias correction. As Maraun et al.
(2017) define a bias is “the systematic difference between a modeled property of the climate system and the
corresponding real property”. In practical terms it includes all corrections to the outputs given by climate
models through quantile mapping to reduce the effects of systematic errors in climate models and to make
the output more suitable as guidance data for hydrological models, ensuring as well that the distribution of
observed and simulated climate variables agree for past measurements (Hakala et al., 2019). The same

corrections are applied for future forecasts at a daily temporal resolution (CH2018, 2018).
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3 Method

3.1 Datasets
3.1.1 Observed data

For the comparison of the climate scenarios for precipitation with the observations, the SwissMetNet
(SMN) was selected because of the possibility for point-to-point comparisons. In addition, the long data time
series of the SMN mean that it is more likely to include extremes events. The SMN is an integrated automatic
monitoring network of MeteoSwiss which collets observations that resulted from a modernization of the
meteorological monitoring system between 2003 and 2015. Prior to 2003 MeteoSwiss had multiple networks
divided by observation type, but due the increasing demand of meteorological forecasting and climate
observation, SMN was created. The base of the network is thereby the collection of the previous one that
before 2003 were divided by observation type; to make some examples there is the ANETZ automatic
monitoring network and the ENET supplementary measurement network, as well as conventional climate
stations where parameters were measured three times a day, and "human" observations. With the
standardization® of SMN, continuous records for temperature, humidity, air pressure, solar radiation,
precipitation and wind strength and direction are available.

The studies region covers all of Switzerland. The data series for the different stations differs but were
cut to the 1981 and 2020 since CH2018 simulation outputs are available starting from 1981. The SwissMetNet
(SMN) network today includes 160 automatic meteorological station and 100 manual ones but only the 69

stations that were already active for daily precipitation record in 1981 were used for the analyses.

SwissMetNet network stations 2021

A

Legend

@ included in this study
O notinduded in this study

1:1500000

Figure 2 — SwissMetNew network station today 2021. Stations that it has been possible to use in this study are marked in
black.

L From here on, any reference to standardization refers to Edwards, 2011 publication.
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3.1.2 (CH2018 scenarios

The CH2018 Climate Scenarios for Switzerland were published in 2018 and are the results of a
combined effort by various Swiss institutions under the National Centre for Climate Services (NCCS):
MeteoSwiss, ETH Zlrich, the Centre for Climate System Modelling (C2SM), the University of Bern and the
Institute for Snow and Avalanche Research (SFL/WSL). All the changes of meteorological variables in CH2018
rely on the European Coordinated Downscale Experiment (EURO-CORDEX) ensembles of regional climate
simulation combined with Regional Climate Models (RCMs) (CH2018, 2018; Jacob et al., 2014). The CH2018
climate scenarios for Switzerland provides daily time series for the period 1981 - 2099 for precipitation and
other meteorological variables at individual station on Swiss territory (DAILY-LOCAL) as well as a 2 km gridded
data covering all Switzerland (DAILY-GRIDDED). Here the data for the stations that are part of the SwissMetNet
are used. The data are the results of bias correction and downscaling (quantile mapping QM) of the original
climate projection of EURO-CORDEX from which the different CH2018 scenarios have been derived. They
consist of several climate predictions resulting from different combinations of global GCMs and regional RCMs
climate models for three different greenhouse gas (GHG) scenarios: RCP2.6, RCP4.5 and RPC8.5. The three
scenarios or Representative Concentration Pathways (RCPs) describe the possible increase in radiative forcing
values in W/m2 by 2100 (CH2018,2018). In practice the three possible alternatives of RCPs are based on
anthropological impacts covering from a reduction in emissions up to the point where global warming is kept
below 2°C (RCP2.6) to unabated emissions (RCP8.5) with a possible intermediate scenario, where even with
due care global warming fails to stay below 2°C. (CH2018, 2018).

In total CH2018 scenarios are the result of 68 EURO-CORDEX simulations at two different resolutions:
EUR11 and EUR44, with approximately 12 km respectively 50 km spatial resolution. For the RCP2.6 scenario
there are 12 simulations, for the RCP4.5 25 simulations and finally for RCP8.5 31 simulations (Kotlarski et al.,
2018). Each EURO-CORDEX combination of RCMs and GCMs that CH2018 utilize are performed for both two
resolutions and the three RCPs scenarios according to the scheme [RCM]_[GCM]_[RESOLUTION]_[SCENARIO].
Table 3 contains the RCMs and GCMs abbreviations employed by the CH2018.

Full EURO-CORDEX RCM name

CH2018 abbreviation [RCM]

CLMcom-CCLM4-8-17
CLMcom-CCLM5-0-6
DMI-HIRHAMS
ICTP-RegCM4-3
KNMI-RACMO22E
MPI-CSC-REM020009 (r1ilpl)
MPI-CSC-REM020009 (r2ilpl)
SMHI-RCA4

CLMCOM-CCLM4
CLMCOM-CCLM5
DMI-HIRHAM
ICTP-REGCM
KNMI-RACMO
MPICSC-REMO1
MPICSC-REMO2
SMHI-RCA

Full EURO-CORDEX/CMIP5 GCM name

CH2018 abbreviation [GCM]

ICHEC-EC-EARTH

ECEARTH
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MOHC-HadGEM2-ES
MPI-M-MPI-ESM-LR
MIROC-MIROC5
IPSL-IPSL-CM5A-MR
CCCma-CanESM?2
CSIRO-QCCCE-CSIRO-Mk3-6-0
NCC-NorESM1-M
NOAA-GFDL-GFDL-ESM2M

HADGEM
MPIESM
MIROC
IPSL
CCCMA
CSIRO
NORESM
GFD

Table 1 —RCM and GCM abbreviations utilized for the CH2018 data file names (Kotlarski et al., 2018)

For the analysis all ten model chain outputs for EUR11 were used due its higher spatial resolution,

resulting in the following 24 outputs for each station (each model chain output for each scenario, however,

RCP2.6 is not available for every model chain resulting in 24 file pro station instead of 30) (Table 2).

CLMCOM-CCLM4_ECEARTH_EUR11 RCP45
CLMCOM-CCLM4_ECEARTH_EUR11 RCP85
CLMCOM-CCLM4_HADGEM_EUR11_RCP45
CLMCOM-CCLM4_HADGEM_EUR11_RCP85
CLMCOM-CCLM4_MPIESM_EUR11_RCP45
CLMCOM-CCLM4_MPIESM_EUR11_RCP85
DMI-HIRHAM_ECEARTH_EUR11_RCP26
DMI-HIRHAM_ECEARTH_EUR11_RCP45
DMI-HIRHAM_ECEARTH_EUR11_RCP85
MPICSC-REMO1_MPIESM_EUR11 RCP26
MPICSC-REMO1_MPIESM_EUR11_RCP45
MPICSC-REMO1_MPIESM_EUR11_RCP85

Table 2

CLMCOM-CCLM4_ECEARTH_EUR11_RCP45
CLMCOM-CCLM4_ECEARTH_EUR11_RCP85
CLMCOM-CCLM4_HADGEM_EUR11_RCP45
CLMCOM-CCLM4_HADGEM_EUR11_RCP85
CLMCOM-CCLM4_MPIESM_EUR11_RCP45
CLMCOM-CCLM4_MPIESM_EUR11_RCP85
DMI-HIRHAM_ECEARTH_EUR11_RCP26
DMI-HIRHAM_ECEARTH_EUR11 RCP45
DMI-HIRHAM_ECEARTH_EUR11_RCP85
MPICSC-REMO1_MPIESM_EUR11_RCP26
MPICSC-REMO1_MPIESM_EUR11_RCP45
MPICSC-REMO1_MPIESM_EUR11_RCP85

MPICSC-REMO2_MPIESM_EUR11_RCP26
MPICSC-REMO2_MPIESM_EUR11_RCP45
MPICSC-REMO2_MPIESM_EUR11_RCP85
SMHI-RCA_ECEARTH_EUR11 RCP26
SMHI-RCA_ECEARTH_EUR11 RCP45
SMHI-RCA_ECEARTH_EUR11_RCP85
SMHI-RCA_HADGEM_EUR11_RCP45
SMHI-RCA_HADGEM_EUR11_RCP85
SMHI-RCA_IPSL_EUR11_RCP45
SMHI-RCA_IPSL_EUR11_RCP85
SMHI-RCA_MPIESM_EUR11_RCP45
SMHI-RCA_MPIESM_EUR11_RCP85

MPICSC-REMO2_MPIESM_EUR11_RCP26
MPICSC-REMO2_MPIESM_EUR11_RCP45
MPICSC-REMO2_MPIESM_EUR11_RCP85
SMHI-RCA_ECEARTH_EUR11_RCP26
SMHI-RCA_ECEARTH_EUR11_RCP45
SMHI-RCA_ECEARTH_EUR11_RCP85
SMHI-RCA_HADGEM_EUR11 RCP45
SMHI-RCA_HADGEM_EUR11_RCP85
SMHI-RCA_IPSL_EUR11_RCP45
SMHI-RCA_IPSL_EUR11_RCP85
SMHI-RCA_MPIESM_EUR11_RCP45
SMHI-RCA_MPIESM_EUR11_RCP85
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Table 2 — List of CH2018 data files available for each station and therefore used in this work analysis

For the period with the observed data (1981 — 2020), the data from all ten models for the RCP8.5
scenario were used, as for this period the CO2 concentrations are based on measured CO2 concentrations.
For the period from 2020 onwards, the results from all three scenarios were compared, always including the
same ten model combinations. The data were assessed for the stations for which the observed data were

available for the 1981-2020 time period.

3.2 Dataanalyses

As mentioned in the previous section (3.1) the dataset consists of daily precipitation. The goal,
however, is to assess multi-day precipitation amounts that are important for extreme events, such as floods
or droughts. The chosen indices are the 3, 7, 30 and 90-day total rainfall, as well as the minimum and maximum
monthly rainfall. These are referred to as Ps, P, P3o, Pso, P3 @s Pmin and Pmaxin the remainder of the thesis. The
3 day rainfall (P3) was chosen because synoptic weather systems can last longer than a day but usually don’t
last longer than 3 days (Jones, 2021). The 7 days correspond to a week, twice the time of the 3 days but
rounded up to a more common temporal interval, whereas 30 and 90 days correspond respectively to at a

month and a season.

3.2.1 Comparison measurements and climate models

The multi-day rainfall amounts were calculated for every day between 1981 and 2020 for both the
observed data from SMN network weather stations and the ten models outputs time series for each RPC 8.5
scenario in the CH2018 dataset. For these multi-day precipitation time series, the 50th, 95th, 99th percentile,
maximum and minimum values were extracted. The 50" percentile summarize a distribution without excessive
deviations from central values but concerning extreme events does not provide useful information. For this
matter also the 95" and 99" percentile was calculated in the attempt to catch also the extreme event and
include their contribution on the analysis. Finally, the maximum and minimum were useful to estimate how
much they were different from the other statistical value calculated.

For the CH2018 dataset, the mean and standard deviation for these percentiles for the ten models
were calculated. For each percentile and precipitation duration, the mean value for the models was then
compared to that of the observed data. More specifically, | used the ratio between the mean value of the
percentile for the models and the percentile for the observations, so that 1 indicates that the model represents
the observations perfectly, a value less than 1 indicates that the models on average underestimate the real
data and a result greater than 1 indicates that the models on average overestimates the real data. This analysis

was done separately for all stations.
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To analyze the data for all stations, a set of scatterplots with the value for the observations on the x-
axis and the mean value for the ten models and an error bars corresponding to the standard deviation on the
y-axis was used for each percentile and rainfall duration. In addition, | created a set of boxplots of the ratios
to more easily compare the results for the different rainfall durations and the percentiles. Boxplots provide an
overview of the variability of the values showing the median, upper and lower quartile, maxima and minima
and eventual outliers in the dataset. The outliers can be indicative of errors or in the case of this work for
unusual occurrences in the data.

Ultimately, | chose two stations for which | also did a frequency distribution plot in order to also have
an example of what happen in a single station.

All analyses were done in the free software environment for statistical computing R (RStudio Team,
2021). More specifically, | used the packages: plyr, dplyr, naniar, lubridate, and ggplot2. In addition, | used the
free and open-source cross-platform desktop geographic information system application QGIS (QGIS.org,
2021) to analyze the geospatial data and create maps of Switzerland with the location of the station and the

value of the ratio between the mean model value for the percentile and that of the observed data.

3.2.2 Comparison current climate and future

For the future, i.e. the period between 2021 and 2099, the analyses were the same as for the past
period except that the data that was compared are the outputs of the three RCPs scenarios. The analyses were
repeated for the period from 2021 to 2060 and the period from 2061 to 2099. Since we no longer had the
observations, the comparison term were the scenarios outputs from 1981 to 2020 as control period. For both
future periods, the values of the statistical variables under consideration are compared for each RCP with the
corresponding statistical variable during the control period. To give a practical example, the average 95th
percentile of the period 2021 - 2060 for the RCP85 scenario is divided by the average 95th percentile of the
period 1981 — 2020 of the RCP85. With R boxplots and scatterplots were made, to check the correlation of the
datasets, completed by the frequency distribution of the two chosen station, for more insight into specific
locations and with QGIS, maps were made with the relationship between each scenario outputs with the same

scenario output in the past, to ultimately understand their spatial distribution.

13



Désirée Montalbetti Results

4 Results

This chapter presents the results of the study. First, the results of the analysis of the comparison with
the measured data (i.e., historic period) is presented and the second part includes the results of the analysis

of the projected future climate for the three RCPs scenarios.

4.1 Historic data
4.1.1 Multi-day rainfall across Switzerland

Before diving into future simulations outputs, a quick look at the precipitation situation in Switzerland
for the period from 1981 to 2020. Extreme rainfalls are registered in Ticino. Precipitation in Ticino is higher on
annual time scales due to extreme rainfall however, precipitation occur only a few days per year. For shorter
time window (daily to weekly) the Swiss plateau is likely to have more millimeters of rainfall as it undergoes

low rains throughout the year (Bader et al., 2004).
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Figure 3 — Maps showing the mean of the SMN network for 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) in the period
between 1981 and 2020. Precipitation intensity in mm/24h is according to MeteoSwiss terms which owns the SMN network and its
data.

In Figure 3 is presented the average rainfall recorded by SMN network for the period between 1981

and 2020. On average, no spatial differences are observed because the amount of perceived precipitation

depends on the extremes and on how many rainy days each part of Switzerland perceives, therefore it is not

surprising that when analyzing the average precipitation, no spatial differences are seen for all the time

windows analyzed.
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Figure 4 - Maps showing the maximum of the SMN network for 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) in the period

between 1981 and 2020. Precipitation intensity in mm/24h is according to MeteoSwiss terms which owns the SMN network and its
data.

Figure 4 shows the recorded maxima rainfall recorded by SMIN network for the period between 1981
and 2020. Maximum'’s precipitation as it could be expected are more evident in small time windows, maximum
are events that occur occasionally (for now, although simulations predict an increase in their frequency) so it
is more likely that they are more evident in the shorter time windows than in the long ones. Independentely
of the time window analyzed a predisposition to the south of the Alps and in the area of Walensee going
towards Lichtenstein can be seen. The singular analysis of the two stations below (Figure 5) support these
entries and the total rainfall values are higher for the station of Coldrerio than for the station of Opfikon for
all time windows. Based on the knowledge of Ticino climate, it is possible that having fewer days of rain but
large quantities made the cumulative value of the frequency distribution for Coldrerio higher, although the

number of rainy days is lower than that recorded for Opfikon. Opfikon, in fact, have on average less extreme

rainfall but distributed in a more homogeneous way.
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4.1.2 Comparison of the frequency distributions for two selected stations

To gain a more detailed overview at the distribution of the observed and simulated rainfall for the 3,
7, 30 and 90 day total precipitation, the distributions for two selected sites Coldrerio (COL) in Ticino and
Opfikon (OPF) in canton Zirich are shown in Figure 5 and 6, respectively. The Coldrerio station in Ticino was
chosen because in the last years, Ticino had big flood problems following torrential rains, These frequency
distributions show that the model simulations result in a lower frequency of low total precipitation and a
higher frequency of very high total precipitation, and that the differences increase somewhat as the period
over which the total precipitation is calculated increases. In other words, the distribution of the modeled multi-
day precipitation is “broader” than the observed distribution. It can be seen that as the number of observations
increases all three scenarios overestimate the observations with an average value that increases as the time

intervals increase. The values are presented in Table 3.
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Figure 5 — Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Coldrerio
(COL) station during the period between 1981 and 2020. The red line indicates the observations obtained from SMN, while the blue ones
represent the result of the ten chain model simulations for the RCP8.5 scenario.
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The station of Opfikon in canton Zirich was chosen because it was interesting to see how the model
predict a station close to the university (Opfikon is the closest that was available from the stations selection).
Similar to the Coldrerio station the distribution of the modeled multiday precipitation is broader than the
observed precipitation. These differences in the frequency distributions are also reflected in the differences
between CH2018 simulations for all ten chain model with RCP8.5 and SMN observed rainfall. For a clearer idea

of the difference value see Table 3.
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Figure 6 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Opfikon (OPF)
station during the period between 1981 and 2020. The red line indicates the observations obtained from SMN, while the blue ones
represent the result of the ten chain model simulations for the RCP8.5 scenario.

Difference (mm) P3 P7 P30 P90
COL 99.96 151.77 290.95 467.76
OPF 50.35 75.01 153.06 252.54

Table 3: Average difference between the ten CH2018 simulations for RCP8.5 and SMN observations during the period 1981-
2020 in millimeters of the multi-day precipitation for Coldrerio (COL) and Opfikon (OPF) stations.

18



Désirée Montalbetti Results

4.1.3 Comparison of the percentiles for all stations

The four statistics analyzed (median, 95" percentile, 99" percentile, and maximum) were compared
for the model results and observations for all stations. The correlation results are show in Figures 7 and 8 for
the 95" and 99'" percentiles and in Appendix Figure 50 and 51 for the median and maximum values.

The statistic for the observed precipitation in millimeter is plotted on the x-axis, while the chain model
outputs are shown on the y-axis. The error bar length is equal to the standard deviation of the ten different

chain model outputs.

The median for the two datasets for short durations, such as 3 and 7 days do not agree but for the
results for the 30 and 90 day precipitation are closer to the 1:1 line and there are fewer stations for which the

model results and observations differ considerably.
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Figure 7 — Correlation between the 95t percentile of the observed and simulated 3 (a), 7 (b), 30 (c) and 90 day precipitation
(d) in millimeters for the 69 SMN for the period between 1981 and 2020. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results.
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The 95th percentile values (Figure 7) however are closer to a 1-to-1 correlation. Note that for one
station (Amriswil), the model results for the 90 day time precipitation differ significantly for this statistic (Figure
7.d). The results for the 99" percentile of the precipitation are similar but the differences between the model
results are larger, as indicated by the much larger error bars in Figure 8. This effect is even clearer for the

maximum values (see Figure 51 in the Appendix).
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Figure 8: Correlation between the 99t percentile of the observed and simulated 3 (a), 7 (b), 30 (c) and 90 day precipitation
(d) in millimeters for the 69 stations for the period between 1981 and 2020. The blue line displays the 1:1 line while the error bars
indicate the standard deviation of the ten CH2018 model results.

The boxplots of the ratio between the chain model mean value of the statistic and the statistic for the
observed value (Figure 9) and maps (Figures 10 and Figures 11) show a similar result, moreover the maps show

the spatial distribution on the territory of the results.
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Figure 9 - Boxplots of the ratio of the median (a), 95" percentile (b), 99t percentile (c) and maximum (d) every box represents
each one of the time period analyzed for the observation and the mean of the ten chain models outputs for the period between 1981
and 2020. A value of 1 indicates that the statistic is the same for the observed and model data, values below 1 indicate that the CH2018
simulations underestimate the data, while the values above 1 indicate an overestimation.

The median (or 50th percentile) differs significantly for the SMN data and CH2018 simulations.
However, this ratio improves as the time interval increases: for the 90-day time window, of the ratio is closer
to 1 for most station (average value of 1.01). The correspondence between the model and observations is
much better for the 95th and 99" percentiles, although most of the values are above 1, i.e., the CH2018

simulations overestimate the extreme rainfall compared to the SMN data.

The median 3 and 7 day precipitation are underestimated for all Swiss stations analyzed but the
median 30 and 90 day precipitation are less underestimation in the north, northwest of Switzerland and the
median 90 day precipitation is almost close to that observed for these regions (see Figure 50.d in the

Appendix).
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Figure 10 — Maps showing the ratio of the 95t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the CH2018
simulations (mean of all ten chain models) and the observations for the period between 1981 and 2020. Values larger than 1 indicate

an overestimation (blue) and values less than 1 an underestimation (red).

The 95th percentile of the 3 day precipitation is slightly overestimated across the Alps line but slightly
underestimated across the southwest-northeast line near Neuchatel and the Nifenen pass. The results for the
7 day precipitation similar but there are more stations for which the model results are overestimated. This
trend is attenuated even more looking at the 90 precipitation. In general, the areas most affected by an
overestimation are located in the Alps and north of the Alps, while for Ticino and in the northeastern part of

Switzerland the 95 percentile of the precipitation is underestimated (Figure 10).
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Figure 11 — Maps showing the ratio of the 99t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the CH2018
simulations (mean of all ten chain models) and the observations for the period between 1981 and 2020. Values larger than 1 indicate

an overestimation (blue) and values less than 1 an underestimation (red).

The results for the 99th percentile show a similar pattern of underestimation and overestimation: an
overestimation in the mountains that changes to an underestimation as one moves away from them. The most
stations for which this statistic are underestimated are even more evident and are mainly located in Ticino and

on the southwest-northeast line starting from Neuchétel (Figure 11).

The spatial pattern for the maximum 3 and 7-day precipitation is not very strong with stations for
which the models over- and underestimate the precipitation, except for a slight tendency for overestimation
for northeastern Switzerland. The 30 day maxima are mainly overestimated in the north of the Alps and
underestimated in the south, while for the 90 day window the results are more mixed. The stations with the

greatest underestimation are located in Ticino, as well as in the Valais on the Alps line (see Figure 51 in the

Appendix).
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4.2 Future

For the future analysis the dataset has been divided into two parts: the first one goes from 2021 to
2060 and the second one from 2061 until 2099. In this way the number of years is kept as close as possible to
that of the historical data, with an average of 40 years.

To make the reading more agile from this point on, the period where SMN precipitation historic record
are available (1981-2020) will be indicated with PC: control period. Moreover, the first future period (2021-

2061) will be referred to as F1, and the second future period (2061-2099) as F2.

4.3  First future period (2021 — 2060)

The analysis for the simulations of F1 have been carried out with the same method of the past with
the difference that every output has been put to comparison with the correspondent scenario in PC.

Moreover, all scenarios were analyzed.
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4.3.1 Comparison of the frequency distributions for two selected stations

Below is the cumulative frequency per Coldrerio for the RCP2.6 scenario (Figure 12), for the 3 and 7
day time windows the simulation for the past period simulate more rainy days with little precipitation and with
the increasing of daily precipitation reverse the situation and future simulations predict more days with high
rate of precipitation. However, for a range of average precipitation the simulated in the control period exceeds
the prediction of the simulation

These data are consistent with the prediction that in the future the trend of extreme precipitation will
increase and even if the scenario predicts a decrease in emissions following a contained global temperature
rise and so neither precipitation should rise much. Nevertheless, for these changes to be noticeable probably
more time is needed. Regarding the time windows of 30 and 90 days we can see a range of days with little
precipitation where the model predicts more rainy days than the control period ones, but for the days with

important precipitation also here the forecast is higher than the simulated in the PC.
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Figure 12 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Coldrerio

(COL) station during the period between 2021 and 2060. The red line indicates mean of the RCP2.6 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP2.6 scenario for 2021-2060.
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Analyzing the results of the simulations for the RCP4.5 scenario (Figure 13) we see the same trend as
for the RCP2.6 scenario: the more consistent the rainfall, the more days with high precipitation are simulated
relative to the simulated for the PC, plus a middle range of precipitation the simulated in the PC exceeds the
prediction of the simulation. For the 30- and 90-day time windows the days with little rainfall are

overestimated relative to the simulated for PC.
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Figure 13 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Coldrerio
(COL) station during the period between 2021 and 2060. The red line indicates mean of the RCP4.5 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP4.5 scenario for 2021-2060.
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The trend noted for the two previous scenarios is repeated for scenario RCP8.5 (Figure 14), the more
intense the rainfall the more the model simulates its frequency compared to the simulated PC. Nevertheless,
for a range of average precipitation the PC exceeds the prediction of the simulation. Moreover, time windows

of 30 and 90 days there is a portion of days with little precipitation that exceeds the simulated PC one.
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Figure 14 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Coldrerio
(COL) station during the period between 2021 and 2060. The red line indicates mean of the RCP8.5 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP8.5 scenario for 2021-2060.
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Since it is not easy to see the extent of the difference between future simulation of the three scenarios
data between 2021 and 2060 and the correspondent scenario in the PC, below is a table with the exact

numbers of the average difference between the model and the PC data for Coldrerio over the three different

scenarios (Table 4).

Difference COL (mm) P3 P7 P30 P90
RCP2.6 6.75 11.25 33.03 89.51
RCP4.5 4.79 8.77 19.38 36.56
RCP8.5 2.62 2.27 2.48 -8.28

Table 4 - Average difference between the ten CH2018 simulations for the three scenarios during the period 2021-2060 and
the ten CH2018 simulations for the correspondent scenarios during the period 1981-2020 in millimeters of the multi-day precipitation
for Coldrerio (COL).

Overall the fact that future simulations are higher than those during the control period show that a
general increase for extreme precipitation is expected over the next 40 years despite the precautions that can
be taken, this may also mean that 40 years is too few years to see effects that would bring precipitation back
to more consistent and predictable levels. In spite of the general tendency of the future forecasts the
differences between the PC and F1 agrees with the constraints of the scenarios, the highest differences are

noticed in the scenario 2.6, the medium ones for RCP4.5 while the minor ones for RCP&.5
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As for Coldrerio station the trend where the more the rainfall is consistent and the more the rainy days

are simulated compared to the simulations in the PC is also repeated for Opfikon station for all 3 scenarios

(RCP2.6 Figure 15, RCP4.5 Figure 16, and RCP8.5 Figure 17). Moreover, in Table 5 the results of the average

difference between the simulation of each scenario during the period between 2021 and 2060 and the

simulation of the corresponding scenario for the PC.
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Figure 15 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Opfikon
(OPF) station during the period between 2021 and 2060. The red line indicates mean of the RCP2.6 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP2.6 scenario for 2021-2060.
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represent the result of the ten chain model simulations for the RCP4.5 scenario for 2021-2060.
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Figure 17 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Opfikon
(OPF) station during the period between 2021 and 2060. The red line indicates mean of the RCP8.5 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP8.5 scenario for 2021-2060.

To make clearer the extent of the difference between the simulated scenario in F1 and the

correspondent scenario in the PC below is a table with the exact numbers of the average difference between

the two datasets for Opfikon (Table 5).

Difference OPF (mm) P3 P7 P30 P90
RCP2.6 1.92 3.36 -7.78 -0.83
RCP4.5 2.83 3.16 3.32 3.64
RCP8.5 3.02 4.6 4.67 -0.96

Table 5 - Average difference between the ten CH2018 simulations for the three scenarios during the period 2021-2060 and
the ten CH2018 simulations for the correspondent scenarios during the period 1981-2020 in millimeters of the multi-day precipitation

for Opfikon (OPF).
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Even if both stations present the same trend, it can be seen from the analysis of the differences
presented in Table 4 and 5 that the simulations are less accurate for the station of Coldrerio. With comparison
to the Coldrerio station, the differences between the PC and F1 simulations do not agree with the scenario
constraints. In the 3 days time window, the largest differences are found in the future simulations for the 8.5
scenario, as well as in the 7 days although the difference for RCP2.6 is slightly higher than for RCP4.5. Analyzing
the 30 days it can be seen that the RCP2.6 simulations are lower than the control period, consistent with the
constraints, but RCP4.5 has a lower difference than RCP8.5 when for how the scenarios are thought should be
the opposite situation, namely the difference of RCP8.5 should be the least, as it is the scenario that does have

unabated conditions.

4.3.2 Comparison of the percentiles for all stations

Below are presented the correlation results for each scenario (RCP2.6 Figure 18, RCP4.5 Figure 19 and
RCP8.5 Figure 20) between the statistic for the ten chain model outputs in millimeter per scenario simulated
for the control period (1981 -2020), plotted on the x-axis, while the chain model outputs for the period in
analysis (2021 — 2060) are shown on the y-axis. Each scenario is compared with its correspondent in the past.
Moreover, the error bar length is equal to the standard deviation of the ten different chain model outputs.

The error bars correspond to the standard deviation while the blue line indicates the perfect 1 to 1
correlation between the simulation of each scenario during the analyzed period (2021-2060) and the
simulation of its corresponding scenario during the control period. For the median and the maximum
correlation results refer to the appendix Figure 54 for the median of RCP2.6, 55 for RCP4.5 and 56 for RCP8.5,
whereas refer to Figure 57, 58, 59 for the maxima of RCP2.6, RCP4.5, RCP8.5 respectively.

Correlations for the median show very good correlations for all scenarios for all time windows with
few significant differences.

When considering the 95th percentile all three scenarios show good correlation between the PC and
F1 simulations. The subdivision of the stations with respect to precipitation in millimeters does not show
particular trends but analyzing the error bars reveals how they vary by scenario and time window. The results
for the analysis of the 95" percentile can be seen in Figure 18 for RCP2.6, Figure 19 for RCP4.5 and Figure 20
for RCP8.5.

Regarding the time window of 3 and 7 days, the tendency of the error bars is to be contained for
RCP2.6 compared to the other two scenarios, the scenario RCP8.5 presents somewhat higher standard
deviations while it is the scenario RCP4.5 that has the highest values for the standard deviation. Regarding the
longer time windows (i.e., 30 and 90 days) it is RCP8.5 to present the highest standard deviations, RCP2.6 has
values very close to those of the station (i.e., close to the simulations during the PC) while RCP4.5 presents
intermediate values.
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Figure 18 - Correlation between the 95t percentile of RCP2.6 (2021 — 2060) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results

Scenario 2.6 (Figure 18) presents slightly overestimation of the PC data and a minimum standard

deviation. Moreover the correlation for every station are fairly good, being close to the 1 to 1 correlation line.
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Figure 19 - Correlation between the 95t percentile of RCP4.5 (2021 — 2060) and RCP4.5 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate

the standard deviation of CH2018 model results

Scenario 4.5 (Figure 19) has unexpected values for the 3 and 7 day time windows, in fact it has the

highest standard deviations compared to the other two scenarios, while it should have a middle course

between scenario 2.6 and 8.5. Correlation for every station is close to the 1 to 1 correlation line as for scenario

2.6, with a slight tendency of overestimation for higher millimeter amount.
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Figure 20 - Correlation between the 95t percentile of RCP8.5 (2021 — 2060) and RCP8.5 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results

Finally scenario 8.5 (Figure 20), except for the short time windows just mentioned, follows
expectations in that without intervention an increase over the control period is expected, i.e. F1 simulations
overestimate those of the PC.

For the most part the results of the correlations follow the expectations, the correlation is mostly close
to 1 to 1, in 40 years the effects are not strongly visible even with precautions and the standard deviation
increase with increasing amount of precipitation in millimeters, which is not surprising because the extreme

events are not fully expressed in the PC.
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Below are the results of the 99" percentile correlations by station (Figure 21 for RCP2.6, 22 for RCP4.5

and RCP8.5 in Figure 23), it can be seen that the 3-day time windows have good correlations with small

standard deviations for all three scenarios, followed by the 7-day time window with a similar trend even if the

standard deviations are slightly larger. The 30-day time window has good correlations on the three scenarios.

Moreover, the standard deviations are small for RCP2.6 and are slightly higher for RCP4.5 and even higher for

RCP8.5. Finally, the 90-day time window has a good correlation with small standard deviations while RCP4.5

and RCP8.5 have good correlations but slightly higher standard deviations.
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Figure 21 - Correlation between the 99t percentile of RCP2.6 (2021 — 2060) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results
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Even if the standard deviations are higher than the 95 percentile analysis, overall looking at the 99"
percentile does suggest that the trend seen for the 95 percentile is for the most past the same: correlations

close to 1 to 1, standard deviation increase with increasing amount of precipitation in millimeter.

Contrary to expectations the maximums (Figure 57, 58, 59 for RCP2.6, RCP4.5 and RCP8.5 respectively)
RCP2.6 the PC results are generally overestimated with some exceptions for the 3 and 7 days where the high
precipitation is underestimated instead, as regards of the standard deviations there are higher for the 3 and
30 days while for the 7 and 90 days are always high but more contained. RCP4.5 time windows of 3 and 7 days
underestimate the past while the 30 and 90 days overestimate it in general the more the time window
increases the better are the correlations between PC and F1 simulation data. Finally the scenario 8.5 on the
other hand the 3 days underestimate PC with large standard deviations, the 7 days time window

underestimate PC but the standard deviations are more contained than the 3 days, whereas 30 and 90 days
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have standard deviations similar to the 7 days but moreover, the distribution in terms of millimeters is more

homogeneous and a slight tendency to overestimate the PC data.

The boxplots that follow (Figure 24) present the ratio between the chain model mean value of the
statistic and the same chain model mean value in the PC. They are organized for the four statistics and
scenarios and to have a better view of the different impact of the scenarios regarding the statistics analyzed.
RCP2.6 is represented in blue, the green stands for RCP4.5 and red is for RCP8.5.

Altogether the boxplots are very close to a one-to-one correlation with the PC simulations although in
general they show a tendency to overestimate the simulations for the corresponding scenario in the PC. The
median and 95th percentile show overestimations for all scenarios and time windows. The 99th percentile
approaches the 1-to-1 correlation for the 30- and 90-day time windows, while the maxima are underestimated

with the RCP4.5 and RCP8.5 scenarios while the RCP2.6 scenario is very close to the 1 value.
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Figure 24 - Boxplots of the ratio of the median (a), 95t percentile (b), 99t percentile (c) and maximum (d) every box represents
each one of the time period analyzed for the mean of the ten CH2018 simulation for each scenario for the period 2021-2060 and the
mean of the ten CH2018 simulation for the same scenario for the period 2021-2060 between 1981 and 2020 (i.e. mean of RCP2.6
simulations in 2021-2060 over the mean of RCP2.6 simulation in 1981-2020 and so on). The results for the RCP2.6 are presented in blue,
green for RCP4.5 and red for RCP8.5. A value of 1 indicates that the statistic is the same for the observed and model data, values below
1 indicate that the CH2018 simulations underestimate the data, while the values above 1 indicate an overestimation.

The median suggests that there would be an overestimation by scenario 2.6 indicating an increase in
mean, 95th and 99th percentile precipitation while keeping the maxima like the PC, thus with a general trend
towards an increase in extreme precipitation but with moderation. Scenario 4.5 overestimates the mean and
95th percentile, while for the 99th it remains in line with the control period, for the maxima the trend is of
underestimation, which is contrary to expectations of a moderate increase. Regarding scenario 8.5, it follows
the trend of RCP4.5 although in a more pronounced way, meaning that, except for the maximums, its trend it

is in line with constraints expectations.
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Spatial analysis of the data for the median, the RCP2.6 (Figure 60 in the appendix) present a general
overestimate with exceptions visible in Ticino for the time windows of 7 30 and 90 days. RCP4.5 (Figure 61 in
the appendix) shows an underestimation in the Alps while the rest of the territory is slightly overestimated,
this trend improves with increasing time window. As for the RCP8.5 (Figure 62 in the appendix), Ticino and the
west of Switzerland are underestimated, the estimate for the Swiss plateau is fairly good for the time window
of three days, the 7 days present a general overestimation except for Ticino which is underestimated while
the 30 days underestimate the Alps and Ticino compared to the rest of Switzerland which has overestimated.
Finally for the 90 days the underestimation tends to the south of the Alps.

The spatial analysis of the 95™ percentile shows that the correlations for the RCP2.6 scenario (Figure
25) overestimate the data for all time windows in the west area of Switzerland and has a slight underestimation
in the Valais area. Scenarios 4.5 (Figure 26) shows that the prediction will tend to underestimate the alps area
and overestimate the rest of the area. While the predictions for scenario 8.5 (Figure 27) are in line with the
simulations for the Alps, under the pre-Alps in Ticino and lower Grisons are slightly underestimated while in

the rest of the territory overestimated.
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Figure 25 - Maps showing the ratio of the 95t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP2.6
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP2.6 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).
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Figure 26 - Maps showing the ratio of the 95t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP4.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP4.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).
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Figure 27 — Maps showing the ratio of the 95t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP8.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP8.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)
and values less than 1 an underestimation (red).

Spatial analysis for the 95th percentile shows that a spatial correlation is most evident for scenarios
4.5 and 8.5. The effect of the alps is evident from the disposition of the over- and underestimates. It therefore
suggests that a decrease in greenhouse gas would have an underestimate over the entire territory without
taking topography into account (RCP2.6) while if greenhouse gases are not or only partially monitored (RCP8.5,
RCP4.5) the alps would have an underestimate while the rest of the territory would have an overestimate, i.e.

there would be more rainfall in the alps and less in the rest of Switzerland.
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Regarding the 99th percentile, scenario 2.6 (Figure 28) has no significant spatial correlations for the 3
and 7 days while for the 30 and 90 days there is a slight trend on the Swiss plateau of an underestimation.
Scenario 4.5 (Figure 29) has a good estimation for the north of the Alps for the 3 and 7 days while for the 30
days there is an underestimation in the area east of Switzerland, an overestimation in the south and northwest,
while for the 90 days the trend is an underestimation on the arc north of the Alps from Lausanne to
Schaffhausen; for the rest of Switzerland the trend is towards overestimation. Scenario 8.5 (Figure 30),

however, does not present significant spatial correlations in addition to a general overestimation on the

territory.
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Figure 28 - Maps showing the ratio of the 99t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP2.6
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP2.6 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)
and values less than 1 an underestimation (red).
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Figure 29 - Maps showing the ratio of the 99t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP4.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP4.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).
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Figure 30 - Maps showing the ratio of the 99t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP8.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP8.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)
and values less than 1 an underestimation (red).

Overall, a general spatial underestimation for the 99th percentile with visible but unremarkable trends
for the 3- and 7-day in all three scenarios. The 30 and 90 days show some spatial trends for scenarios 4.5 and
8.5.

Regarding the maximums (Appendix Figure 63, 64, 65 for RCP2.6, 4.5, and 8.5 respectively), the
general underestimation presented in the box plots does not find particular spatial dispositions on Switzerland
even the scenario 2.6 that should have been closer to the correlation one to one does not present particular
spatial dispositions for the three days there are some slight exceptions of overestimation in Valais, Ticino in

the south of Graublnden.
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4.4 Second future period (2061 — 2099)

Allthe considerations made for the F1 apply also for the analyses of this F2 period. However, we expect
that the difference between the analyzed period (2061-2099) and the PC (1981-2020) will be a bit more
pronounced, since the effect of the constraints of the simulations for each scenario had more time for which

a difference can be more noticeable, even though where was already visible in the F1 period analysis.

4.4.1 Comparison of the frequency distributions for two selected stations

As for F1, the first analysis presented is the cumulative frequency for Coldrerio and Opfikon station.
The results are presented by scenario and each figure presents the four time windows analyzed for that
scenario. Figures 31, 32, and 33 are the results of each RCPs for Coldrerio while Figures 34, 35, and 36 present
each RCPs results for Opfikon. Furthermore, as indicated in the Figure caption, the red line indicates the
average of the scenario analyzed for PC while the blue lines are the result of the CH2018 ten chain model
simulations for F2.

To the naked eye the differences between F1 and F2 are hardly visible, to facilitate reading therefore
in Table 6 the average differences between the ten CH2018 chain model simulations for each scenario during

F2 and the results of the respective scenario during PC are summarized.
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Figure 31 — Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Coldrerio
(COL) station during the period between 2061 and 2099. The red line indicates mean of the RCP2.6 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP2.6 scenario for 2061-2099.

As anticipated Figure 31 presents the results of the cumulative frequency for Coldrerio and more
precisely for RCP2.6. As stated before the difference to F1 is not easy to perceive. For the 3 and 7 days more
than the 30 and 90 days, where a decrease in the slope of the curve is noticeable, indicating that more days
are needed to reach the maximum millimeters simulated in F1. It follows that the simulation for F2 does not
predict heavy rain as much as F1, consistent with the constraints of RCP2.6.

From the overlay of the F1 and F2 results, a shift to the right of the curves can be seen, indicating that
the total simulated millimeters are higher than in the first future period. Thus, the simulation indicates less

heavy rain but over more rainy days.
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Figure 32 — Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Coldrerio
(COL) station during the period between 2061 and 2099. The red line indicates mean of the RCP4.5 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP4.5 scenario for 2061-2099.

Figure 32 presents the cumulative frequency results for Coldrerio for the RCP4.5 scenario. The trend

in each time window mirrors those already noted for F1. In addition, the considerations made for Figure 31

also apply to this scenario: the total millimeters are higher and the slope slightly smaller than the results in F1.

RCP4.5 constraints predict a less dramatic decrease in emissions than RCP2.6, but in each case is consistent

with expectations.
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Figure 33 — Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Coldrerio
(COL) station during the period between 2061 and 2099. The red line indicates mean of the RCP8.5 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP8.5 scenario for 2061-2099.

The same considerations with respect to F1 also apply to the RCP8.5 scenario in Figure 33. Higher total

millimeters and less strong tilt for longer time windows.

Difference COL (mm) P3 P7 P30 P90
RCP2.6 5.88 9.61 50.35 100.23
RCP4.5 5.27 8.50 18.61 27.61
RCP8.5 5.80 9.99 18.08 20.23

Table 6 - Average difference between the ten CH2018 simulations for the three scenarios during the period 2061-2099 and
the ten CH2018 simulations for the correspondent scenarios during the period 1981-2020 in millimeters of the multi-day precipitation

for Coldrerio (COL).

In general, comparing the two tables for the difference between the period under analysis and PC

(Table 4 summarizing the average differences between the ten chain model outputs for F1 and the mean of
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the simulations outputs for each scenario during PC and Table 6 with the summary of the average differences
between the ten chain model outputs for F2 and the mean of the simulations outputs for each scenario during
PC), it can be seen that these F2 values are lower for scenarios 2.6 and 4.5 compared to Table 4, but they are

significantly higher for RCP8.5.
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Figure 34 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Opfikon
(OPF) station during the period between 2061 and 2099. The red line indicates mean of the RCP2.6 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP2.6 scenario for 2061-2099.
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Analyses of the cumulative frequencies for Opfikon show the same trend as observed for Coldrerio,
higher total millimeters and for the 30 and 90 day time windows the slope is less strong for all scenarios. It can
also be seen from the graphs that the total precipitation Opfikon arrives at is lower than Coldrerio in all
scenarios for all time windows Since the difference between F2 and PC results by analyzing the graphs is not

immediate except for observations on their trend, refer to Table 7 for specifics.

P3 PT
. _— g
-]
g ~
g ]
g [
fe §°
g g
£ £
o 50 100 150 o 50 100 150 200 50
(G) ‘pracipitation (mm) (b) ‘pracipitation (mm)
P30 P30
g
¥ 2]
3
§
§ ]
g 7 &
g T
P2 H
5 F
5z F
i H
g -
: ;
B8
i
- g |
T T T T T - T T T T T
. 100 w0 w A o w0 o o "o
(c) P—— (d) peecptabon )

Figure 35 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Opfikon
(OPF) station during the period between 2061 and 2099. The red line indicates mean of the RCP4.5 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP4.5 scenario for 2061-2099.
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Figure 36 - Cumulative frequency of the 3 (a), 7 (b), 30 (c) and 90 days total precipitation (d) in millimeter for the Opfikon
(OPF) station during the period between 2061 and 2099. The red line indicates mean of the RCP8.5 for 1981 — 2020, while the blue ones
represent the result of the ten chain model simulations for the RCP8.5 scenario for 2061-2099.

Difference OPF (mm) 3] P7 P30 P90
RCP2.6 1.01 1.12 -1.68 0.73
RCP4.5 5.23 8.05 13.89 15.64
RCP8.5 7.76 12.87 21.29 47.82

Table 7 - Average difference between the ten CH2018 simulations for the three scenarios during the period 2061-2099 and
the ten CH2018 simulations for the correspondent scenarios during the period 1981-2020 in millimeters of the multi-day precipitation
for Opfikon (OPF).

As with Table 6, Table 7 collects the average of the difference between the ten chain model outputs of the
simulations for each scenario for the F2 period and the average of the simulations for each scenario during
the PC. The differences between the data during the PC and those for F2 are lower than in Table 5 (which
includes the same differences as Table 7 but for F1) for scenario 2.6, but not for scenarios 4.5 and 8.5. As with
Table 6, Table 7 collects the average of the difference between the ten chain model outputs of the simulations
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for each scenario for the F2 period and the average of the simulations for each scenario during the PC. The
differences between the data during the PC and those for F2 are lower than in Table 5 (which includes the

same differences as Table 7 but for F1) for scenario 2.6, but not for scenarios 4.5 and 8.5.

4.4.2 Comparison of the percentiles for all stations

The second analysis was done for all stations selected for the work. The results of the correlations for
each scenario in the F2 dataset with the corresponding scenario dataset for the PC are presented below. As
for F1 on the x-axis the PC outputs are plotted while on the y-axis the F2 outputs are plotted. The error bars
correspond to the standard deviation of the tan chain model simulation outputs. The blue line, on the other
hand, is an indicator of the 1-to-1 correlation between the two datasets.

In addition, the results of the median and maximum analyses can be found in the appendix section.
For the median of scenario 2.6 refer to figure 66, for RCP4.5 refer to figure 67 while scenario 8.5 is presented
in figure 68. For the maximums refer to figure 69, 70 and 71 which show the results of RCP2.6, RCP4.5 and
RCP8.5 respectively.

Median analysis (Figure 66 for RCP2.6, Figure 67 for RCP4.5, and Figure 68 for RCP8.5) for all three
scenarios show good correlation. The stations are very close to the 1-to-1 correlation line with a tendency to
overestimate the PC results. The standard deviations also gradually increase from analyzing scenario 2.6 to
scenario 4.5 and again when analyzing scenario 8.5.

The second statistical variable analyzed is the 95th percentile. Figures 37, 38, and 39 present the
results of the correlation analyses for RCP2.6, RCP4.5, and RCP8.5, respectively. Considerations were made in

a single paragraph following Figure 39 to have more clear overview of the three scenarios simulations results.
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Figure 37 - Correlation between the 95t percentile of RCP2.6 (2061 — 2099) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results
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Figure 39 - Correlation between the 95t percentile of RCP8.5 (2061 — 2099) and RCP8.5 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results

Figures 37, 38, 39 show the 95th percentile correlations of RCP2.6, RCP4.5, and RCP8.5, respectively, for the
69 stations analyzed. It can be seen that the stations are close to the blue line, an indicator of 1:1 correlation,
with a general overestimation of the PC results. Compared to the median, the values for the standard
deviations are less high and the difference between the three scenarios too small to make adequate
considerations. In the longer time windows (30 and 90 days) it can be seen that the stations are more evenly
distributed for high rainfall amounts (in millimeters), heavy rain therefore seems better displayed for these
time windows.

The third statistical variable refers to the 99th percentile. Figures 40, 41, and 42 present the results of
the correlation analyses for RCP2.6, RCP4.5, and RCP8.5, respectively. Considerations were made in a single

paragraph following Figure 42 to have the clearest possible overview.
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Figure 40 - Correlation between the 99" percentile of RCP2.6 (2061 — 2099) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results
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Figure 41 - Correlation between the 99" percentile of RCP4.5 (2061 — 2099) and RCP4.5 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results
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Figure 42 - Correlation between the 99t percentile of RCP8.5 (2061 — 2099) and RCP8.5 (1981 — 2020) of the 3 (a), 7 (b), 30
(c) and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results

Also for this variable, the correlations between F2 and PC are good, the stations are close to the 1 to
1 correlation line. In contrast to the 95th percentile, the representation of the involuted stations becomes
thinner and rarer for rainfall with many millimeters of rain. This inhomogeneity is an indicator that heavy rain
only occurs in a few areas of Switzerland.

Regarding the analysis of the maxima (Appendix Figure 69, 70 and 71 for RCP2.6, 4.5, and 8.5
respectively), the values of the standard deviations are very high especially for the short time windows (3 and
7 days). The trend for large amounts of precipitation (in millimeters) is only perceived by a few stations. In
general, the stations remain fairly close to the 1-to-1 correlation line, although less precisely than for the other

variables examined. Indicator that for maxima the simulations are not in line with the PC.
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Figure 43 - Boxplots of the ratio of the median (a), 95t percentile (b), 99t percentile (c) and maximum (d) every box represents
each one of the time period analyzed for the mean of the ten CH2018 simulation for each scenario for the period 2061-2099 and the
mean of the ten CH2018 simulation for the same scenario for the period 2061 — 2099 between 1981 and 2020 (i.e. mean of RCP2.6
simulations in 2061 — 2099 over the mean of RCP2.6 simulation in 1981-2020 and so on). The results for the RCP2.6 are presented in
blue, green for RCP4.5 and red for RCP8.5. A value of 1 indicates that the statistic is the same for the observed and model data, values
below 1 indicate that the CH2018 simulations underestimate the data, while the values above 1 indicate an overestimation.

The ratio between the results of the analyzed statistical variables for F2 and PC is presented in Figure
43. The value lindicates the perfect overlap of the results for the two periods F2 and PC. It can be seen that
in general the interquartile range (IQR) for scenario 8.5 is wider than for the other two scenarios. Exceptions
are the 3- and 7-day time windows of the maxima analysis.

The median (Figure 43.a) shows a slight tendency for the data to be overestimated for time windows
greater than 3 days. In contrast, the 3 days are slightly overestimated for RCP2.6; they have good overlap for
RCP4.5, while being underestimated by RCP8.5. IQR values are consistent with those of the standard deviations
indicated by the error bars in the correlation plots.

The 95th and 99th percentiles show similar trends, with the 99th percentile being slightly more

overlapping for the 30-day time window. In addition, both RCP2.6 and RCP4.5 have a higher IQR.
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The maxima, on the other hand, are generally underestimated except for the 3- and 7-day time
windows for RCP2.6, which has good overlap in results. In addition, the IQR of RCP8.5 is slightly higher than

the other two scenarios, except for the 30-day time window.

Turning to the spatial analysis, regarding the median (Appendix Figures 72, 73, 74 for RCP2.6, 4.5 and
8.5 respetively), separate considerations must be made for each scenario since they have different trends.

Starting with RCP2.6, first, the impact of topography is evident in each time window analyzed. The
estimate for the shorter time windows has a tendency to underestimate areas north of the Alps and
overestimate areas to the south. The exceptions are the northeastern areas where the estimate remains
around 1, indicating a perfect overlap of results. Longer time windows have good estimates for areas north of
the alps, but overestimate areas to the south.

The impact of topography for RCP4.5, on the other hand, is less clear. The 3-day time window
underestimates the PC results almost everywhere, except in canton Graublinden where there is a tendency to
overestimate. In the 7 days window the underestimation is mainly confined to the canton Ticino. Graubinden
is always overestimated but in the rest of Switzerland the overestimation is slight or even in line with the PC
results. The time windows of 30 and 90 days follow the same trend as the 7 days, but in a milder way, the
values are less high.

As for RCP8.5, there is little topographic impact for the 3-day time window. Except for Graubinden
the whole territory is overestimated. The 7-day time window shows a hint with respect to the topographic
impact. The alpine arc and Ticino are underestimated, Graublnden overestimated but in the rest of the
territory the estimates are in line with the PC results. The 30 and 90 days time windows follow the trend of
the 7 days time window but in a more pronounced way bringing the estimates outside the alpine arc and the

canton Grisons from in line to overestimated.
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Figure 44 — Maps showing the ratio of the 95t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP2.6
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP2.6 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).

Regarding the 95th percentile RCP2.6 (Figure 44) does not show substantial differences between the

various temporal windows nor spatial inclinations.
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Figure 45 — Maps showing the ratio of the 95t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP4.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP4.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)
and values less than 1 an underestimation (red).

The 95 percentile for RCP 4.5 (Figure 45) shows a good estimate along the alpine arc while in the rest
of the territory it presents a general overestimation. The difference for the different time windows is not

substantial, the overestimation values are slightly higher for the long time windows (30 and 90 days).
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Figure 46 - Maps showing the ratio of the 95t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP8.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP8.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)
and values less than 1 an underestimation (red).

Finally, the analysis of the 95" percentile with respect to scenario 8.5 (Figure 46) shows an
underestimation in the Alps and Ticino and an overestimation in the rest of the territory for all time windows.
The overestimation in Ticino is more pronounced in the time windows of 7 and 90 days.

All'in all, the Swiss territory analyzed for the 95th percentile shows an overestimation of the territory
according to all scenarios. Exceptions are the Alps and Ticino where precipitation is in line with the PC for

scenario 4.5 while scenario 8.5 underestimates it.
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The next statistic in the analysis refers to the 99th percentile.
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Figure 47 - Maps showing the ratio of the 99t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP2.6
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP2.6 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation (blue)
and values less than 1 an underestimation (red).

Figure 47 presents the spatial analysis for scenario 2.6. For the 3, 7 and 30 day time windows, some
stations north of the alps and in Ticino show a slight tendency to be in line with the PC results, while the rest

of Switzerland is overestimated. The 90 days time window is the only one with underestimates for some

stations along the alpine range.
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Figure 48 - Maps showing the ratio of the 99t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP4.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP4.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).

Figure 48 collects all the results of the spatial analysis of scenario 4.5 . The Alps for the most part are

in line with the PC results while the rest of Switzerland is overestimated.

68



Désirée Montalbetti Results

(a) (b)
Ratio RCP85 (2061-2099)/RCP85 (1981-2020) Ratio RCP85 (2061-2099)/RCP85 (1981-2020)
p99 3 days p99 7 days
Legend Legend
® <08 ® <08
® 08-0909 ® 08-0909
© 0909-0,95 © 0909-0,95
© 095-0,98 © 095-0,98
0 098-0,99 0 098-099
0 099-1,01 0 099-1,01
0 1,01-1,02 0 1,01-1,02
0 1,02-1,05 0 1,02-1,05
@ 105-1,1 @ 105-1,1
0 11-12 0 11-125
@ >125 @ >125
1:1500000 1:1500000
(c) (d)
Ratio RCP85 (2061-2099)/RCP85 (1981-2020) Ratio RCP85 (2061-2099)/RCP85 (1981-2020)
p99 30 days p99 90 days
Legend Legend
® <08 ® <08
@ 038-0,909 @ 08-0909
© 0909-0,95 © 0909-0,95
© 095-0,98 © 095-0,98
© 0,98-099 © 098-099
0 099-101 0 099-1,01
0 1,01-1,02 0 1,01-1,02
O 1,02-1,05 O 1,02-1,05
0 1,05-1,1 0 1,05-1,1
® 11-125 ® 11-125
@ >125 @ >12%
1:1500000 1:1500000

Figure 49 - Maps showing the ratio of the 99t percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP8.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP8.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)
and values less than 1 an underestimation (red).

Finally, the spatial analysis of the RCP8.5 presented in Figure 49 shows a tendency to underestimate
along the Alpine arc more pronounced for the time windows of 7 and 30 days. The rest of Switzerland on the

other hand tends to overestimate the PC results.

Last, the spatial analysis for maxima. RCP2.6 presents an overestimation in the walensee area for the
3 and 7 days time windows while the rest of the territory is mostly underestimated with some exceptions
where the results are in line with the PC. The 30 and 90 days time windows are generally underestimated
except for Ticino where the trend is of overestimation.

RCP4.5 presents instead an underestimation of the whole territory, with few exceptions of results in
line with the PC. These exceptions are more visible for long time windows.

For RCP8.5 the same considerations made for RCP4.5 apply.
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5 Discussion

Expectations for PC are that of a general underestimation of SMN data, since the tendency of models
is to underestimate the frequency of clustering (Leckebusch et al., 2008).

Expectations for F1 and F2, on the other hand, are dependent on the constraints of each scenario. For
RCP2.6 being the scenario that foresees the decrease of greenhouse gases in order to keep the global
temperature increase below 2 °C, it is expected that the simulations present lower values than the
precipitation analyzed during the PC or at least are in line with it, resulting in an underestimation. This is mainly
due to the fact that the trend of extreme precipitation in the past is not particularly displayed, i.e. the analysis
of the history of extreme precipitation does not present these events in a significant way and for this reason
also in the future it can be expected that these events are not expressed. Additionally, even if it is a long shot
one could assume that with the decrease in greenhouse gases and global temperature more or less at the
same temperatures today that the trend of increasing extremes of events would remain unchanged or at least
not increase dramatically. On the other hand, talking about RCP4.5 scenario, being a scenario that foresees a
decrease in greenhouse gases but without being able to maintain the increase in global warming below 2° C,
it is expected that the trend of extreme events tends to increase as suggested by the literature (which records
an increase in the trend for some years). What is expected is then a trend like the analysis for the past with a
slight tendency to mitigate the underestimation expected for RCP2.6, while for the scenario RCP8.5, which
involves unabated conditions, regarding the decrease of greenhouse gases is expected that the model
overestimates the one in the control period. It must also be taken into account that even if the changes in
GHG emission management differ, the effects will still be somewhat delayed compared to the decision, i.e.

the effects described above are likely to be only slightly detectable.

5.1 Historic data

The results of multi-day precipitation products for median values are shown to be more reliable for
larger time windows (30 and 90 days): short time windows (3 and 7 days), do not effectively simulate extreme
events that are becoming less rare in the last year (Huber at al., 2011). In fact, the median analysis, does not
consider extreme events and has a good correlation with the PC observations. Correlation that increases as
the time window analyzed increases.

Moreover, the chain model simulations show much more than what the real data present. The SMN
observations in fact do not show particular spatial inclinations or inclinations in general, the precipitations are
equally distributed over the whole territory with the same flow rates in millimeters, while for the 30 and 90
days simulations the impact of the Alpine arc is evident.

Extremes, on the other hand, are accurate despite the tendency of models to underestimate clustering

frequency (Leckebusch et al., 2008).
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The 95th percentile shows a good correlation between the observed data and the CH2018 chain model
simulations, and unlike the median, the extremes are best visualized in the 90-day time window. It should be
noted that the clearest spatial analysis pattern can be seen in the 30-day time window, where the effect of
the Alps is more pronounced than in the 90-day time window.

The third statistical value, the ratio of the 99th percentile to the SMN network observation, is overall
greater than one, this means that the chain model simulation slightly overestimates the actual data even
though the correlation analysis for stations does not show the accuracy between data sets as for the 95th
percentile; therefore, it can be concluded that the most extreme events are not perceived very well by the
model simulations.

For the 3- and 90-day time windows, the spatial analysis shows that the simulations underestimate
Ticino and the Neuchatel area while overestimating the Alps. Underestimation that extends to the entire north
of Switzerland.

SMN observations of maxima show that the wider the time window, the less extreme precipitation is
evident. However, in Ticino and the Walensee area the precipitation is slightly higher than in the rest of
Switzerland.

In contrast, the spatial analysis of the chain simulations for the maxima presents a clearer spatial

pattern based on a 30-day time window, while the other time windows show spatial inconsistencies.

5.2 Future
5.2.1 First future period (2021-2060)

In F1, according to CH2018 chain model simulations, there is a good correlation between the
simulation results for the control period and those for F1. RCP4.5 has the highest standard deviation of all
scenarios particularly for the short time window, the low value of the difference does not allow for further
assumptions.

The spatial analysis of the simulated median for F1 is affected by topography particularly visible in the
30-day time window, where a fairly good estimate is seen over the Alpine arc and an overestimation over the
rest of the territory. Overall, the difference between observed data and simulation outputs from the CH2018
chain model is not optimal for the median, meaning that even if future simulations agree with those from the
control period, reliability is not ideal.

The 95th percentile analysis shows that the simulations are consistent with the past and are influenced
by topography (more specifically of the Alps), except for RCP2.6 where the impact of topography is less
evident.

However, the analyses for correlation between the two datasets are quite good for the 3-day time

window, except for RCP2.6, which also shows good correlation over the 30-day time window.
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From the future analysis there is a general overestimation for all scenarios, however the long time
window has a better correlation than the short time window.

This pattern does not show up in the correlation analysis of the different stations taken individually,
because even though the correlation is good, the standard deviation for the long time window is larger than
in the short time window. In addition, the spatial distribution shows the impact of topography more visible for
the long time window and particularly for RCP8.5.

On the other hand, from the analysis of future simulations, RCP2.6 is the only one with some
differences in the arrangement of maxima that is not due to topography, as there are both overestimates and
underestimates along the Alps. In eastern Switzerland, only the Walensee area, part of Graubinden near
Ticino, and some stations located in the cantons of Valais and Neuchatel do not have overestimates.

This trend becomes less apparent when increasing the time window under analysis. The 90-day
window shows a large overestimate and an unclear spatial distribution.

Scenario 4.5 shows slight predispositions for Ticino and Valais (three stations) visible on the 90 days
but not visible on the other time windows, while the differences for scenario 8.5 are not visible because the
maxima are always underestimated, and it is not possible to extrapolate a spatial distribution that could

indicate if the simulation is effective.

5.2.2 Second future period (2061-2099)

The results of the multi-day precipitation products for the median values show good correlation
although they show a slight overestimation of the results in the PC. Standard deviations are highest for RCP8.5,
medium for RCP4.6, and small for RCP2.6.

Due the tendency to standardize the data, it is not surprising that the scenario 2.6 has a lower standard
deviation since its constraints are designed to improve the situation of extreme events. RCP4.5 in fact presents
values for the standard deviation between RCP2.6 and RCP8.5 having constraints similar to RCP2.6 but less
drastic. RCP8.5, instead, presents the highest standard deviation of all because its constraints do not imply
changes, reason why simulations on long time scale, having the simulations tendency to standardize data, are
more distant from PC simulations.

The spatial analysis, on the other hand, shows trends with values that are too low to develop further
hypotheses.

For the 95th and 99th percentiles in general, the SMN data are overestimated. Correlations
are good and standard deviations are lower than the median.

Heavy rains are best simulated for long time windows (30 and 90 days) since they have more stations

recording them. The spatial analysis for RCP2.6 does not show particular trends, RCP4.6 has a good estimate
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over the Alps but in general overestimates the PC results, while RCP8.5 underestimates the Alps and Ticino
and overestimates the rest of the territory.

The maxima as opposed to the other statistical variables are generally underestimated. The 3-, 7-, and
30-day time windows for RCP2.6 are closer to having a good estimate of the PC results. Standard deviations
are quite high, particularly for the short time windows (3 and 7 days).

Finally, the spatial analysis for RCP2.6 overestimates Ticino and the Walensee area while
underestimating all the rest of Switzerland. RCP4.5 and RCP8&.5, on the other hand, have a general

underestimation in the whole territory.

5.3 Cautions approach

Despite every best effort to have the most accurate outcome, it is impossible to avoid uncertainty. It
occurs in the natural sciences, medicine, or computer science (Skeels et al., 2010). The knowledge we have
about an object on the Earth's surface is always subject to some kind of uncertainty, whether it is about the
object's location, its existence, or its description (Shi, 2010).

Moreover, besides the uncertainty and the most obvious limitations, such as error and statistical
conjectures, mishandling of data or observer error, observational network resolution and instrumental issues
may result in erroneous data for climate scenario, making also CH2018 data problematic for multi day
precipitation estimations.

Scientific uncertainty, according to Jiang et al. (2016) is multifaceted and as an impact on the
trustworthiness of climate projections since it involves is uncertainty in both scientific modeling and climate
sensitivity. If formal detection and attribution assessments suggest that an observed change has been
impacted by human activities and the projection is compatible with attribution, confidence in certain parts of
the future climate change projection improves. However, a human first reaction might not yet have him urged
from deniers of natural climate variability, in many cases especially at the regional scales included in this
evaluation although it is projected to do so in the future. If the fundamental physical causes of changes are
well understood confidence in such projection without attribution may still be strong under higher scenario.

Multiple variables contribute to scientific uncertainty (Wright et al., 2015). The first is parametric
uncertainty, which refer to GCM ability to mimic processes on spatial or temporal scale that are smaller than
they can resolve (Prudhomme et al., 2002). The second is structural uncertainty, which examines weather
GCMs accurately represent all of the important physical processes that occur on scales that can resolve
structural uncertainty, can develop when a process is not yet recognized, such as abrupt change processes, or
when it is recognized but not well enough understood to be effectively described (Prudhomme et al., 2002).
Third factor is climate sensitivity, which is the measurement of the planet's response to rising CO2 levels,

defined as the change in equilibrium precipitation coast by a doubling of CO2 levels in the atmosphere
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compared to preindustrial level (Mitchell, 1989). Finally, long term precipitation estimates are influenced by

differences in emission throughout time (Groisman et al., 1999).
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6 Conclusion

Precipitation data play an important role in getting a clearer view of future predictions of how the
climate will evolve. Recent changes in the frequency of extreme events leads to an increasing need for
predictions that are as accurate as possible in order to be able to make decision for their consequences or to
warn the population in time. Until now, precipitation products have been mainly analyzed in terms of daily
precipitation, but problematic events such as floods rather than droughts are the consequence of several
consecutive days with or without rain. This raises the following questions: What is the reliability of climate
models for Switzerland, in terms of different precipitation signatures and precipitation distributions, and since
floods, respectively droughts often occur in response to long periods with and without precipitation, are the
models able to correctly simulate extreme events with enough accuracy?

To answer these questions, an analysis was first conducted with past data, in order to verify the
accuracy of the chain model simulations composing CH2018 by comparing the data with those obtained from
SwissMetNet observations for the period 1981 to 2020 and further on by comparing the future outputs with
the one from the period in which we have also the observations. In order to achieve the goal, the correlations
between the two datasets have been studied using scatterplot and boxplot, moreover for two stations an
analysis of the frequency distribution has been done to get an idea of how the extremes were perceived locally
and finally the data have been analyzed also at spatial level to evaluate if the topography had some effect on
the prediction of the simulations, i.e. areas better simulated than others.

The results of this analysis show how the simulations are not yet able to accurately predict extreme
events, in fact they tend to standardize the data, you can get an idea of how rainfall will evolve, but not
satisfactorily to prevent disasters such as floods or droughts. The multi-day analysis turns out to optimize this
lack of warning, since it turns out to monitor the sequence of days with precipitation (or lack of it) that are the
discriminant for predicting problematic situations, in this particular work, related to precipitation (whether
there are present or not).

Although these considerations are valid and can be used for future studies, the limitations of the work
should not be forgotten. There are only 69 stations analyzed, the amount of data provided may therefore be
a limitation to the overall understanding with respect to the low visibility of extreme data from the CH2018
simulations. Also, like many other data, those used for the work are surrounded by uncertainty. Therefore
simulations for describing weather events are an ongoing process and they are constantly reviewed with
studies and research.

In conclusion, beside its challenges and careful approaches to read the results, this work shows that it
is also worthwhile to do multi-day precipitation analysis. Their knowledge can help to improve the warning

and prediction of extreme events that in recent years are becoming less and less rare. Moreover, it turns out
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to be a valid solution to have an overview of the general trend of heavy rains and thus improve the
management of their consequences, and possibly also make the reading of CH2018 more sensitive to the

sequence of multiple rainy days or their absence.

6.1 Future work

Since this work was completed with a limited number of data a possible follow up of this work could
be to redo the analysis with more data, for example start analyzing the most recent period in order to have
more stations available. Also the integration with the outputs of the DATA-GRIDDED could be a possibility to
enrich the results. Regarding the analysis, it could be possible to have a more detailed analysis of the simulated
areas with less precision and maybe add the analysis of other meteorological factors in order to have a clearer
view of the discriminants and have more warnings in the future to predict any extreme events. Moreover, for
the different scenario it would be interesting to use different analysis for each scenario due their different

constraints.
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8 Appendix

CH2018 Simulation Name tas tasmax  tasmin pr rsds hurs sfcWind
CLMCOM-CCLM4_ECEARTH_EUR11 RCP45
CLMCOM-CCLM4_ECEARTH_EUR11_RCP85
CLMCOM-CCLM4_HADGEM_EUR11 RCP45
CLMCOM-CCLM4_HADGEM_EUR11_RCP85
CLMCOM-CCLM4_HADGEM_EUR44_RCP85
CLMCOM-CCLM4_MPIESM_EUR11_RCP45
CLMCOM-CCLM4_MPIESM_EUR44_RCP45
CLMCOM-CCLM4_MPIESM_EUR11_RCP85
CLMCOM-CCLM4_MPIESM_EUR44_RCP85
CLMCOM-CCLM5_ECEARTH_EUR44_RCP85
CLMCOM-CCLM5_MIROC_EUR44 RCP85
CLMCOM-CCLM5_MPIESM_EUR44_RCP85
CLMCOM-CCLM5_HADGEM_EUR44_RCP85
DMI-HIRHAM_ECEARTH_EUR11_RCP26
DMI-HIRHAM_ECEARTH_EUR11 RCP45
DMI-HIRHAM_ECEARTH_EUR44_RCP45
DMI-HIRHAM_ECEARTH_EUR11_RCP85
DMI-HIRHAM_ECEARTH_EUR44_RCP85
ICTP-REGCM_HADGEM_EUR44_RCP85
KNMI-RACMO_ECEARTH_EUR44 _RCP45
KNMI-RACMO_ECEARTH_EUR44_RCP85
KNMI-RACMO_HADGEM_EUR44 _RCP26
KNMI-RACMO_HADGEM_EUR44 RCP45
KNMI-RACMO_HADGEM_EUR44_RCP85
MPICSC-REMO1_MPIESM_EUR11 RCP26
MPICSC-REMO1_MPIESM_EUR44_RCP26
MPICSC-REMO1_MPIESM_EUR11 RCP45
MPICSC-REMO1_MPIESM_EUR44_RCP45
MPICSC-REMO1_MPIESM_EUR11 RCP85
MPICSC-REMO1_MPIESM_EUR44 _RCP85
MPICSC-REMO2_MPIESM_EUR11_RCP26
MPICSC-REMO2_MPIESM_EUR44_RCP26
MPICSC-REMO2_MPIESM_EUR11 RCP45
MPICSC-REMO2_MPIESM_EUR44_RCP45
MPICSC-REMO2_MPIESM_EUR11_RCP85
MPICSC-REMO2_MPIESM_EUR44_RCP85
SMHI-RCA_ECEARTH_EUR11_RCP26
SMHI-RCA_ECEARTH_EUR44 RCP26
SMHI-RCA_ECEARTH_EUR11_RCP45
SMHI-RCA_ECEARTH_EUR44_RCP45
SMHI-RCA_ECEARTH_EUR11 RCP85

>
>
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CH2018 Simulation Name tas tasmax  tasmin pr rsds hurs sfcWind
SMHI-RCA_ECEARTH_EUR44_RCP85 X X X X X X X
SMHI-RCA_IPSL_EUR11 RCP45 X X X X X X X
SMHI-RCA_IPSL_EUR44_RCP45 X X X X X X X
SMHI-RCA_IPSL_EUR11_RCP85 X X X X X X X
SMHI-RCA_IPSL_EUR44 _RCP85 X X X X X X X
SMHI-RCA_HADGEM_EUR44_RCP26 X X X X X X X
SMHI-RCA_HADGEM_EUR11_RCP45 X X X X X X X
SMHI-RCA_HADGEM_EUR44_RCP45 X X X X X X X
SMHI-RCA_HADGEM_EUR11_RCP85 X X X X X X X
SMHI-RCA_HADGEM_EUR44 RCP85 X X X X X X X
SMHI-RCA_MPIESM_EUR44_RCP26 X X X X X X X
SMHI-RCA_MPIESM_EUR11 RCP45 X X X X X X X
SMHI-RCA_MPIESM_EUR44_RCP45 X X X X X X X
SMHI-RCA_MPIESM_EUR11 RCP85 X X X X X X X
SMHI-RCA_MPIESM_EUR44_RCP85 X X X X X X X
SMHI-RCA_CCCMA_EUR44_RCP45 X X X X X X X
SMHI-RCA_CCCMA_EUR44_RCP85 X X X X X X X
SMHI-RCA_CSIRO_EUR44_RCP45 X X X X X X X
SMHI-RCA_CSIRO_EUR44_RCP85 X X X X X X X
SMHI-RCA_MIROC_EUR44_RCP26 X X X X X X X
SMHI-RCA_MIROC_EUR44_RCP45 X X X X X X X
SMHI-RCA_MIROC_EUR44 _RCP85 X X X X X X X
SMHI-RCA_NORESM_EUR44_RCP26 X X X X X X X
SMHI-RCA_NORESM_EUR44 RCP45 X X X X X X X
SMHI-RCA_NORESM_EUR44_RCP85 X X X X X X X
SMHI-RCA_GFDL_EUR44 RCP45 X X X X X X X
SMHI-RCA_GFDL_EUR44_RCP85 X X X X X X X
TOTAL 68 68 68 68 67 47 68

Table 8 — EURO-CORDEX climate model used in CH2018 with their possible variables. The first column is the simplified CH2018
simulation identifier used in the CH2018 data files. The scheme follows the rule as [RCM]_[GCM]_[RESOLUTION]_[SCENARIO] (Kotlarski
et al., 2018). [RCM] and [GCM] are the abbreviation taken by CH2018 for the CORDEX model names; [RESOLUTION] refers to the two
possible spatial resolution, EUR11 and EUR44, with respectively 12 and 50 km and finally the [SCENARIO] stays for the three possible
greenhouse gar scenario RCP2.6, RCP4.5 and RCP8.5. Moreover, “REMO1” and “REMO2” are the same GCM-RCM model chain but with
different initial conditions. As far as the abbreviation for the meteorological variable covered by CH2018 see next table.

Variable name Abbreviation Unit
Daily mean 2m temperature tas °C

Daily maximum 2m temperature tasmax °C

Daily minimum 2m temperature tasmin °C

Daily precipitation sum pr mm/day
Daily mean global radiation rsds W/m2
Daily mean relative humidity hurs %

Daily mean near-surface wind speed sfcWind m/s

Table 9 - List of meteorological variables
includes and their unit.

which  CH2018 datasets DAILY-LOCAL

and  DAILY-GRIDDED
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8.1 Historic data

(a)

(c)

between the two data sets while the error bars indicate the standard deviation of CH2018 different model results.
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Figure 50 - Correlation of median or 50t percentile precipitation for the time windows of 3 (a), 7 (b), 30 (c) and 90 days
precipitation (d) in millimeters for all 69 selected stations. for the period between 1981 and 2020. The blue line displays the 1:1 line

84



Désirée Montalbetti Appendix

P3 P7

700

500
\\
“

AN
600

moael {mm)
300
L
moael {mm)

ki
|

200
L

A

300 400 500 600 700 800

100 200 300 400 500 600
observation (mm) observation (mm)
(a) (b)
P30 § P90
§ / & . /
/ /
/’/ g

£ 3 /

E E

E E

] T S

o o -

[=] [=] u

E E
) h
o
g

800 1000 1200 1400 1800 500 1000 1500 2000
observation (mm) observation (mm)
(c) (d)

Figure 51 - Correlation between the maximum observed and simulated 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) in
millimeters for the 69 stations for the period between 1981 and 2020. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of the ten CH2018 model results.
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Figure 52 - Maps showing the ratio of the median of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the CH2018
simulations (mean of all ten models) and the observations for the period between 1981 and 2020. Values larger than 1 indicate an

overestimation (blue) and values less than 1 an underestimation (red).
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Figure 53 - Maps showing the ratio of the maximum 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the CH2018 simulations
(mean of all ten models) and the observations for the period between 1981 and 2020. Values larger than 1 indicate an overestimation

(blue) and values less than 1 an underestimation (red).
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Figure 54 - Correlation between the mean of RCP2.6 (2021 — 2060) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30 (c) and 90
day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate the
standard deviation of CH2018 model results.
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Figure 55 - Correlation between the mean of RCP4.5 (2021 — 2060) and RCP4.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c) and 90
day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate the

standard deviation of CH2018 model results.
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Figure 56 - Correlation between the mean of RCP8.5 (2021 — 2060) and RCP8.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c) and 90
day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate the

standard deviation of CH2018 model results.
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Figure 57 - Correlation between the maximum of RCP2.6 (2021 — 2060) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30 (c)
and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results.
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Figure 58 - Correlation between the maximum of RCP4.5 (2021 — 2060) and RCP4.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c)
and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results.
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Figure 59 - Correlation between the maximum of RCP8.5 (2021 — 2060) and RCP8.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c)
and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results.
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Figure 60 - Maps showing the ratio of the median or 50" percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for
the RCP2.6 scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP2.6 scenario
of the CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation

(blue) and values less than 1 an underestimation (red).
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Figure 61 - Maps showing the ratio of the median or 50 percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for
the RCP4.5 scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP4.5 scenario
of the CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation

(blue) and values less than 1 an underestimation (red).
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Figure 62 - Maps showing the ratio of the median or 50" percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for
the RCP8.5 scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP8.5 scenario
of the CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation

(blue) and values less than 1 an underestimation (red).
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Figure 63 - Maps showing the ratio of the maximum of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP2.6
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP2.6 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).
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Figure 64 - Maps showing the ratio of the maximum of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP4.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP4.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).

98



Désirée Montalbetti Appendix

(a) (b)

Ratio RCP85 (2021-2060)/RCP85 (1981-2020)
max 3 days

Ratio RCP85 (2021-2060)/RCP85 (1981-2020)
max 7 days

A A

Legend Legend

® <08 ® <08

® 08-0909 ® 08-0909
© 0,909-0,95 © 0,909-0,95
© 095-0,98 © 095-0,98
0 098-0% 0 098-0%9
0 0%9-101 0 0%9-101
0 1,01-1,02 0 1,01-1,02
0 1,02-1,05 0 1,02-1,05
@ 105-1,1 @ 105-1,1
0 11-12 0 11-125
@ >125 @ >125

1:1500000 1:1500000
(c) (d)
Ratio RCP85 (2021-2060)/RCP85 (1981-2020) Ratio RCP85 (2021-2060)/RCP85 (1981-2020)
max 90 days

max 30 days

A A

Legend Legend

® <08 ® <08

@ 038-0,909 @ 08-0909
© 0909-0,95 © 0909-0,95
© 095-0,98 © 095-0,98
© 098-099 O 098-099
0 099-1,01 0 099-1,01
0 1,01-1,02 0 1,01-1,02
0 1,02-1,05 0 1,02-1,05
0 1,05-1,1 0 1,05-1,1

@ 1,1-1,25 @ 1,1-125

@ >125 @ >12%

1:1500000 1:1500000

Figure 65 - Maps showing the ratio of the maximum of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP8.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2021 and 2060 and the RCP8.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 —2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).

8.3 Second future period (2021-2099)
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Figure 66 - Correlation between the mean of RCP2.6 (2061 —2099) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30 (c) and 90
day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate the
standard deviation of CH2018 model results.
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Figure 67 - Correlation between the mean of RCP4.5 (2061 —2099) and RCP4.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c) and 90
day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate the
standard deviation of CH2018 model results.
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Figure 68 - Correlation between the mean of RCP8.5 (2061 —2099) and RCP8.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c) and 90
day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate the
standard deviation of CH2018 model results.
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Figure 69 - Correlation between the maximum of RCP2.6 (2061 — 2099) and RCP2.6 (1981 — 2020) of the 3 (a), 7 (b), 30 (c)
and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results.
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Figure 70 - Correlation between the maximum of RCP4.5 (2061 — 2099) and RCP4.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c)
and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results.
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Figure 71 - Correlation between the maximum of RCP8.5 (2061 — 2099) and RCP8.5 (1981 — 2020) of the 3 (a), 7 (b), 30 (c)
and 90 day precipitation (d) in millimeters for the 69 stations analyzed. The blue line displays the 1:1 line while the error bars indicate
the standard deviation of CH2018 model results.
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Figure 72 - Maps showing the ratio of the median or 50" percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for
the RCP2.6 scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP2.6 scenario
of the CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation

(blue) and values less than 1 an underestimation (red).
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Figure 73 - Maps showing the ratio of the median or 50 percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for
the RCP4.5 scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP4.5 scenario
of the CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation

(blue) and values less than 1 an underestimation (red).
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Figure 74 - Maps showing the ratio of the median or 50 percentile of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for
the RCP8.5 scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP8.5 scenario
of the CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation

(blue) and values less than 1 an underestimation (red).
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Figure 75 - Maps showing the ratio of the maximum of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP2.6
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP2.6 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).
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Figure 76 - Maps showing the ratio of the maximum of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP4.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP4.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).
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Figure 77 - Maps showing the ratio of the maximum of the 3 (a), 7 (b), 30 (c) and 90 day precipitation (d) for the RCP8.5
scenario of the CH2018 simulations (mean of all ten models) for the period between 2061 and 2099 and the RCP8.5 scenario of the
CH2018 simulation (mean of all ten models) for the control period (1981 — 2020). Values larger than 1 indicate an overestimation (blue)

and values less than 1 an underestimation (red).
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