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Abstract.

Global climate change is increasingly associated with the increase and/or the intensification of extreme weather such as heat
waves, droughts, or heavy precipitation events. However, the characteristics and severity of these changes can vary
considerably by region and season. This study focuses on heavy and extreme precipitation events over Europe for the time
period 1951 - 2099. The main objective is to identify regions which show a robust and therefore reliable change in such
events with ongoing climate change. The study is based on daily precipitation values from 40 regional climate simulations of
the EURO-CORDEX ensemble with a spatial resolution of 12 km (EUR-11).

Future changes were investigated using four different metrics, which are sensitive to alterations in the number and intensity
of the detected events and consider an accumulated precipitation amount over a selected threshold and two return values for
a 10- and a 100-year return period. Differences were detected between the climate scenarios RCP4.5 and RCP8.5, between
summer and winter half-year, and between three different methods used to identify and quantify temporal changes from a
reference period (1951-1980) to a future climate period (2070-2099). Furthermore, two criteria characterizing the robustness
of the changes were used, i.e. a dominant agreement on the sign and a majority of significant changes within the full
simulation ensemble. The analysis provided relative and absolute changes of the four metrics being used and the area
fractions that exhibited a robust change.

With all methods applied, our study clearly confirms a significant increase in heavy and extreme precipitation in northern,
central, and eastern Europe and a robust decrease in heavy, but not very extreme events in the southwest of the Euro-
CORDEX domain associated with projected future climate change. For large parts of Southern Europe and the
Mediterranean, a tendency towards decreasing intensities (down to -11 mm/year for the accumulated threshold exceedance)
become visible but without the evidence of robustness.

Both, the intensity and the area with robust changes in heavy and extreme events prove to be significantly stronger in the
RCP8.5 than in the RCP4.5 scenario. For Central Europe, for example, the accumulated threshold exceedance increases from
15 mm/year to 24 mm/year and the 100-year return value from 21 mm/day to 30 mm/day. The related robust area fractions

extend from 31% to 99% and from 61 % to 95%, respectively. The relative changes are substantial, even averaged over
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larger areas, with values greater than 100% (50%) for the severe events and up to 40% (30%) for the very extreme events in
the RCP8.5 (RCP4.5) scenario. Heavy events increase relatively more in winter (for Central Europe +117 % for the
accumulated threshold exceedance in RCP 8.5) than in summer (+81 %). The opposite is true for the extreme events with a
weaker increase in winter than in summer (e.g. for Central Europe +26 % for the 100-year return value in winter and +43 %

in summer).

1. Introduction

Heavy rainfall events are often associated with floods, which can cause substantial environmental, economic, and
infrastructural damages and can also cost lives (e.g., Vellinga et al., 2001). Two years ago, in June, more than 200 people
lost their lives in Germany and Belgium due to heavy and persistent rain (Kreienkamp, 2021).

Heavy and extreme precipitation events are expected to increase due to global warming, which causes a generally higher
water capacity and enhanced evapotranspiration in a warmer atmosphere. Allen and Ingram (2002) and Trenberth (1999a)
considered that the increase in extreme precipitation is related to the general rise of saturation vapor pressure with
temperature in the Clausius-Clapeyron relationship, which provides a scaling rate for the maximum moisture content of
about 7% per Kelvin. Observations, e.g., by Westra et al. (2013), Fischer and Knutti (2015), and Berg et al. (2013) and
modelling studies, e.g., by Rajczak (2017), Ban et al. (2015), Kendon et al. (2014) and Kharin et al. (2013) confirmed that
the increase in 24h extreme precipitation is broadly consistent with this scaling rate.

Several studies showed that extreme precipitation has increased recently. Donat et al. (2013) examined 11000 measuring
stations worldwide from 1900 to 2010. They highlighted that there are more areas with significantly increasing trends in
extreme precipitation amounts, intensities, and frequencies than areas with decreasing trends. Zeder and Fischer (2020)
revealed that extreme precipitation increased at almost two-thirds of the stations in Central Europe from 1901 to 2013,
although detecting a long-term climate change signal using observational data is challenging. This is especially true at the
local scale, due to a limited number of stations, uneven station distribution, and discontinuities (Donat et al., 2013). Rajczak
and Schér (2017) evaluated 100 regional climate model simulations and also concluded that the number of heavy
precipitation events is increasing across Europe. They pointed out that particularly in autumn and winter over Northern and
Central Europe the extreme events increased by about 20%, while in summer over southern and Central Europe the number
of rainy days and mean precipitation decreased, but the number of extreme events increased.

In order to develop adaptation strategies to hazards of heavy precipitation, reliable (i.e. robust) knowledge about affected
regions, frequencies, duration, and intensity of these events as well as their behavior under climate change is of great
importance. Over recent years, various studies using both, model and observational data have been conducted using different
approaches to identify and analyze extreme precipitation such as trend analysis (e.g. Zeder and Fischer, 2020; Madsen et al.,

2014) or extreme value statistics. In the latter, mostly two methods are used: i) the block maxima method (BMM), as in
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Aalbers et al. (2018) and Rajczak and Schar (2017) and ii) the peak-over-threshold method (POT) as in Palacios-Rodriguez
et al. (2020) and Berg et al. (2019). BMM (also called the Annual Maximum Method) determines the annual maximum
values over a certain period of time and then fits an extreme value distribution (EVD) to these annual maximum values. The
advantages of this method are that the values are statistically independent in time and it is less complex (see Tabari, 2021).
However, with a short time period (e.g. 30 years), there are only a few data points (30 points for 30 years) to adjust the EVD
and a loss of information may occur. The peak-over-threshold (POT) method requires a predefined threshold. All values
exceeding this threshold are used to fit a generalized Pareto distribution (GPD). The advantage of this method is the larger
database for fitting the GPD, which allows for a more accurate fit (Tabari, 2021 and Lang et al., 1999). Since we consider

short time periods in our analysis (30 years), we decided to use the POT as one method.

In addition to studies that cover entire Europe (e.g. Zeder and Fischer, 2020; Rajczak and Schér, 2017), there are studies that
focus only on individual areas - e.g., Adinolfi et al. (2021) for the Alpine region, Hosseinzadehtalaei et al. (2018) for
Belgium, Rulfova et al. (2017) for the Czech Republic, Scoccimarro et al. (2016) for the Euro-Mediterranean region, and
Soares et al. (2017) for Portugal. Generally, in Central and Northern Europe extreme events increase throughout the year,
while the Mediterranean and the entire Iberian Peninsula experience a decrease in the total amount of precipitation. As
reported by Scoccimarro et al. (2016), Soares et al. (2017), and Rajczak and Schér (2017) the number of heavy events
increased, except for small areas of the Iberian Peninsula. However, Rajczak and Schar (2017) and Brogli et al. (2019)
pointed to high uncertainty, especially in the Mediterranean region. However, there are still open questions concerning the

robustness and reliability of the projected changes across different areas of Europe.

A constraint on the robust identification of extreme precipitation in models is the spatial resolution as shown by Ban et al.
(2014, 2021), Kendon et al. (2012), Prein et al. (2013), and Pichelli et al. (2021). Extreme precipitation is often small scale,
and thus, its representation highly depends on the resolution of the used data. Model simulations are computational cost-
intensive (memory and time), which requires a trade-off between horizontal resolution, the number of simulations, and the
domain size according to available resources. For small areas, a higher horizontal resolution can be used and thus, more local
effects like small scale convection can be included, while large areas give a general overview of the spatial distribution of
precipitation. During the last 30 years, the horizontal resolution of regional climate simulations has been stepwise improved
from 50 km used for the PRUDENCE project (Christensen et al., 2007), to 25 km for ENSEMBLES (van der Linden and
Mitchell, 2009) and down to 12 km in the EURO-CORDEX project (Jacob et al. 2014). In recent years, simulations have
been performed even at a horizontal resolution of 3km (Adinolfi et al., 2021; Ban et al., 2021; Pichelli et al., 2021; Zeman et
al., 2021; Sgrland et al., 2021). Ban et al. (2021) analyzed precipitation simulations at a 3 km horizontal resolution and
revealed that high-resolution models generally tend to produce more intense precipitation and a lower frequency of wet

hours. Pichelli et al. (2021) demonstrated that high-resolution models refine and amplify projected precipitation patterns
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compared to coarser simulations and even affect the trend in intensity over some regions. As the number of high-resolution
simulations is still small and only single areas of Europe are covered, these studies are not suitable for robustness analysis.

Despite many different studies, to our knowledge, only few addressed robust changes in extreme precipitation across Europe.
Rajczak and Schar (2017) considered regions as robust if 90% of the ensemble members have the same sign and the
simulations are within the range of observational uncertainty. In Jacob et al. (2014), changes are robust if 66% of the
ensemble members have the same sign and show a significant change according to the Mann-Whitney-Wilcoxon test. All

these studies use BMM, which can have high statistical uncertainty associated with extreme value analysis (Tabari, 2021).

The main objectives of our study on heavy and extreme precipitation events are the identification of regions which show a
robust change of these events in different climate change scenarios and the quantification of the intensity of these robust
changes. ‘Robust’ in our sense is defined by the majority of the signs of the detected changes and their statistical
significance. For this purpose, we used the 40 officially provided EURO-CORDEX simulations with a resolution of 11 km
for the entire European area to identify changes in heavy and extreme precipitation events from past and present-day climate
to future scenarios. The analyses aim at three aspects (i) the influence of the method being used to detect a robust change, (ii)
the impact of different scenarios and (iii) seasonal modifications. The paper is structured as follows: The data used and
methods applied are described in section 2 and 3. The main findings are presented in section 4 and are further discussed and

compared in section 5.

2. Data

For our analysis of heavy and extreme precipitation events, we used gridded daily precipitation data from a consistent
ensemble of 40 regional climate simulations over Europe, the so-called EURO-CORDEX ensemble (Jacob et al., 2014,
Vautard et al., 2021). It includes results from five regional climate models (RCMs) driven by transient climate change
simulations of eight different global climate models (GCMs) from the Coupled Model Intercomparison Project - Phase 5
(CMIP5) ensemble (Taylor et al., 2012). The simulations include two different climate change scenarios (RCP4.5 and
RCP8.5) for the period from 1951 to 2100. All data are available for the same domain (see Figure 1) covering whole Europe,
parts of East and North Atlantic, the Mediterranean Sea with parts of North Africa, the Black Sea and littoral states, and parts
of Russia on an identical, regular, but rotated grid with a spatial resolution of 0.11° (~12 km). According to Table 1, which
summarizes the simulation ensemble with its different combinations of RCMs and GCMs and corresponding scenarios, our
study is based on 26 and 14 simulations for the RCP8.5 and RCP4.5 scenarios, respectively. For the detection of temporal
changes, we divide the time series into a reference period (1951-1980) and a future period (2070-2099). Furthermore,
changes in daily precipitation values are studied on an annual basis and for summer (April - September) and winter (October
- March) half years separately. In addition, we use the E-OBS gridded data set (Cornes et al., 2018, version 23.1e) with a
resolution of 0.1°, the ERA5 reanalysis (Hersbach et al., 2020) with a resolution of 0.25°, and the KOSTRA-DWD data

4
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(Malitz and Ertel, 2015 and Junghénel et al., 2017) with a resolution of 8 x 8 km for a qualitative comparison with the
EURO-CORDEX simulations. While the E-OBS and ERAS5 data consist of daily or hourly precipitation values, from which
the required extreme values must first be calculated, the KOSTRA data directly provides the extreme values for different
return periods which were calculated from high-resolution gridded precipitation data spatially interpolated by a multivariate
regression model from station observations in Germany between 1951 and 2010.

For a more detailed spatial analysis, we focus on the eight Prudence regions (Figure 1) described in Christensen and
Christensen (2007), which are the British Isles (BI), Scandinavia (SC), France (FR), Central Europe (ME), Eastern Europe
(EA), Alpine region (AL), Iberian Peninsula (IP), and the Mediterranean region (MD). It should be finally mentioned, that in

the case of the Prudence regions the calculations are restricted to land points only.

3. Methods

Three different methods are used to detect and analyze heavy and extreme daily precipitation events (see Figure. 2), which
consider (i) trends in annual threshold exceedance amounts, (ii) differences in annual threshold exceedance amounts between
different periods, and (iii) differences in return values between different periods.

A heavy or extreme precipitation event is generally defined as an event in which the daily amount of precipitation exceeds a
certain threshold value, which is defined by or corresponds to a high percentile of occurrences. In some studies (e.g., Kendon
et al., 2008, Nissen and Ulbrich, 2017), only the rainy days are included in the calculation of these percentiles, while other
studies (e.g. Ban et al., 2015, Rajczak and Schér, 2017) consider all days. The differences between wet-day and whole-day
percentiles are often large, as Schér et al. (2016) showed for three typically used indices. They recommended that all-day
percentiles should be used to assess potential changes in heavy rainfall events. They concluded that in the case of using wet

days only, misleading results may occur.

In our study, we define a threshold value for daily precipitation that should be exceeded 3 times per year as a long-term
average. This corresponds approximately to the 99.2 percentile of all days. This percentile is also used in other studies, e.g.
Lazoglou and Anagnostopoulou (2017) and Anagnostopoulou & Tolika (2012) using the 99th percentile and Berg et al.
(2018) using exactly the same threshold of three events per year on average.

The threshold values and the derived trends, differences in exceedance amounts, distribution parameters, return values, etc.
(see following sections) are first calculated individually for each grid cell and model simulation. Then, the ensemble median
of these quantities is determined over all simulations, but only on grid cells, where the detected threshold is at least 1 mm.
Finally, the robustness of the calculated parameters indicating a potential climate change signal is checked for each grid-cell
ensemble by two criteria. First, the sign of the climate change signal must be the same for more than 2/3 of the simulations.
Second, more than half of these simulations must show a significant change of the considered parameter on a 5 %

significance level.
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For the comparison of the thresholds calculated from the simulation ensemble with corresponding thresholds from E-OBS
and ERAS data (in section 4.1), and for comparing the return levels with KOSTRA-DWD (in section 4.2) the grids of the
reference results are interpolated to the rotated grid of the EURO-CORDEX domain by the nearest neighbor method of the
CDO-tool (Schulzweida, 2022).

3.1 Method 1 - Trend method

An increase of heavy precipitation events can mean both an increase in their frequency and/or intensity. To include both
effects in our analysis, we do not count the exceedance events but accumulate the daily exceedance amount above the
detected threshold for each year and season as a baseline index. The threshold values are determined for every simulation
and every grid cell individually over the reference period from 1951 to 1980. The annual (or seasonal) exceedance amounts
are then calculated for the whole simulation period from 1951 to 2100. In order to identify a temporal development of this
index, a linear regression analysis is performed according to Sen (1968). This method determines the linear slope by the
median of all pairwise calculated temporal gradients, and is less influenced by outliers than the standard linear regression
where the coefficients are estimated by least squares (Sen 1968, Helsel and Hirsch, 2020). The significance of the slope is
checked by a Mann-Kendall test. For a better comparison and interpretation, the calculated slope is expressed in relation to
the mean annual exceedance amount in the reference period as a percentage change over 120 years, the distance between the

reference and future period.

3.2 Method 2 - Difference method

The second method uses the same threshold values and annual and seasonal exceedance amounts as method 1. The temporal
change is, however, no longer determined by a regression analysis, but by a direct comparison between the 30 values of two
30-year periods, the reference period (1951-1980), and a future period (2070-2099) towards the end of the simulations,
which are identical to the periods used in method 3. The annual/seasonal exceedance amounts are summed up for both
periods, and the relative difference between the future and the reference period with respect to the total exceedance amount
of the reference period provides the rate of change. The significance of this difference is tested by the Wilcoxon-Mann-

Whitney rank sum test between the two samples.

3.3 Method 3 - Distribution method

While methods 1 and 2 consider the change in heavy precipitation events that are actually realized by the simulations on
average 3 times per year, method 3 focuses on the analysis of extreme events that may never have occurred during the entire
simulation period. Such rare events can be identified by using extreme value statistics. For this, we use the POT method,
described in detail by Coles (2001). First, the threshold value is determined analog to method 1 but for the two periods

separately. In order to guarantee temporal statistical independence, all days except the maximum of a rain episode - a period
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with consecutive rain days above 0.1 mm - are removed. Then the episode maxima larger than the threshold are selected, and
a generalized Pareto distribution (GPD) is fitted to these values. From the GPD distribution parameters (threshold, shape,
scale) the 10- and 100-year return values are calculated. Next, the relative difference of the two return values between the
future and the past period is determined with respect to the past. The GPD parameters (shape and scale) and the two return
values are estimated by the Python package "threshold modeling™ written by Lemos et al. (2020). The fit is optimized by the
maximum likelihood method.

In order to check the quality of the GPD fits and the significance of the simulated changes, we conduct four Goodness-of-Fit
tests based on the Kolmogorov-Smirnov method for each simulation and grid cell. The first two tests check if the threshold
exceeding intensity values of the past (respectively future) period are adequately represented by the fitted GPD. If one of the
tests fails, the method seems inadequate and is no longer applied to the corresponding grid cells of the considered simulation.
The next two tests check if the threshold exceeding intensity values of the past (respectively future) are also adequately
represented by the fitted GPD of the future (respectively past) period. Only if both tests fail, a significant change of the
return values is assumed. All tests are performed on a 5% significance level.

4. Results
4.1 Spatial distribution and evaluation of threshold values

Figure 3 (top row) shows the spatial distribution of the threshold median of the larger RCP8.5 ensemble for three analyzed
seasons. The values range from 1 mm/day in the very dry regions of northern Africa up to more than 75 mm/day in areas
with a generally higher rainfall amount, particularly along the mountains (e.g. Alps, Pyrenees) and the coastlines. The area
median of the thresholds (dots in Figure 4) across the eight prudence regions varies between 18 and 38 mm/day on the yearly
timescale, with the highest value in the AL region and the lowest in the SC region (see Figure 1) despite the high values
along the Norwegian coastal region. Although the spread between the ensemble members (vertical lines in Figure 4) is
considerable, the thresholds are clearly separated between some regions. As a consequence, e.g. a value of 19 mm/day may
already represent a severe event for EA in winter, but must still be considered as "normal or weak" in most of the other
regions.

The difference in the thresholds between summer and winter depends on the region as well. The mountainous and coastal
areas show higher values in winter than in summer, whereas the northern, central and eastern parts of the domain tend to
have higher thresholds in summer. With respect to the Prudence regions, the differences in the area medians between
summer and winter for the RCP8.5 ensemble are negative for Bl (-0.3 mm/day), AL (-0.5), IP (-6.8), MD (-4.8) and positive
for SC (6.6 mm/day), FR (0.3), ME (4.4), and EA (5.5) as shown in Figure 4. The results are almost identical for the smaller
RCP4.5 ensemble. The differences between regions and seasons are the same, only the spread is slightly smaller in the

RCP4.5 ensemble than in the RCP8.5 ensemble due to the smaller number of simulations.
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However, most of the simulations produce much higher thresholds than the two reference data sets E-OBS and ERA5 as
demonstrated in Figure 3 (middle and bottom row). The values in this figure indicate to which quantile the threshold of the
reference data corresponds within the whole simulation ensemble. The deviations seem to be strongest over eastern land
regions and the Mediterranean, are stronger in winter than in summer, and also stronger for E-OBS than for ERA5 (except
for ME and BI). Dark blue areas indicate that all simulations produce higher thresholds than the reference data. In contrast, a
tendency to lower values can be seen over water (data only for ERA5) in parts of the Atlantic (towards the coast of northwest
Africa) and in the Mediterranean, more in winter than in summer. This discrepancy between the simulated and reference data
becomes even more obvious when comparing the return values with the reference data in the next section.

4.2 Spatial distribution and evaluation of return values

The top rows in Figures 5 and 6 show the spatial distributions of the 10 and 100-year return values for the median over the
RCP8.5 ensemble and the reference period 1951-1980. The spatial patterns look very similar to those of the threshold values
(Figure 3). The 10-year and 100-year return values of the ensemble median vary between 17 and 115 mm/day and between
42 and 185 mm/day respectively on the yearly timescale. As with the threshold values, the return values are particularly high
in the mountains, in the Mediterranean region, and along the coasts. For the Prudence regions (see Figure 7), the ensemble
median of the return values on the yearly timescale varies between 40 and 80 mm/day for 10-year return period and 65 and
120 mm/day for 100-year return period. The median values are particularly high in AL, MD, and IP with 81/119 mm/day,
70/112 mm/day, and 62/98 mm/day for 10/100-year return period. Similar to the thresholds, extreme events are lowest in SC
with values of about 43 mm/day for 10-year return period and 64 mm/day for 100-year return period, despite the Norwegian
coast and mountainous region. The other regions (Bl, FR, ME, EA) have similarly high return values between 48 and 52
mm/day for 10-year return period and 72 and 81 mm/day for 100-year return period.

Just as with the threshold values, the difference in return values between summer and winter depends on the region. Again,
along the mountains and coastlines, extreme events are stronger during the winter than the summer half-year, and in the
northern, central and eastern European regions, extreme events are stronger in summer than in winter. For most of the
Prudence regions, except IP and MD, the area medians of extreme events are greater in summer than in winter. For the
regions SC, ME, and EA the differences between summer and winter are rather large (16.5/27 mm/day for 10/100 year return
values in SC, 15.4/31.7 mm/day for ME, 17.4/35.8 mm/day for EA) but somewhat smaller for France (8.5/24.3 mm/day).
For the regions AL (3.3/ 11.1 mm/day) and Bl (4.2/10.9 mm/day) the extreme events are also slightly higher in summer than
in winter, although their thresholds (Figure 4) are lower in summer than in winter. For IP and MD, the difference between
summer and winter of the return values is reversed with values of -10.4 and -7.2 mm/day for 10-year return period and -11.4

and -3.1 mm/day for 100-year return period and has again the same sign as the threshold differences.

The comparison of the simulated return values with those calculated from daily precipitation values of the E-OBS data for

the reference period (1951-1980) is given in the middle row of Figure 5 (10-year return values) and Figure 6 (100-year return
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values). The values indicate, analogous to Figure 3, to which quantile the return values of the reference data correspond
within the entire ensemble of simulated return values. Green colors mean that the return values of the reference data are
within the interquartile range of the simulation ensemble. This is mainly the case in Central Europe and for larger parts of
Italy, Scandinavia, and the British Isles. For most areas, the 10-year return values of the E-OBS data are in the lowest
quartile (light blue) or even below all simulated values (dark blue) especially during the winter half year. This mismatch
between simulated and observed return values is generally reduced for the 100-year event (Figure 6). Here, the area where
the reference values are within the interquartile range or at least in the two lower quartiles of the simulated ensemble is much
larger, especially in winter. For only a few small areas (red color in Figure 5 and 6) the reference data show extremes above
the full ensemble range.

The comparison looks different if ERAS reanalysis data are chosen to calculate the two return values (bottom row in Figures
5 and 6). Particularly in winter and over large parts of eastern and southeastern Europe, the extreme values in ERA5 are
much higher than the corresponding E-OBS values. Values below the ensemble range occur predominantly over ocean areas.
The highest values in ERA5 are still in the uppermost quartile (orange) of the simulations, but only for a few small areas in
the model domain. In general, the comparison with ERA5 looks spatially much more homogeneous than with E-OBS.
However, for Central Europe the 10 and 100-year events seem to be slightly smaller in ERA5 than in E-OBS as they are
mostly located below the interquartile range of the ensemble.

In general, most of the simulations appear to tend to higher return values than those resulting from the two reference data.
But due to the strong differences and spatial inhomogeneity in the comparisons, a third evaluation between the higher
resolved KOSTRA-DWD data and the simulation ensemble has been carried out. The KOSTRA-DWD data set directly
provides the two return values, but only for the area of Germany and the whole year. Their assignment to the quartiles of the
RCP8.5 simulation ensemble is given in Figure 8 and shows, that most of the simulated 10-year return values are lower than
and partly even completely below (red colored cells in Figure 8, left panel) the reference data. The 100-year KOSTRA-
values, however, are mostly located between the 1st and 3rd quartile and only at a very few individual grid points outside the

simulated range.

4.3 Temporal changes of heavy and extreme precipitation events and their robustness

The three methods used to identify heavy (method 1 and 2) and extreme (method 3) precipitation events result in four
relative temporal changes of the underlying indices, which are quantified in Figures 9 and 10 by the relative slope of the
annual exceedance amounts, calculated by the trend analysis of method 1 and projected on a 120-year period (1st column),
the relative 120-year difference between the future period (2070-2099) and the historical reference period (1951-1980) of the
30 years accumulated exceedance amounts from method 2 (2nd column), and the relative difference between the two periods
of the 10-year (3rd column) and the 100-year (4th column) return values. The displayed values represent the median from
each simulation ensemble separated by RCP-scenario (upper and lower row in Figure 9 and 10) and season (Figure 9: whole

year, Figure 10: summer and winter half-year). Blue grid points indicate an increase of the displayed quantities, and yellow
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to red grid points a decrease, while gray-shaded grid points mean that the whole ensemble exhibits no robust change. Figure
11 shows the relative change and Figure 12 the underlying robust area fractions separately for all four quantities (upper row:
threshold based indices 1 and 2, lower row: return-value based indices 3 and 4), the eight Prudence regions, and the three
seasons. The corresponding absolute changes can be calculated from Table 2. A relative increase of the 10-year return value
(index 3) in region ME for the whole year and the RCP8.5 scenario of 30 % would imply with a conversion factor of 4.82

mm/10% an absolute increase by 14.5 mm.

The temporal changes show a clear spatial partitioning into three parts (Figures 9 and 10) for all indices, both scenarios and
three periods with a dominating increase in the northern and middle parts of the model domain, a decrease in a small
southwestern part close to the Iberian Peninsula, and larger areas with indifferent and not robust changes from the middle to
the southern domain. The relative changes in RCP8.5 are up to twice as strong as in RCP4.5. For example in Scandinavia
and winter the intensity change of index 2 is 78.6% for RCP4.5 and 158.4% for RCP8.5 (Figure 11). The differences are
greater in the northern and central parts of the model domain and smaller in the southern parts such as IP, MD, and AL
(Figure 11).

Not only the intensity of change but also the area fraction with robust changes is generally greater in RCP8.5 than in RCP4.5
(Figures 9 and 10). The area with robust changes of the 100-year return values looks still very noisy in the RCP4.5 scenario
and becomes more clear and homogenous in RCP8.5 and all three periods. For Bl, SC, ME, EA, and FR regions, the robust
area fraction in RCP8.5 is between 80% and 100% (Figure 12). For RCP4.5 it is highest in the SC region with values already
between 60 and 95%. The robust area fraction is lowest for IP and MD, where most of the changes turn out to be not robust.
The total area with robust changes is generally larger in winter than in summer (especially for indices 1 and 2). In particular,
for Bl, FR, ME, and EA the area fraction in winter is up to 80% higher than in summer (Figure 12). Intensity differences
between seasons are also not uniform but depend on the index. For example, indices 1 and 2 indicate a positive difference
between winter and summer in Figure 11 for ME and climate scenario RCP8.5 with 32% and 36%, respectively. Indices 3
and 4, however, show the opposite difference for this case with -6.3% and -16.8%, respectively. Referring to Figure 10, the
robust decrease in the southwest of the model domain (mostly over sea) is stronger but affects a smaller area in winter than
in summer.

The general fact that the temporal changes in heavy and extreme precipitation events and the robust areas of these changes
are stronger in intensity and larger in extension in the RCP8.5 scenario than in the RCP4.5 scenario is independent of the
selected index. But the intensity and the robust area fraction of these changes and their differences between scenarios and
seasons vary with the selected index or method. The robust area fraction seems generally larger for the two return values
(lower row in Figure 12) than for the two threshold-based indices (upper row in Figures 12), especially in the weaker
scenario. Furthermore, it is larger for climate changes of the 10-year return values than for the 100-year return values. The
strength of the changes also varies with the method (Figure 11). The two threshold-based methods provide the strongest

relative increases, while the relative increase of the 10-year return values is still weaker than that of the 100-year values.
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The trends of the two threshold-based indices (upper row in Figure 11) show a generally stronger relative increase in winter
than in summer for all regions. This is not the case for the two return values (lower row in Figure 11). The 10-year return
value confirms the threshold differences between winter and summer trends only for the regions IP and MD, while all other
regions show an opposite behavior with stronger (or nearly the same as for AL) relative changes in summer than in winter.

The 100-year return values, however, indicate a stronger relative increase in summer or all regions.

5. Discussion and Conclusions

The main objective of this study was the identification of robust future climate changes in heavy and extreme precipitation
events with three different methods. We analyzed the area fractions with robust changes in selected subdomains (the eight
Prudence regions), the intensity of these changes for different scenarios and seasons, and the influence of the methods used.
We applied our analysis to daily precipitation values of the largest and most consistent regional climate simulation ensemble
(EURO-CORDEX) currently available. The determination of areas with robust changes in the full ensemble was performed
here for the first time, and thus represents the unique feature of our study.

The definition of the robustness of a climate change signal is not uniformly fixed and is therefore to some extent arbitrary.
Definitions of robust changes in an ensemble of climate simulations are generally based on two criteria, a dominating
majority of the sign of the simulated changes and the statistical significance of these changes. In our case, the trend of
climate change must be the same for more than 2/3 of the simulations and for more than half of these simulations the
detected changes in the considered index must be statistically significant at a significance level of 5%. This is similar to the
definitions used in Jacob et al. (2014), where areas were also considered as robust if 2/3 of all simulations show the same
trend and the trends are significant. However, the required proportion of significant changes remained unclear in their study.
Rajczak and Schér (2017) used a stronger definition of robustness, requiring 90% of all simulations to have the same sign,
but they did not apply any statistical significance test to the analyzed changes. Compared to these two studies, we used other
and additional methods and indices to determine the climate change in heavy and extreme precipitation, a reference period
further in the past, another seasonal differentiation, and a different focus on robust areas.

Four indices were introduced to check to what extent the identification of robust changes was independent of the method
used. Furthermore, the indices were selected in such a way that two indices each quantify the changes in heavy and in
extreme daily precipitation. We chose the largest possible time interval of 120 years, with the reference period 1951-1980 in
which climate change had not yet shown a substantial increase. Intense precipitation can also be triggered by convective
events during spring and early fall. To make a clearer distinction between convective and non-convective months, we
conducted our analyses for the two half-year periods April to September (referred to as summer) and October to March
(referred to as winter) rather than for the usual three-month seasons. Another advantage of the semiannual periods is the

larger sample size for the statistical analysis.
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The spatial distribution of the threshold values (Figure 3) and the return values (Figures 5 and 6) show predominantly the
same spatial structure, although they represent clearly different precipitation intensities. Threshold and return values are
particularly high in areas where generally more precipitation falls, such as mountains due to topographically induced lifting
or coasts due to coastal convergence. The lower thresholds and return values in continental areas can be explained by lee
effects and increasing continentality. The seasonal differences in thresholds and return values depend on the region. The
increase of thresholds in Central and Eastern Europe during summer can be explained by more convective events with more
small-scale precipitation than in winter. The higher thresholds in winter along the mountains and coasts originate from
larger-scale synoptic systems like fronts which hit Central Europe more often during winter than in summer because large-
scale advection and atmospheric dynamics are more pronounced in winter than in summer (Trenberth, 1999b; Trenberth et
al., 2003b; Mikolaskova, 2009). A small seasonal discrepancy occurred between return values and thresholds for Bl and AL.
For these two regions, the return values are slightly higher in summer than in winter, while the opposite is the case for the
threshold values. This could mean that extreme precipitation in these regions is triggered more by convective events, which
occur predominantly in summer, as mentioned by Ye et al. (2017), while the somewhat weaker heavy precipitation events
are related more to intense low-pressure systems, which contribute most to precipitation episodes in winter. It should be
noted, however, that both the resolution and the convection parameterization used by the models may hinder an adequate
reproduction of convective precipitation events, as discussed by Giorgi et al. (2019). Furthermore, simulations over regions
with highly structured topography such as the Alps are generally problematic at relatively coarse resolution, and can still

pose problems at higher resolutions, as described by Caldas-Alvarez et al. (2022).

The comparison of the thresholds (Figure 3) and the return values (Figures 5, 6 and 8) with different reference data provided
an inconsistent picture. It seems that the simulations generally produced much higher extreme values. But the reference data
itself also showed very large deviations. Compared to ERAS5 and E-OBS, the thresholds of the ensemble median were 10-
20% larger. However, the return values of KOSTRA over Germany were on average 10-20 % larger than those of the
simulated events calculated with method 3. Surprisingly, the simulated 100-year return values agreed much better with the
reference data than the 10-year ones. This makes the reliability of the reference data generally questionable. The differences
to E-OBS can be mostly explained by the variable density of measurement stations and the smoothing interpolation of the
station data to a different regular grid (see Cornes et al., 2018 and Vautard et al., 2021). The largest deviation from E-OBS
occurred in the eastern part of the model domain. Here, the station density used for the E-OBS data is particularly low, so
that the large-scale interpolation of daily values by flat cubic splines (Cornes et al., 2018) should lead to a general smoothing
effect of extreme daily events. In regions with high station density like Bl, ME, and SC the deviations were much smaller.
Deviations to ERA5 were less pronounced and more homogeneous than to the E-OBS data, as the representativeness of the
reanalysis is also more homogeneous for the entire Europe. But the resolution of ERA5 is about 3 times coarser (Hersbach,
2020) than that of the simulation ensemble and the precipitation values result from short range forecast simulations on that

spatial scale. The coarser resolution of the simulations compared to KOSTRA could be one reason why the calculated
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extreme events of method 3 (for Germany) were smaller than the values of the KOSTRA data (Figure 8). However, this
holds only for the 10-year return values. The better agreement between the 100-year values could be a random effect of the
greater uncertainty of these values. In principle, the discrepancies between KOSTRA and the simulated return values may be
influenced by differences in the analysis period, the methods used to determine the return values, and the remapping of the
reference data to the EURO-CORDEX grid. Overall, the difference between the three reference data and the ensemble

generates a large uncertainty, so that it remains unclear how reliably these data represent the actual extreme values.

The detection of robustness depends on the choice of index, season, scenario, and region. The reasons for the lack of
robustness vary by method. Threshold-based methods failed mainly at significance and return value-based methods failed at
2/3-majority of sign. In regions like IP, MD, and North Africa the thresholds were partly too low, which excluded many grid
cells from our analysis. But regardless of the method, season, or scenario, our analysis of robust climate change showed a
clear spatial tripartition (Figure 9 and 10) with a dominating intensification of heavy and extreme precipitation in northern to
central and eastern parts of continental Europe, a broad zone of non-robust changes in Southern Europe and the
Mediterranean to North Africa, and a small area of a substantial decrease in intense precipitation events over the southwest
of the Spanish Peninsula and offshore Atlantic. The changes in the sub-domains SC, EA and ME turned out to be particularly
robust and large. Precipitation in mid-and high latitudes increases due to, among other things, a poleward extension of the
Hadley cell and shifting storm tracks (see IPCC2013, Giorgi et al., 2019). And as Berg et al. (2013) and Ye et al. (2017) had
already pointed out, convective precipitation will also increase in these regions. Of particular interest are the regions MD, IP,
and North Africa. IP and MD had a much lower proportion of robust cells than the northern areas. These areas are not only
affected by a substantial decrease in mean annual precipitation, as mentioned by Rajczak and Schér (2017) and Brogli et al.
(2019), but also by a decrease in extreme events. We see this decrease for North Africa as well - but it does not meet our
robustness criteria. For IP and MD, however, a decrease in heavy precipitation occurred only in summer (Figure 11). The
annual values of exceedance amounts (index 2) for the Mediterranean and Alpine regions increased by about 71% and 86%,
respectively (RCP8.5), which is in line with the results of Bonanno et al. 2018, who used a lower spatial simulation
resolution to calculate the change and fewer simulations. The 20-30 % increase of return values in the Alps in the RCP8.5
scenario is consistent with the values in Rajczak and Schér (2017), although they used a different calculation method. In the
case of the Alps, these calculations are generally problematic for simulations with coarse resolution, since the topography
and the related precipitation forcing cannot be adequately resolved and reproduced. In our case, all four indices showed an
increase of heavy and extreme events but robust only over a small to medium portion of the Alpine region. The study by
Ehmele et al. (2020) revealed a downward trend of exceedance amounts in this region over the period 1900 to 2030.
However, looking at the values between 1950 and 2030, their study also showed a clear increasing trend, which is consistent

with our changes in the RCP4.5 scenario.

13



420

425

430

435

440

445

450

https://doi.org/10.5194/egusphere-2023-552
Preprint. Discussion started: 3 April 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

The higher greenhouse-gas radiative forcing in the RCP8.5 scenario leads to stronger warming than in the RCP4.5 scenario
in most regions of the world and also in Europe. Rising temperatures in a future climate can generally enhance the
hydrological cycle and favor the generation of convective-induced precipitation (see Berg et al., 2013, Ye et al., 2017). Both
effects can cause an intensification or accumulation of heavy rainfall events. The results of our analysis confirm these
findings for large parts of northern and Central Europe. The RCP8.5 ensemble produced a larger area with robust
enhancements of heavy and extreme precipitation events and a stronger relative increase in the intensity of these events than
the RCP4.5 ensemble in these parts of the model domain, as Figures 9 and 10 and the analysis of the subregions in Figures
11 and 12 illustrate. However, the southern and Mediterranean parts of the model domain tended more to a decrease in
extreme precipitation events, which turned out to be robust only for a small area in the southwest of the model domain. But
also this robust area increased and showed a stronger reduction of intense precipitation in the RCP8.5 scenario compared to
the 4.5 scenario, particularly in the summer half-year. This happened in accordance with a general decrease in total
precipitation in this region for the whole ensemble (hot shown here) and may be caused, as explained by Brogli et al. (2019),
by changes in the circulation pattern and the atmospheric state mainly in winter, and by an intensification of the land-ocean
temperature contrast, a lower relative humidity over land and a reduced moist adiabatic lapse-rate which lead to a higher
static stability in summer.

The threshold-based methods showed relative increases of 50% for RCP4.5 and up to 100% or more for RCP8.5. The
relative increase was smaller for the return values, but these values generally correspond to higher intensities than the
thresholds. An increase in indices 1 and 2 by 100% and more means that the annual amount of precipitation above a
threshold, which was exceeded three times per year on average in the historical period, will at least double in the RCP8.5
scenario towards the end of this century. The two threshold-based methods provided the strongest relative increases, while
the relative increase for the 10-year return values was still somewhat weaker than that for the 100-year values. The slightly
higher relative change for the 100-year return period means that the absolute intensity increase for extreme events is much

stronger at 100 than at 10 years since the reference value is already significantly larger.

Regardless of the method and scenario, the robust area fraction is larger in winter than in summer (Figure 10). As already
mentioned above, heavy and extreme precipitation in winter is mainly caused by large-scale synoptic events. These events
are quite well represented by RCMs with a horizontal resolution of about 12 km. A general increase in climate change
should therefore be detected with a high statistical significance and robustness. Extreme events in summer tend to be rather
small-scale and of convective nature, especially in Central and Southern Europe. The resolution of the models may be too
coarse and the relevant physical mechanisms are not fully captured by the convection parameterization used by the regional
climate models on that spatial scale. Hence, the models principally have difficulties representing these events correctly (Berg
et al, 2013, Rajczak and Schér, 2017, and Giorgi et al., 2019) and detecting robust changes in a changing regional climate

during summer. Ban et al. (2021) showed for example that 3 km high-resolution models tend to have higher precipitation
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indices than less high-resolution models. With regard to the relative intensity change in the robust areas, the situation is
twofold. While the intensity of heavy events represented by the threshold-based indices 1 and 2 showed a stronger increase
in the winter than in the summer half-year, the intensity of extreme and very extreme events represented by the 10- and 100-
year return values of indices 3 and 4 increases more in summer than in winter (see Figure 11). For regions IP and MD this is
partly in contrast to the results of Rajczak and Schar (2017) who analyzed a decrease in the return values over the three-
month summer season. But these deviating results may occur due to different subdivisions of the seasons, another reference
period, but most likely due to different calculation methods. The general tendency in the Mediterranean area is in fact a
decrease in intensity of the 10- and 100-year return values. But these tendencies turned out in our analysis not to be robust
over large parts of the domains. The remaining robust areas were located more to the north and were associated with an

increase, resulting on average in a positive tendency also for the extreme return values in these parts.

In summary, despite remaining uncertainties and differences between methods, seasons, and scenarios, the simulation
ensemble analyzed by this study projects a substantial increase in heavy and extreme precipitation for large parts of Europe
during the 21* century as a result of global climate change. In particular, the regions of northern, central, and eastern Europe,
represented by the Prudence domains SC, ME, and EA, are affected by a robust increase over more than 90 % of their areas
in the RCP8.5 scenario and over 40 % in the RCP4.5 scenario. However, the biggest uncertainty which remains is the
representativeness of the threshold and return-value-based indices in the EURO-CORDEX ensemble in comparison to
available reference data. The large discrepancies across Eastern Europe between simulated and observationally derived
indices may raise doubts about the reliability of the simulation results. But the homogeneity of the numerous simulations and
the larger deviations even between different reference data in this region support the reliability of the regional climate
simulations. Over Central Europe, the simulations agree quite well with different reference data and should therefore provide
the most reliable results here. Accordingly, the absolute intensity would increase in the RCP8.5 scenario for the accumulated
amount above the reference threshold of methods 1 and 2 by about 14 and 24 mm per year on average, and by 14 and 30
mm/day for the 10- and 100-year return values. The more moderate increase in RCP4.5 would amount to only 9 and 15 mm

per year for the threshold exceedances and to 9 and 21 mm/day for the return values in Central Europe.

Due to the potential problem that small-scale convection-induced heavy precipitation events in mid-latitudes cannot be
adequately resolved by a 12 km numerical grid, it would be interesting to investigate whether the robustness of extreme
precipitation changes - especially in summer — can be improved by an ensemble of convection-permitting regional climate
simulations with a higher horizontal resolution in the km-scale. The same methodology could also be used to examine the
robustness of intensity changes for both shorter (sub-daily) and multi-day precipitation episodes. In addition, the comparison
with reference data could be extended to representative station data and the causes for the sometimes considerable deviations

in extreme values between reference data and simulation results should be investigated in more detail.
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Table 1: The EURO-CORDEX simulation ensemble used for this study resulting from combination of eight Global Climate
485 Models (GCMs, left column) with five Regional Climate Models (RCMs, first row) for the two greenhouse gas scenarios RCP4.5
and RCP8.5. For further details of the regional and global models and simulations, see Jacob et al. 2014 and Vautard et al. 2021.

RCM CCLM HIRHAM RACMO REMO WRF
GCM
CanESM2 RCP8.5 RCP8.5
CNRM-CM5 RCP4.5, 8.5 RCP4.5, 8.5 RCP4.5, 8.5 RCP8.5 RCP8.5
EC-Earth RCP4.5, 8.5 RCP4.5, 8.5 RCP4.5, 8.5 RCP8.5
HadGEM2-ES RCP4.5, 8.5 RCP45, 8.5 RCP4.5, 8.5 RCP8.5
IPSL-CM5A-MR RCP8.5 RCP8.5 RCP4.5, 8.5
MIROC5 RCP8.5 RCP8.5
MPI-ESM-LR RCP4.5, 8.5 RCP8.5 RCP4.5, 8.5
NorESM1-M RCP4.5, 8.5 RCP8.5 RCP4.5, 8.5
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490 Figure 1: EURO-CORDEX data domain with a representative orography and the eight Prudence regions: British Isles (BI),
Scandinavia (SC), France (FR), Central Europe (ME), Eastern Europe (EA), Alpine region (AL), Iberian Peninsula (IP), and the
Mediterranean region (MD), labeled.
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Figure 3: Spatial distribution of the median of thresholds from the RCP8.5 simulation ensemble (top) for the reference period

500 (1951-1980) and the p-values for E-OBS (middle) and ERA5 (bottom), indicating to which quantile the thresholds from the
reference data correspond within the simulation ensemble. White color indicates missing values (E-OBS) or thresholds below 1
mm.
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Figure 4: Ensemble median (dots) and range from the ensemble minimum to the maximum value (vertical lines) of the

515 simulated thresholds for the reference period (1951-1980). The values represent the area median of these quantities over
all grid points of each PRUDENCE region (see Figure 1) for year (Y), summer (S), and winter (W) and for both scenario
ensembles (RCP4.5 in black and RCP8.5 in red) in mm/day.
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Figure 5: Spatial distribution of the median of return values for a 10-year return period from the RCP8.5 simulation ensemble

530 (top) for the reference period (1951-1980) and the p-values for E-OBS (middle) and ERA5 (bottom), indicating to which quantile
the return value of the reference data corresponds within the simulation ensemble. White color indicates missing values (E-OBS)
or thresholds below 1 mm or failing goodness of fit test.
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Figure 6: Same as in Figure 5 but for the return values of a 100-year return period.
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Figure 7: Ensemble median (dots) and range from the ensemble minimum to the maximum (vertical lines) of the simulated 10-year
(black) and 100-year (red) return values for the reference period (1951-1980). The values represent the area median of these
quantities over all grid points of each PRUDENCE region (see Figure 1) for year (Y), summer (S), and winter (W) and the RCP8.5
ensemble in mm/day.
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Figure 8: p-values for the KOSTRA-DWD reference data, indicating to which quantile the reference value corresponds within the
simulated ensemble of return levels for 10-year (left) and 100-year (right) return periods. White areas indicate missing values
outside of Germany.
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Figure 9: Climate change of heavy and extreme precipitation events, identified by temporal changes of 4 different quantities
calculated for the whole year: the relative slope from the trend analysis of the annual exceedance amounts (method 1) scaled to a
120-year period (1st column) and the relative differences between future (2070-2099) and historic (1951-1980) periods of the
accumulated annual exceedance amounts (method 2, 2nd column) and of the 10-year (3rd column) and 100-year (4th column)
return values (method 3). Blue areas indicate an increase, yellow to red colors a decrease. Grey shaded areas mark regions where
the robustness criteria are not met. The upper row represents the median values of the calculated quantities for the RCP4.5
simulations, the lower row the corresponding values for the RCP8.5 simulations.
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Figure 10: Same as Figure 9 but for summer and winter period
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Figure 11: Area medians of the relative slope in %/120a (method 1, top left) and the relative difference in % of the accumulated
threshold exceedances (method 2, top right) and of the 10- and 100-year return values (method3, bottom row) for the medians of

605 the two scenario ensembles (RCP4.5 in black, RCP8.5 in red), the eight Prudence regions and for whole year and the summer and
winter half-years. Missing black bars in upper right panel for regions IP and MD in summer indicate that no robust changes were
identified for these cases.
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Figure 12: Ensemble median of area fractions in % with robust changes of method 1 (top left), method 2 (top right) and method 3
for 10- and 100-year return values (bottom row) for the medians of the two scenario ensembles (RCP4.5 in black, RCP8.5 in red),
the eight Prudence regions and for whole year and the summer and winter half-years
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Table 2: Conversion factors to calculate absolute changes in mm for a 10% relative change of the ensemble median for the eight
Prudence regions, the four indices, both scenarios, and the three seasons. Missing values at -* indicate that no robust changes were
630 identified for these cases.

Season Scenario Index BI SC FR ME EA AL IP MD
o 1 2.11 2.00 2.40 2.27 2.48 3.30 2.96 3.01
Ef 2 2.02 1.98 2.31 2.23 2.40 3.06 2.98 2.97
& 3: 10a 4.96 4.26 5.34 4.86 5.08 8.10 6.23 6.92
5 3:100a 7.08 6.16 8.09 7.46 7.69 11.45 9.06 10.99
2 o 1 2.25 1.96 2.39 2.24 2.42 3.56 2.35 2.89
g@' 2 2.20 1.97 2.38 2.25 2.41 3.38 2.27 2.69
& 3:10a 4.86 4.20 5.17 4.82 497 7.90 6.04 6.65
3:100a 6.93 6.17 7.69 7.36 7.71 11.25 8.61 10.04
o 1 1.99 2.10 2.31 2.29 2.57 3.00 2.63 2.51

ELr' 2 1.81 2.04 1.74 2.19 2.44 3.03 -* -*
o O 3:10a 4.25 419 497 4.67 4.87 6.88 4.63 5.35
2 31000 | 632 5.88 758 7.07 741 | 1000 | 7.35 8.75
% o 1 2.10 2.06 2.31 2.35 2.51 2.99 2.18 2.50
@ g@' 2 2.01 2.07 2.33 2.30 2.45 2.92 2.26 2.95
g 3:10a 4.25 4,07 4.80 459 479 6.47 4.68 5.19
3:100a 6.19 5.84 7.25 7.04 7.30 9.62 6.68 7.85
o 1 1.83 1.16 1.73 1.45 1.43 2.52 2.66 2.33
ELr' 2 1.82 1.13 1.69 1.47 1.41 2.28 2.68 2.09
_ g 3: 10a 4.07 2.59 3.89 3.11 3.05 6.31 5.53 5.58
‘GE) 3:100a 5.31 3.35 5.21 4.32 412 8.40 7.32 8.52
S o 1 1.87 1.15 1.77 1.42 1.43 3.03 2.23 2.52
g@' 2 1.87 1.14 1.73 1.42 1.42 2.73 2.11 2.26
g 3:10a 4.02 2.53 3.81 3.10 3.01 6.23 5.20 5.40
3:100a 5.44 3.44 5.24 4.28 417 8.38 7.07 7.61
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