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Abstract

Using a sub-selection of regional climate models at 0.11° (= 12 km) grid resolution from the EURO-CORDEX ensemble,
we investigate how the spatial extent of areas associated with the most intensive daily precipitation events changes as a
consequence of global warming. We address this by analysing three different warming levels: 1 °C, 2 °C and 3 °C. We find
that not only does the intensity of such events increase, but their size will also change as a function of the warming: larger
systems becomes more frequent and larger, while systems of lesser extent are reduced in numbers.
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1 Introduction

Extreme precipitation leading to flooding is undoubtedly one
of the most damaging and costly climate hazards (Ahern
et al. 2005; Knapp et al. 2008; Woetmann 2011; Hallegatte
et al. 2013; Liu et al. 2016; Masson-Delmotte et al. 2018).
For an extreme precipitation event to become damaging,
several aspects have to be considered, e.g. the location; the
timing; rural land vs densely populated; dry, wet or frozen
grounds; catchment size and topography; tides and storm
surges, etc. (Westra et al. 2014; Woetmann 2011; Liu et al.
2016). One or a combination of several of those aspects
could play a major role in the severity of the experienced
disaster.

In the last decades, the mechanisms leading to extreme
precipitation and the impact of climate change on such event
have been the main interest of many studies (Frei et al. 1998;
Trenberth et al. 2003; Christensen and Christensen 2007;
O’Gorman and Schneider 2009; Prein et al. 2015, 2017a,
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b; Pacik et al. 2017; Chan et al. 2018; Marelle et al. 2018;
Tramblay and Somot 2018). Despite these many studies on
the subject, the changing characteristics of future extreme
precipitation events have still not fully been explored and
understood. To establish a detailed picture of the spatial and
temporal response of precipitation extremes to a warmer cli-
mate, several aspects should be considered and correctly
understood such as: (1) the frequency (Frei et al. 1998), (2)
the intensity (Frei et al. 1998; Christensen and Christensen
2007; Prein et al. 2017a, b), (3) the seasonality (Marelle
et al. 2018; Bronnimann et al. 2018), (4) the diurnal tim-
ing (Scaff et al. 2019) and (5) the size (Berg et al. 2013;
Guinard et al. 2015; Wasko et al. 2016; Chang et al. 2016;
Lochbihler et al. 2017; Prein et al. 2017a; Benestad 2018;
Touma et al. 2018).

Overall, for Europe, extreme precipitation is expected
to increase in frequency and intensity (Christensen and
Christensen 2003, 2007; Rajczak and Schir 2017; Chan
et al. 2018; Tramblay and Somot 2018). For some regions,
medium-to-strong precipitation events, which potentially
become hazardous, are highly dependent on the time of
occurrence during the year. Although high-impact extreme
precipitation events are expected to mostly occur in sum-
mer when convection is the predominant mechanism, it may
also occur in winter but for different reasons. Marelle et al.
(2018) suggest that extreme events might shift from summer
to early fall for some regions (including Europe and particu-
larly stronger in the northern part of Europe).

From the Clausius Clapeyron (C-C) relationship, an
increase in atmospheric moisture content by approximately
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6—7%/° C is expected and so extreme precipitation should
increase in a similar manner (Trenberth et al. 2003). This
has to some extent been identified in observations as well
as in model simulations (Prein et al. 2015, 2017b; Liu
et al. 2016). Berg et al. (2013) even found that the more
intensive precipitation, e.g. the 99th percentile of daily
precipitation, seems to follow a super C-C rate (14%/°C),
while a lower percentile (75th) follows the regular C-C
rate (7%/°C). Such changes in the precipitation character-
istics implies a profound impact over the entire hydrologi-
cal cycle. Chang et al. (2016) suggested that mechanisms
are taking place compensating for the imbalance between
the increase of intensity of the individual precipitation
event of 6-7%/° C with the total global average (1-2%/°C)
precipitation rate increase. Those mechanisms could be
either (1) thermodynamic: affecting the redistribution of
the additional humidity within the precipitation system
or (2) dynamical: affecting the system cell organization.
However, the identification of those mechanisms is subject
to physical caracteristic changes such as the starting loca-
tion, the intensity, the spatial extent, the duration and the
trajectory of the precipitation system (Chang et al. 2016)
while being also sensitive to the available moisture and
region in concern. Such compensating mechanisms are
likely to impact the size of future precipitation systems,
especially for the most intensive precipitation events.

Until now, few studies (e.g. Berg et al. 2013; Guinard
et al. 2015; Wasko et al. 2016; Chang et al. 2016; Lochbi-
hler et al. 2017; Prein et al. 2017a; Benestad 2018; Touma
et al. 2018) have considered changes in the size of the geo-
graphical area impacted by precipitation events. Amongst
those studies, some suggest an increase while others find a
decrease. Prein et al. (2017a) for example, tracked mesoscale
convective systems in the US. Their analysis shows that the
area receiving rain from a particular event is expected to
increase by 20-70% in a warmer climate. Using gauged
precipitation records, Berg et al. (2013) showed that spa-
tially extended precipitation events size (i.e. stratiform) is
increasing while the mean precipitation per square kilom-
eter is decreasing with warmer temperature. However, for
convective systems both the mean amount and the size of
the systems increases. Along with those results, Lochbihler
et al. (2017) used 9 years of summertime rain radar data to
show that size increases when dew point temperatures are
above 15 °C.

On the other hand, several studies have suggested an
opposite trend to the spatial extent. For example, Wasko
et al. (2016) used observations provided by the Austral-
ian Bureau of Meteorology to build a relationship between
temperature and various statistics describing the organiza-
tion of moisture within extreme storms selected, adopting a
90th percentile precipitation threshold. They concluded that
intensity is increasing, while spatial extent decreases with
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warmer temperature. Chang et al. (2016) came to a similar
conclusion using a 12-km grid regional model simulation
over a region covering the continental United States. Using
a rainstorm-tracking algorithm, they showed that rainstorm
size will decrease in a warmer future while the intensity
increases. However, those changes becomes uncertain due to
models biases in the present-day simulation (as compared to
observations) being stronger than the climate change signal.

In contrast, Guinard et al. (2015) found no climate change
related signal in precipitation area (investigating all pre-
cipitation systems) using the Canadian Regional Climate
Model over the North American continent. Finally, Benestad
(2018) suggested that the spatial extent of daily precipita-
tion episodes has decreased in the last decade leading to a
more intense localized precipitation. According to the same
study, end-of-century climate projections show a consider-
able decrease of the spatial extent of up to 28% for the daily
precipitation events responsible for intense but identifiable
as smaller systems.

These contradictory findings are not only a result of the
adopted approaches and definitions used for computing
the spatial extent of precipitation systems, but also of the
uncertainties related to model differences. They strongly
suggest that a stronger and better general understanding of
the changes in size of the area experiencing precipitation is
needed.

In this study, our goal is to try to shed additional light on
this issue using a multimodel approach, to investigate the
changes in size of the adjacent areas influenced by precipita-
tion located around a 20-years extreme daily precipitation
events for three specific warmer climate states. To do so,
we use an ensemble of 19 members from the 0.11 ° EURO-
CORDEX dataset using different warming levels of 1 °C,
2 °C and 3 °C, respectively, compared to the reference
period 1986-2005. The paper is organized as follows: in the
next section we describe the simulation data and the metric
used to produce the analysis. Section 3 shows the overall
simulated size distribution from regional climate model
(RCM) together with ERAS (Hersbach et al. 2020) high-
lighted by our approach; followed by Sect. 4 where results
of climate change analyses are shown. Finally we discuss the
results and make concluding remarks in Sect. 5.

2 Data and methods

Here, we use the daily pre cipitation from regional climate
model simulations produced within the framework of the
European Coordinated Regional Climate Downscaling
Experiment (hereinafter EURO-CORDEX, Jacob et al.
2014). Figure 1 shows the EURO-CORDEX domain and
the sub-domains used in this study. Note that region 6 differs
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Fig.2 GCM-RCM matrix

slightly from the original region e.g. presented in Chris-
tensen and Christensen (2007).

3. France [FR]
2. Iberian Peninsula [IP] 4. Mid-Europe [ME] 6. Alps [AL]

20°E

5. Scandinavia [SC] 7. Mediterranean [MD]
8. Eastern Europe [EA]

2.1 EURO-CORDEX dataset

In total, 6 RCMs (Fig. 2) driven by 5 GCMs (Fig. 3)
together with present-day simulations using ERA-Interim
(Simmons et al. 2006) as driving data have been used in
this study producing 19 climate projections on a 0.11 °
grid-mesh. The historical and the climate projections are
using several GCMs as driving data following the repre-
sentative concentration pathway (RCP) 8.5 scenario (Moss
et al. 2010) from 2006 and onwards. The same analysis
have been done for the reference period (1989-2008) using
ERAS. Simulated daily precipitation results were inter-
polated using a conservative procedure to the ERAS grid
for the analysis in Sect. 3. Otherwise, the original grid is
used for Sect. 4.

In this study, an approach using different warming lev-
els is adopted. We are using the 1986-2005 as a reference
period which we are comparing with 3 future periods. For
all GCM-RCM combination, the GCM global running
mean temperature change is computed over 20 years for
each year compared to reference period until the end of the
century (e.g. 1987-2006, 1988-2007..and so forth). The
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Fig.3 Protocol representing one iteration for one grid point for one member for computing 20y-size and 20y-mean for one selected period (in

this example the reference period of 1986-2005 is selected)

20-year period when the average global mean temperature
change reach 1 °C, 2 °C and 3 °C of warming, respectively
are used to represent warming levels of 1 °C, 2 °C and
3 °C. For example, if the GCM#1 reached a global aver-
age temperature change of 1 °C for the 2023-2042 period,
then 2023-2042 will be the time period where we look for
the maximum precipitation over 20 years for the level of 1
°C of each RCM driven by GCM#1.

2.2 Selection and computation of system size
related to extreme precipitation

There are no existing formal procedures to delineate the
area influenced from a particular localised 20 years extreme
precipitation event. To achieve this, we therefore need to
provide our own definition. Although identifying an event
might not be an issue in itself, assigning an area under influ-
ence related to the event at any grid point could be quite
challenging. Our approach is further complicated by the fact
that we are considering daily extreme precipitation rather
than a flash flood event characterize by an hourly time scale.

@ Springer

In this study, the term size is not necessarily related to a
coherent weather system or physically connected convection
cells but defines an area experiencing precipitation over the
course of the 24h period between 0 and 24 UTC. In prin-
ciple, this could also consist of multiple separate systems/
cells passing. This means that the full area we identify may
not have seen the same kind of intensive precipitation at
any time within 24 h everywhere, while the most intensive
part very well may have been established over a shorter
time scale. For example, high 24 h precipitation amounts
in the most extreme cases can be the result of either con-
tinuous relatively intense precipitation for 24 h or be due
to a cloud burst of short duration (e.g. even less than 1 h).
Our approach does not offer any distinction. It is also worth
mentioning that no distinction has been made between pre-
cipitation type (e.g. liquid or solid, convective, stratiform
or orographic).

There are multiple approaches to define and identify the
spatial extent of precipitation areas. In this study we apply a
percentile threshold to identify a precipitation event at a grid
point and then search for connected grid points in the local
vicinity that also have precipitation above the threshold.
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Selecting such a threshold is a delicate task since a too small
threshold will raise the chance that many or all systems will
be interconnected and we will then identify only one very
large event while a too large threshold, on the other hand,
will only offer the identification of a small fraction of what
could form the full event. Hence, a threshold that could be
applicable for different datasets and represent its overall
spatial distribution of daily precipitation is needed. Models
are different, some are systematically dryer and some are
wetter than both observations and the bulk of other models,
therefore such differences must be handled by the method
as well. Since our goal is to assess any potential change in
size-characteristics under climate change and not systematic
model errors, the threshold should be defined accordingly
and be applicable for each dataset. The percentiles should
be computed from a representative distribution of daily pre-
cipitation and in the following we describe the procedure
in detail.

First: we selected a random inland grid point and
extracted a daily precipitation map for the whole domain on
the day where the 20-years extreme precipitation occurred
at that grid point. Second: we excluded all grid points with a
value of less than a 1 mm/day from further analyses. Third:
we repeated this operation for another random inland grid
point where we pool the values to the values from the first
selected grid point. This operation was repeated another 498
times (to obtain a total of 500 samples). Fourth: the resulting
pooled data sample is then used to determine 90thand 99th
percentile precipitation value. This operation is applied to all
hindcast (models nested in re-analyses boundaries) simula-
tions and the ERAS dataset in Sect. 3.

In Sect. 4, the operation is applied only on the historical
simulations and the resulting 90th and 99th are then used for
both historic and future climate periods. During this process,
we make sure that a day was selected only once, even if two
or more neighboring grid points had their 20-year extreme
precipitation event on that same day. We also consider it to
be a plausible but rare case to select the same day twice due
to far-distanced regions having their 20-years extreme pre-
cipitation on that same day. To address this issue, this opera-
tion was repeated multiple times with a negligible impact on
the identified values of the 90th and 99th percentiles (not
shown). Other methods such as using the local (i.e. grid-
point percentile over the whole period) were also considered.
This latter approach was discarded since some areas (such as
mountainous and coastal regions) have quite high 90th and
99th percentile values. We direct the reader to the Appendix
for a more detailed discussion on the issue of selecting an
appropriate threshold for daily precipitation.

We wish to estimate the size and overall system mean
precipitation associated with the maximum 24h precipitation
amount event (occurring between 0 and 24 UTC) within a
particular 20-year period (hereafter 20y-size and 20y-mean,

respectively). The following steps were considered for each
RCM and each of the four selected 20-year periods (see also
Fig. 3) and repeated for all land model points:

Step#1 (Fig. 3a): For any land grid point within the model
domain or for a subdomain of interest (a grid point near
the Adriatic Sea is chosen as an example) the 20-year
time series of daily precipitation data is extracted to
identify the day of occurrence of the maximum precipi-
tation over the whole period. Note that just as was the
case with the calculation of the percentiles if neighbor-
ing grid points had their 20-year extreme precipitation
event on the same day, an event was selected only once
to avoid double counting.

Step#2 (Fig. 3b): The full precipitation map of that day is
extracted and all grid points with values below the 90th
percentile calculated, as described above, were masked
out.

Step#3  (Fig. 3c): We then apply an island detection algo-
rithm (see e.g. https://www.geeksforgeeks.org/find-num-
ber-of-islands, consulted on December 2019) on the sys-
tem connected to the selected grid point to calculate the
20y-size and the 20y-mean by the system delineated by
the 90th percentile (here and after called 20y-size [90th]
and 20y-mean[90th]). In Fig. 3¢ the 20y-size[90th] con-
sists of = 2400 grid points, which corresponds to ~ 266
000 km? and the resulting 20y-mean[90th] is &~ 40 mm.

Step#4 (Fig. 3d): The following step is to also mask out
all value below the 99th percentile and apply the island
detection algorithm again to calculate the 20y-size and
the 20y-mean delineated by the 99th percentile (here
and after the 20y-size[99th] and 20y-mean[99th],
resp.). In this example, the 20y-size[99th] consists of
~ 600 grid points equivalent to ~ 67 000 km? and the
20y-mean[99th] is ~ 80 mm.

Given the many odd shapes and sizes such events repre-
sent, we define a length scale (L) associated with these
events defined by the square root of their area (e.g. in
Fig. 3, L2=515% and L2=259% km? for the 20y-size[90th]
and 20y-size[99th], respectively). We have defined discrete
size categories using multiples of 2. Our definition of a
small-size system is defined by systems smaller than 1282
km?, medium-size systems range from 128 to 5122 km? and
large-size systems are larger than 5122 km?.

In the climate change analysis, this set of steps is repeated
for each warming level for each model. We should underline
a critical point. The two thresholds used are based on the
reference periods (of 1989-2008 for Sect.3 and 1986-2005
for Sect.4) for the particular member in concern in order to
evaluate changes with respect to this period.
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3 Present-day size distribution

3.1 Size and overall system mean precipitation
associated with the most extreme 24h
precipitation event

Since we have a priori no idea what to expect about the
shape of the size distribution, we performed a sanity check
against dataset having similar spatial and temporal resolu-
tion and coverage as the ERAS reanalysis. For example,
we have explored other observational datasets such as the
E-OBS observational dataset (Cornes et al. 2018), but it was
discarded since E-OBS represents land observations only
and our approach needs value over the sea as well. That
being said, two recent studies (Nogueira 2020; Rivoire et al.
2021) have compared ERAS5 with several observational data-
sets and the previous reanalysis ERA-Interim (e.g. Simmons
et al. 2006). Both studies suggest ERAS shows an overall
improvement compared to ERA-Interim (while still being
of a rather coarse resolution of ~ 30 km grid mesh) and
an overall good agreement with observation-based records,
which suggests that it may be a useful dataset for an overall
quality check. In this section, all EURO-CORDEX simu-
lated results are driven by ERA-Interim. Note that for Fig. 4,
Figs. S1 and S2 the simulated daily precipitation data has
been conservatively interpolated to the ERAS grid before
applying the procedure described in Sect. 2.2 to both ERAS
and RCMs.

Figure 4a shows the number of events for 20y-size[90th]
and directly below (as shown by the downward arrows on
Fig. 4c) the value of the 20y-size[99th] conditionned to a
20y-size[90th] event. For example, ERA5 shows 1250
events of large size-systems of 20y-size[90th](black bar

of the last bin of Fig. 4a). The average size of their more
intense core, 20y-size[99th], is a bit larger than 256 X 256
(~ 65,000) km? (black bars of the last bin of the lower part
of Fig. 4c). Figure 4b shows the 20y-mean[90th] and the
associated 20y-mean[99th] below (Fig. 4d). The same logic
should be applied for reading Figs. 6 and 7.

Figure 4a shows that the EURO-CORDEX simulations
have more 20-year events of small-to-medium size, when
compared to the ERAS results, which is counterbalanced by
fewer of the largest-sized events. One plausible explanation
for the shift of large-size events toward small-to-medium
size events is that the EURO-CORDEX simulations have a
finer grid mesh, providing a smaller scale information to the
interpolated grid when compared to ERAS. It would then be
expected that smaller system size would be more frequent in
those simulations, reducing the numbers of large-size events.
The large inter-model spread from small-to-medium bin size
is partly an artefact of the relatively small number of events
in this section of the distribution, while at the same time the
different models may have different capacity of representing
small intense systems. It is worth mentioning that one large-
size event is not necessarily compensated by one small-to-
medium size event but rather several.

In general, Fig. 4 shows that the hindcast simulations
and ERAS are having a similar size distribution. Similar
comments could be made for the historical simulations (see
Fig. S3), indicating that there are no major discepancies
in the simulated precipitation within the domain among
RCMs driven by GCMs and when driven by re-analysis on
the boundaries. This corroborates the interpretation that at
least part of the ERAS result is due to the coarser horizontal
resolution compared to that of the RCMs.

Figure S1 shows the EURO-CORDEX 20y-size[90th]
together with the 20y-size[90th] from ERAS (on the ERAS
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Fig.4 Present-day size distribution results for ERAS5 (black), the
ensemble mean (green) and the inter-model spread (black lines) for
the 1986-2005 period over the whole EURO-CORDEX domain.
Panel a shows of the number of events for 20y-size[90th]; panel
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b shows the 20y-mean[90th]; panel ¢ shows the 20y-size[99th]
(note that the inter-member spread is small and then is not appar-
ent because of the non-linear y-axis scale); panel d shows the
20y-mean[99th]
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Fig.5 The month of the year when the 20-years extreme precipitation has occurred for ERAS (a) and the hindcast simulations (b—g) both on
their original grid for the reference period of 1986-2005
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Fig.6 Climate changes results
over the whole EURO-COR-
DEX domains and sub-regions

Changes in number of events, size and intensity
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and dots show the outliers 642
C
30 )
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grid, Hindcast results on their original grid are shown in Fig.
S2). Overall, ERAS (Fig. S1a) has more large-size systems.

3.2 Seasonality

Figure 5 shows that seasonality of 20y-size extreme events
differ depending on the regions for the reference period
of 1986-2005. For ERAS and all CORDEX simulations,
extreme precipitation in the North-Eastern part (for example
Central-Europe, the Alps and Eastern Europe as defined in
Fig. 1) of the domain has a strong tendency to occur during
summer. The rest of the domain is split between the 3 other
seasons. Those results are in agreement with Marelle et al.
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(2018) using CMIPS models and with the historical simula-
tions (not shown).

4 Climate changes

4.1 Change in size and the total system average
precipitation

Figures 6 and 7 shows the changes (one member, one vote)
in number of events and average intensity per size category
for the 1 °C, 2 °C and the 3 °C warming levels (shown
in green, blue and red, respectively) for the whole domain
(Fig. 6) and the sub-regions (Fig. 7).



Spatial extent of precipitation events: when big is getting bigger

1869

Changes in number of events, size and intensity
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Fig.7 Climate changes results over sub-regions for the 1 °C (green),
2 °C (blue) and the 3 °C (red): panels a, e, i, m, q, u, y, cc, gg show
the changes in number of events of 20y-size[90th]; panels b, f, j, n,
r, v, Z, dd, hh show the changes of 20y-mean[90th]; panels ¢, g, k,
0, s, w, aa, ee, ii show the ratio between the different warming levels

For the sake of clarification, here, we give an example
of how to read the change in number of the large event
(> 5122 km?) and the associated changes 20y-size[99th]
under a warmer conditions for the whole EURO-CORDEX
domain. For this, one can look at the last bin of Fig. 6a

results and the historical results for the 20y-size[99th]; panels d, h, 1,
p. t, X, bb, ff, jj show the ratio between the different warming levels
results and the historical results for the 20y-mean[99th]. The boxplots
of the members inter-quantile range are defined by the 25th percentile
and the 75th percentile, the two wiskers show the 5th and the 95th,
respectively, and dots show the outliers

which shows an increase in numbers of large events as the
climate warms (for example, the 50th percentile shows a
increase of &~ 125 events for the 3 °C level). Directly below
(Fig. 6b) in the same bin (i.e. > 5122 km?) the ratio of the
different warming level results with respect to the historical
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Fig.7 (continued)

results for 20y-size[99th] is shown (for example, the 50th
percentile shows a ratio of ~ 1.2 for the 3 °C level)

Figure 6a shows that over the whole EURO-CORDEX
domain, the number of large size systems is increasing at
the expense of the smaller-to-medium size systems while
the 20y-size[99th] (Fig. 6b) is increasing for all bin sizes,
as the climate warms. The 20y-mean[90th] (Fig. 6¢) is
increasing as climate warms for the larger systems. The
20y-mean[99th] (Fig. 6d) becomes more intense for almost
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all bin sizes. Figure 6a-d give an overview of the whole
domain, however regional differences are noticed.

For each sub-region, there is an increase in number
of large systems of 20y-size[90th] at the expense of the
number of small- to medium-size systems, less so over
France (Fig. 7i) and Mid-Europe (Fig. 7m). All subregions
show an increase of the 20y-size[99th]. In other words,
the overall system-size will tend to get bigger and their
more intense core (i.e. 20y-size[99th]) expands. These
results show that systems related to the 20-years maximum
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precipitation will get bigger and have a larger intense core
as climate warms.

The results for 20y-mean[90th] for the different subre-
gions (Fig. 7b, f, j, n, 1, v, z, dd) also suggest important
changes as the climate is warming. As discussed for the
whole EURO-CORDEX domain (Fig. 6b), the results for
the sub-regions also indicate an increase in 20y-mean[90th]
for the larger-sized systems in all subregions. Although
the medium-size systems show small decreases in the
20y-mean[90th] for the British Isles, the Iberian Peninsula
and Mediterranean (Fig. 7b, f, and z, respectively), other
subregions do not show a clear pattern in this size range.

In the small-sized systems (<1282 km?), no clear pat-
tern is identified for 20y-mean[90th]. In fact, the inter-
member spread is quite large, reflecting how models strug-
gle representing smaller systems. For all size-ranges, the
20y-mean[99th] is increasing for all different warming lev-
els. In summary, these results suggest that the precipitation
systems leading to an event producing a 20-year precipita-
tion extreme will become larger and more intense as temper-
ature increases for the entire domain and in all subregions.
The hindcast and the historical simulations have also been
compared as it was done in Fig. 4 (see Fig. S3) and no major
differences were found neither in the seasonality which sug-
gests that the GCM has only a small, indirect or no impact at
all on the size of the event produced by the RCM.

4.2 Change in seasonality of extreme precipitation

In this section, the seasonality of the 20-years extreme pre-
cipitation is investigated for each warming level period. Fig-
ure S4 shows the density plot of the date of occurrence for
the identified 20-years extreme events where all the mem-
bers were bundled together for the four different periods.
We see in Fig. S4i that occurrence is overall more frequent
in summer over the whole EURO-CORDEX domain. How-
ever, Fig. S4a—h show that seasonality is different over all
sub-regions while also not showing any significant changes
in the seasonality as climate warms. Those results should be
interpreted with caution, since changes in seasonality might
still be apparent for second and third order ranked maximum
precipitation, which is out of the scope of this study. This
latter result is not in line with the findings of Marelle et al.
(2018), and is most likely related to the fact that they used
annual extreme precipitation instead of 20-years extreme
precipitation in their studies.

5 Conclusion and discussion

Here, we have investigated the changes in size of contiguous
precipitation systems related to 20 years most extreme pre-
cipitation for different different warming levels using daily
precipitation dataset from EURO-CORDEX. Our sanity
check shows that the size distribution inferred from ERAS
was much alike from the size distribution inferred from the
reanalysis driven simulations. However, some differences are
also noted which are likely due to differences in grid-mesh
size between the ERAS dataset and the EURO-CORDEX
models. The simulated results for the seasonality and the
location of the 20y-size also seem to be in line with ERAS.

No large differences were found between the reanalysis
driven simulations and the historical GCM driven simula-
tions. This is suggesting that the choice of GCM has a small
or no impact on the simulated size of an event, seasonality
or location of the size of system related to extreme precipita-
tion. In other words, this is indicating that the size distribu-
tion and intensity spectrum in this European case are due to
the RCM physical parameterizations rather than provided by
information advected over the boundaries.

We have demonstrated that systems associated with the
20-year extreme precipitation events will become larger and
more intense with global warming for the entire domain as
well as for various sub-regions analysed. This is more pro-
nounced for the most intensive core of the precipitation sys-
tem. Our analysis suggests that this could be resulting from
larger availability of the overall energy and humidity. This
investigation allows for a better understanding of the areal
expansion of extreme precipitation related to climate change
for the different warming levels of 1 °C, 2 °C and 3 °C.

The results of this study should not be compared blindly
to other studies since the adopted approaches and definitions
are quite different. For example, we have studied the 20-year
most extreme events, while others have investigated whether
all precipitation systems (Guinard et al. 2015) or only the
most extreme by compiling all events using the tail of the
distribution (Wasko et al. 2016), clearly forming very dif-
ferent approaches. In our study, we are stating that the most
extreme events will become larger and more intense, but we
do not, for example, inform about the overall behavior of
less intense and more frequent events in warmer conditions.

Recently, many research groups have participated in the
endeavor of producing convection-permitting climate simu-
lations which should, in theory, bring some more detail of
the landscape of extreme precipitation and its relationship
to an increase of the global temperature. It is to be expected
that mechanisms leading to the most extreme precipitation
are better represented in those models. Despite the large
computing cost and archive needed, more studies should be
focusing on more characteristics of extreme precipitation
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including the consideration of the size of the events. We
have shown in this study that the relationship to the size of
extreme precipitation event with the average global warm-
ing is complex.

Appendix: Selection of the Threshold

There are at least 3 ways that one could think of to delineate
a geographical area related to an extreme event while using
a daily precipitation dataset. We could use:

1. The same hard threshold for all datasets, e.g. 10 mm/day.

2. Aninternally calibrated precipitation threshold for each
member defined by the grid-point temporal distribution
of the precipitation.

3. Aninternally calibrated precipitation threshold for each

member defined by the spatial distribution of precipita-
tion.

Fig.8 Value of the local 90th percentile (e.g. computed using the
grid-point time series) computed for each grid (a). The ratio of the
local 90th percentile over the 90th spatial percentile used in this study
for this member (b). The size of the events compute using the 90th
percentile used in this study and using the local percentile (¢ and d
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b)

60°N

40°N

The first point is not suitable for model intercomparison or
for climate change signals, as each model has its own pre-
cipitation climate, which means that some models could be
dry, other wet and applying a hard threshold will definitely
have an impact on the overall precipitation distribution when
compared across all models.

In order to compare results from several models, an inter-
nally calibrated precipitation threshold is more appropri-
ate, we argue. To do so, we have considered the two other
approaches. The second of these approaches was discarded
for the following reason. From Fig. 8a and b, it can be seen
that some regions have a very large 90th percentile value
when using the local percentile, which may be quite local-
ized and not representing the neighboring regions at all. This
means that if the local percentile is used to delineate the
spatial extent of a system related to extreme precipitation,
the size will be artificially small due to a too high value of
the local 90th. Indeed, in Fig. 8d, it can be seen for some
regions that the 20y-size is smaller if using the local percen-
tile (for example most of the Alps, Iceland, Western coast
of Norway, every point where the ratio presented in Fig. 8b

Size [km?]

respectively). Those results have been computed using HIRHAMS
driven by ERA-Interim for the 1986-2005 period. Grey colored
regions over the south of the domain indicate that the 20-years maxi-
mum precipitation was less than the 90th used
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is large). Those smaller 20y-sizes would be artefacts of the ~ method will result in very small systems, not reflecting on
usage of the local percentile. the tendency for such events to form under general unstable

So, the main concern about choosing this approach is  conditions often affecting a wider region than depicted by
that for certain regions, such as in the Alps for example, this  a single grid point. For example, as depicted by Fig. 8, the

128

32

N
mm/day

0.5

0.125

Fig.9 Examples of daily precipitation maps (first column) and a 20-year extreme precipitation for France (first row), Spain (second
the impacted area delineated by the threshold used (second col- row) and Norway (third row)
umn) related to a particular grid point (shown by the red star) with
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grid point’s 90th percentile appear to be quite different, with
some regions receiving almost 150 mm/day at some grid
points. In the example shown in Fig. 3a of the manuscript,
for the selected grid point (Lat:42.33 °; Lon: 18.89 °), the
90th percentile at this location is 101 mm/day. Using such
a large value as a threshold to delineate the simulated area
shown in Fig. 3a would not be representative of the over-
all coherent precipitation pattern shown in the example for
those specific 24 h.

In order to demonstrate how the third (and our selected
approach) behaves for different regions, we selected a few
examples shown in Fig. 9 (e.g. for France (Fig. 9a, b), Spain
(Fig. 9c, d), and Norway (Fig. 9e, f)). We argue that the
system delineated by our threshold makes physical sense.
If the grid point 90th percentile was chosen as a threshold,
then the area under influence would have been quite differ-
ent and small. For example, for each of the selected grid
point (red stars) the grid point 90th percentile is 11, 32 and
39 mm/day for Fig. 9a—f, respectively. One sees that while
little effect would have been noted for the selected grid point
located in France (Fig. 9a, b), the impact on the associated
area for Spain and Scandinavia would have been reduced
considerably.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-05998-0.
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