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Convection-permitting climate models
offer more certain extreme rainfall
projections
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Extreme precipitation events lead to dramatic impacts on society and the situation will worsen under
climate change. Decision-makers need reliable estimates of future changes as a basis for effective
adaptation strategies, but projections at local scale from regional climate models (RCMs) are highly
uncertain. Here we exploit the km-scale convection-permitting multi-model (CPM) ensemble,
generated within the FPS Convection project, to provide new understanding of the changes in local
precipitation extremes and related uncertainties over the greater Alpine region. The CPM ensemble
shows a stronger increase in the fractional contribution from extreme events than the driving RCM
ensemble during the summer, when convection dominates. We find that the CPM ensemble
substantially reduces the model uncertainties and their contribution to the total uncertainties by more
than 50%. We conclude that the more realistic representation of local dynamical processes in the
CPMs provides more reliable local estimates of change, which are essential for policymakers to plan
adaptation measures.

Regional climate models (RCMs) have been shown to be an important tool
in climate research and are often used to drive impact models1,2. However,
RCMs still underestimate precipitation extremes that are one important
component of the water cycle3, with implications for the reliability of future
projections especially for sub-daily precipitation4,5. These shortcomings
have been linked to the parameterisation of convection6 – a key process
behindmanyof our extremeweather events, including short-durationhigh-
intensity precipitation extremes responsible for flash flooding events in
summer over Europe7. The possibility to remove this source of uncertainty

with km-scale models, called convection-permitting models (CPMs), for
whichdeep convection is explicitly represented, couldopen thepath tomore
trustworthy estimates of future changes in extreme sub-daily precipitation.
Previous literature already showed that CPMs more realistically represent
sub-daily statistics6,8 and extremes leading to higher confidence on their
climate projections compared to RCMs4,9.

For an effective adaptation strategy, policy-makers need not only
information on future local changes, but also an evaluation of the uncer-
tainty associatedwith the climateprojection.There are threemain sourcesof

1University School for Advanced Studies IUSS, Pavia, Italy. 2Met Office Hadley Centre, Exeter, UK. 3Bristol University, Bristol, UK. 4CMCC Foundation - Euro-
Mediterranean Center on Climate Change, Caserta, Italy. 5Department of Atmospheric and Cryospheric Sciences, University of Innsbruck, Innsbruck, Austria.
6University of Zagreb, Zagreb, Croatia. 7Swedish Meteorological and Hydrological Institute, Norrköping, Sweden. 8Université de Toulouse, Météo-France, CNRS,
Toulouse, France. 9Universidade de Lisboa, Faculdade de Ciências, Instituto Dom Luiz, Lisboa, Portugal. 10The Abdus Salam International Centre for Theoretical
Physics (ICTP), Trieste, Italy. 11Institute for Atmospheric and Climate Science, ETH Zürich, Zurich, Switzerland. 12Wyss Academy for Nature, University of Bern,
Bern, Switzerland. 13Climate and Environmental Physics, Physics Institute, University of Bern, Bern, Switzerland. 14Oeschger Centre for Climate Change Research,
University of Bern, Bern, Switzerland. 15Royal Netherlands Meteorological Institute KNMI, De Bilt, Netherlands. 16Norwegian Meteorological Institute,
Oslo, Norway. 17Institute for Meteorology and Climate Research (IMK-TRO), Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany. 18Institute of Bio- and
Geosciences (IBG-3, Agrosphere), Research Centre Juelich, Juelich, Germany. 19Universität Kassel, Kassel Institute for Sustainability, Kassel, Germany.

e-mail: giorgia.fosser@iusspavia.it

npj Climate and Atmospheric Science |            (2024) 7:51 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00600-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00600-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41612-024-00600-w&domain=pdf
http://orcid.org/0000-0002-0578-6431
http://orcid.org/0000-0002-0578-6431
http://orcid.org/0000-0002-0578-6431
http://orcid.org/0000-0002-0578-6431
http://orcid.org/0000-0002-0578-6431
http://orcid.org/0000-0003-2923-6773
http://orcid.org/0000-0003-2923-6773
http://orcid.org/0000-0003-2923-6773
http://orcid.org/0000-0003-2923-6773
http://orcid.org/0000-0003-2923-6773
http://orcid.org/0000-0003-1538-2147
http://orcid.org/0000-0003-1538-2147
http://orcid.org/0000-0003-1538-2147
http://orcid.org/0000-0003-1538-2147
http://orcid.org/0000-0003-1538-2147
http://orcid.org/0000-0002-8341-2742
http://orcid.org/0000-0002-8341-2742
http://orcid.org/0000-0002-8341-2742
http://orcid.org/0000-0002-8341-2742
http://orcid.org/0000-0002-8341-2742
http://orcid.org/0000-0002-5665-3866
http://orcid.org/0000-0002-5665-3866
http://orcid.org/0000-0002-5665-3866
http://orcid.org/0000-0002-5665-3866
http://orcid.org/0000-0002-5665-3866
http://orcid.org/0000-0001-6944-5815
http://orcid.org/0000-0001-6944-5815
http://orcid.org/0000-0001-6944-5815
http://orcid.org/0000-0001-6944-5815
http://orcid.org/0000-0001-6944-5815
http://orcid.org/0000-0002-5764-3248
http://orcid.org/0000-0002-5764-3248
http://orcid.org/0000-0002-5764-3248
http://orcid.org/0000-0002-5764-3248
http://orcid.org/0000-0002-5764-3248
http://orcid.org/0000-0002-6124-1102
http://orcid.org/0000-0002-6124-1102
http://orcid.org/0000-0002-6124-1102
http://orcid.org/0000-0002-6124-1102
http://orcid.org/0000-0002-6124-1102
http://orcid.org/0000-0001-9490-0840
http://orcid.org/0000-0001-9490-0840
http://orcid.org/0000-0001-9490-0840
http://orcid.org/0000-0001-9490-0840
http://orcid.org/0000-0001-9490-0840
http://orcid.org/0000-0001-6987-7351
http://orcid.org/0000-0001-6987-7351
http://orcid.org/0000-0001-6987-7351
http://orcid.org/0000-0001-6987-7351
http://orcid.org/0000-0001-6987-7351
http://orcid.org/0000-0002-4208-3444
http://orcid.org/0000-0002-4208-3444
http://orcid.org/0000-0002-4208-3444
http://orcid.org/0000-0002-4208-3444
http://orcid.org/0000-0002-4208-3444
http://orcid.org/0000-0002-1572-4867
http://orcid.org/0000-0002-1572-4867
http://orcid.org/0000-0002-1572-4867
http://orcid.org/0000-0002-1572-4867
http://orcid.org/0000-0002-1572-4867
http://orcid.org/0000-0003-3456-8799
http://orcid.org/0000-0003-3456-8799
http://orcid.org/0000-0003-3456-8799
http://orcid.org/0000-0003-3456-8799
http://orcid.org/0000-0003-3456-8799
http://orcid.org/0000-0002-4171-1613
http://orcid.org/0000-0002-4171-1613
http://orcid.org/0000-0002-4171-1613
http://orcid.org/0000-0002-4171-1613
http://orcid.org/0000-0002-4171-1613
http://orcid.org/0000-0002-9155-5874
http://orcid.org/0000-0002-9155-5874
http://orcid.org/0000-0002-9155-5874
http://orcid.org/0000-0002-9155-5874
http://orcid.org/0000-0002-9155-5874
http://orcid.org/0000-0002-5066-2921
http://orcid.org/0000-0002-5066-2921
http://orcid.org/0000-0002-5066-2921
http://orcid.org/0000-0002-5066-2921
http://orcid.org/0000-0002-5066-2921
mailto:giorgia.fosser@iusspavia.it


uncertainty: the climate scenario,modeluncertainty and internal variability,
often called natural variability10,11. The first is related to the chosen socio-
economic emission scenario and the underlying assumptions in terms of
anthropogenic emissions, stratospheric ozone concentrations, land use
change, etc. Given the same external forcing, model uncertainty arises from
the use of different parameterization schemes (or parameter choices within
the samemodel) ornumerical formulations acrossdifferentmodels. The last
source of uncertainty is the natural variability of the climate system linked to
its chaotic nature. The relative contribution of the various sources of
uncertainty depends on several factors (e.g. analysed variables and statistics
used, temporal and spatial scale considered, time frame), but the fractional
uncertainty from climate scenarios becomes smaller compared to model
uncertainty and internal variability moving from global to regional scale10.
Over Europe, the choice of the RCM has a major influence on the total
uncertainties for summer precipitation12 suggesting that a correct repre-
sentation of convection could lead to a reduction in uncertainties in its
future response.

Little is known in terms of uncertainties of the climate change signal in
CPMs given the high computational costs that constrain the possibility to
run ensembles. Using a single-model CPM ensemble perturbed at the
boundary, the UKCP project13 found that the climate change signal in the
CPM ensemble tends to converge, thanks to the explicit representation of
convection4. However, amulti-model ensemble that samples different CPM
model physics is necessary to confirm if amore realistic representationof the
local convective dynamics (common to all CPMs) can really lead to a
reduction of uncertainties for extreme summer precipitation projections.

The CORDEX Flagship Pilot Study project14 on Convective Phe-
nomena over Europe and the Mediterranean (FPS Convection) is a coor-
dinated multi-model experiment setup to investigate the added-value of
CPMs, as well as their climate change signal and related uncertainties in a
systematic way over the greater Alpine region14–20. In accordance with
previous literature, this CPM ensemble showed the most significant benefit
compared to the driving RCMs in the representation of summer heavy
precipitation and precipitation frequency at daily and hourly scales16. Both
CPMandRCMensembles produce similar projections, but with a tendency
for larger increases in precipitation intensity in the CPMs. In particular, the
ensembles project a decrease in summermeanprecipitation,mainly due to a
reduction of events in the future, and a decrease in the intensity of extreme
events in southern Europe15. The spread in the CPM ensemble tends to be
reduced for most of the analysed indices and areas especially in SON.

Here, we consider 9 CPM simulations (2.5–3 km) and the corre-
sponding drivingRCM,with a resolution ranging between 12 and 25 km,
performed within the FPS Convection (see Methods and Table 1 for
more details). Each simulation covers a 10-year time slice for present day
(1996–2005) and for the end of the century (2090–2099) under the
Representative Concentration Pathway (RCP) 8.5 scenario21. For the
entire greater Alpine region, we investigate the future changes in
extreme hourly precipitation statistics, focusing on summer when
convection is predominant over Europe, and evaluate the uncertainty
linked to the climate change signal in the CPM and RCM ensemble.
Given the ensemble design, this analysis cannot consider emission
scenario uncertainty. Using the bootstrap approach22 sketched in Fig. 1,
we disentangle the model uncertainty and natural variability from the
total uncertainty within the RCP8.5 scenario. Then, we analyse the
contributions of the model uncertainty and of the natural variability to
the total uncertainty comparing the spreads in the bootstrapped
ensemble (see Methods more details). The possibility to reduce the
contribution of model uncertainty to the total uncertainty in CPMs
would lead to higher confidence in the projection and to more reliable
information for policy-makers. To verify that the results are not linked to
the specific models included in the ensemble, the different statistics are
repeated for a subset of models containing only one model from each
family for both CPMs and RCMs.

Results
Future changes in precipitation extremes and related
uncertainties
Figure 2 shows the distribution of hourly precipitation intensities over land
using the fractional contribution of each intensity bin to the total summer
precipitation23,24. Although the CPM and RCM ensembles show sig-
nificantly different hourly distributions, the climate change signal is similar
with both projecting a significant decrease in the contribution from low to
medium precipitation intensities (below 2mm/h and 5mm/h for RCMs
and CPMs respectively) and increase from high intensities (above 5 and
8mm/h for RCMs andCPMs respectively) in line with previous studies4,5,15.
This increase appears to be linked, especially for CPMs, to an intensification
of short-lived high-intensity events (i.e. duration below 6 h and intensities
above 10mm/h, Fig. 3), often of convective nature4,25, rather than to an
increased frequency of intense events above 10mm/h, which is limited
(+ 0.01% for CPMs, +0.004% for RCMs, Supplementary Fig. 1).

Table 1 | List of models and institutes that contributed to the study

Institute CPM (resolution) RCM (resolution) GCM

CMCC
Euro-Mediterranean Center on Climate Change

CCLM532,33

(3 km)
CCLM532,33

(12 km)
EC-Earth

KIT
Karlsruhe Institute of Technology

CCLM532,34,35

(3 km)
CCLM434,36

(12 km)
MPI-ESM-LR

ETH
Institute for Atmospheric and Climate Science

COSMO-crCLIM32,37

(2.2 km)
COSMO-crCLIM32,38

(12 km)
MPI-ESM-LR

CNRM
Centre National de Recherches Météorologiques

CNRM-AROME41t139

(2.5 km)
CNRM-ALADIN6340

(12 km)
CNRM-CM5

DMI-MET-SMHI
DMI-MET Norway- SMHI HARMONIE-Climate community

HCLIM38-AROME41

(3 km)
HCLIM38-ALADIN41

(12 km)
EC-Earth

KNMI
The Royal Netherlands Meteorological Institute

HCLIM38-AROME41

(2.5 km)
RACMO2.342

(12 km)
EC-Earth

FZJ-IBG3 & IDL
Research Centre Julich & Institute Dom Luiz

WRF3.8.1CA43

(3 km)
WRF3.8.1CA43

(12 km)
EC-Earth

ICTP
Abdus Salam Internatinal Centre for Theoretical and Earth System Physics

RegCM444

(3 km)
RegCM444

(12 km)
HadGEM

MOHC
Met Office Hadley Centre Exeter

HadREM_UM10.124,45

(2.2 km)
— HadGEM

(25 km, atmosphere-only)

The thicker borders identify the models from the same family.
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Fig. 1 | Schematic of the bootstrapping approach. The nine model simulations are
shown in the centre as cuboids with the three dimensions representing longitude,
latitude and time, while each vivid colour characterises a different model. The
strategy is represented for themodel uncertainty on the left, while on the right for the
single-model natural variability and the total uncertainty. The squares represent the

results of the statistic, e.g. heavy precipitation (p99), calculated over the time thus
reducing the cuboid (bootstrap surrogate) to two dimensions, i.e. longitude and
latitude. The spread, calculated as the interval between the 2.5th and 97.5th quantiles
of the surrogates, is the measure of each uncertainty.

Fig. 2 | Fractional contribution of hourly precipitation intensities to the total
precipitation. The figure refers only to land grid points in summer for the CPM
(purple) and RCM (petroleum) ensemble mean for the past and future times slices
(a, solid and dashed lines respectively) and future changes (b), where the coloured

areas represent the 97.5th confidence interval and the significant changes at the 95th
level are indicate by solid dots. Note the logarithmic x axis. The bins are 0, 0.10, 0.23,
0.41, 0.62, 0.10, 2.20, 4.52, 7.79, 11.87, 18.08, 27.54, 41.96, 63.94, 97.41,
148.41, 350.00.
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Fig. 3 | Summer changes in the precipitation events characteristics. Future change
in the contribution to the total precipitation is defined as a function of the peak
precipitation intensity and duration of precipitation event, where an event is defined
as a continuous period of precipitation exceeding 0.1 mm/h, for the ensemble mean
of RCM (a), CPM (b) andCPM‐RCMdifference (c). Fractional contribution is given

by (joint probability of a given amount‐duration bin) × (mean bin precipitation
amount) / (total precipitation over all bins), pooling all land points over the domain.
Future changes or differences that are not significant at the 5% level are masked
in grey.

Fig. 4 | Model uncertainty contribution to total uncertainty in the fractional
contribution of hourly precipitation intensities to the total precipitation. For the
summer (panel a, b) and winter (panel c, d) in the past (panel a, c) and for future
changes (panel b, d) model uncertainty (MU) contribution to total uncertainty (TU)
for CPM (red) and RCM (blue) bootstrapped ensemble and the mean single-model

natural variability (SM-NV) contribution to the TU forCPMs (light grey) andRCMs
(dark grey) and its 95th confidence interval. In numbers the mean contribution to
the TU for CPMs and RCMs both in the past and future changes. In all panels the
statistics are calculated when at least 50% of the models have events in the bin.
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For the past climate, both model and total uncertainty are sub-
stantially lower in the CPM than RCM ensemble except for extremes
when the total uncertainty for the CPM becomes larger driven by the
natural variability (Supplementary Fig. 2a). In the future the picture
remains similar, but the RCMs show a stronger increase especially in
model uncertainty for intensities above 5 mm/h compared to CPMs
(Supplementary Fig. 2b). This could be linked to the intrinsic limitations
of convection-parameterised models to correctly represent the intensi-
fication of convective events.

The contribution of the model uncertainty to the total uncertainty is
substantially reduced in CPMs compared to RCMs with a mean contribu-
tion of 30% instead of 45.32% in the past and similarly in the future (Fig.
4a, b). This is evenmore evident for precipitation above 50mm/h,where the
CPM model uncertainty contribution drops to ~20% while for the RCM
remains at ~50%. This reduction in the contribution from model uncer-
tainty for the CPMs is likely to be linked to the explicit representation of
convection. In fact, in DJF the model uncertainty can explain only between
~32% and~36%of the total uncertainty for bothCPMs andRCMs in either
time slices and all precipitation intensities (Fig. 4c, d). It is notable that the
contribution from model uncertainty is similar across both seasons for the
CPMs, which is consistent with storms being resolved in both seasons;
whilst for the RCM the contribution from model uncertainty is greater in
summer when the convection parameterisation scheme (and its uncer-
tainty) plays a significant role.

The natural variability sampled by a singlemodel realisation (SM-NV)
only explains a small portion of the total uncertainty of the multi-model
ensemble both in the past and in the future. However, it is interesting that
the SM-NVcontribution to total uncertainty is onaveragemore thandouble
in CPMs compared to RCMs, and reaching more than 50% for extremes
(Fig. 4). This confirms that natural variability is an important component of
uncertainty especially in CPMs4.

The findings are not linked to the specific models included in the
ensemble. In fact, the above conclusions hold when considering subsamples
of models from different families, although the model uncertainty con-
tribution to the total uncertainty substantially increases (between 10 and
15%) for both CPMs and RCMs, while SM-NV contribution remains
around the same range (Supplementary Figs. 3 and 4). In the future, while
the contribution ofmodel uncertainty for CPMs decreases for all the subsets
(up to 3.4%), for RCMs increases or decreases depending on the set of
chosen models showing the sensitivity of the RCMs to the model choice.

Up to now, we looked at future changes and related uncertainties from
a climatological perspective (i.e., hourly intensity distribution). However,
engineers and practitioners usually focus on precipitation events, char-
acterising themby their intensity and duration, to identify and predict those
leading to flooding. Here we define an event as a continuous period of
precipitation exceeding 0.1mm/hr and evaluate the future changes in the
maximum precipitation intensity for different event durations (Fig. 3) and
the related uncertainty (Fig. 5). Similar results are also found considering
event total amounts rather than maximum intensity of the event (not
shown). In line with previous findings4,5, Fig. 3 shows an intensification of
short-lived high-intensity events (i.e., duration below 6 h and intensities
above 10mm/h) along with a decrease of long-lasting low-intensity events.
The model contribution to the total uncertainty in RCMs tends to be high
(>40%) for precipitation above 10mm/h and below 0.2mm/h of short
duration (Fig. 5). This highlights the intrinsic limitation of this resolution in
representing short-lived high-intensity events5 as well as very light pre-
cipitation, known as drizzle problem6. The contribution for this type of
events is substantially reduced in CPMs, up to 20%, while on average across
intensities and duration the reduction is of 6.7%. In the future, in contrast
with RCMs, CPMs show a further reduction of model uncertainty con-
tribution across all durations and intensities. The results hold also with
different subsets of models, but the model contribution substantially
increases especially for RCMs, which show amean contribution above 50%
for the subsetCMCC,CNRM,ETH,FZJ-IDL, ICTP,MOHCversus the35%
in CPMs (Supplementary Figs. 5 and 6).

At this point it is interesting to identify if some areaswithin the domain
are more prone to model uncertainties due to local processes, such as
mechanically and thermally induced circulations associatedwith orography
and coastal heterogeneities. The analysis is performed for heavy (p99)
precipitation, defined at each grid point as the 99th quantile of wet hours
based on the historical period. This threshold corresponds to the intensities
that are projected to contribute the most to the total precipitation in the
future (Fig. 2), but results hold also for extreme precipitation (p99.9, not
shown). While the frequency of wet hours is expected to decrease in future
summers (table in Supplementary Figure 1) especially over the Alps15, the
p99 intensity of wet hours shows a widespread increase over land in the
future with a rise of almost 29% (24%) in CPM (RCM) ensemble corre-
sponding to 2.75mm/h (1.2mm/h) on top of the current p99 value (Fig. 6).
Care is needed to directly use this increase in impact-oriented assessment of
changes since the analysis uses wet-hour percentiles26.

In panel a and b, Fig. 7 shows that themodel uncertainty, averaged over
the grid points with significant future changes, is on average strongly
reduced in CPMs compared to RCMs in the past as well as in the future
(−16.28%, −5.73%). Compared to RCMs, higher model uncertainties are
projected in the future for CPMs over the Alps. This could be linked to
events that are more orographically induced18 and thus less sensitive to the
convective representation in future. In addition, theCPMs statistics could be
affected by a “double-penalty problem”6 due to their substantially higher
spatial variability, more than double compared to RCMs (even when
remapped on the RCMgrid). In other words, CPMs agree on an increase in
p99 over the Alps, but then diverge on the exact grid points where the
increase occurs. The RCMs, that inherently have less variability across grid
points, will suffer less from this problem. This suggests that a grid-point
based assessment probably is not appropriate when dealing with CPMs and
would instead support more a regional analysis and/or other statistical
methods that account for such displacements.

Wenote that sea and coastal areas, where there is no significant climate
change signal, show a higher model uncertainty in CPMs than in RCMs.
This is probably linked with the rarity of the heavy precipitation especially
over the Mediterranean sea, i.e. average frequency between 0.2 and 0.5
events per year in the historical period decreasing in the future. However,
other factors could play a role like the inability of RCMs to advect inland
maritime convective showers triggered over the sea27, the different land-sea
masks between CPMs and RCMs or a different treatment of sea-air inter-
action among CPMs. Despite these local regions showing higher model
uncertainty in the CPMs, the model contribution to the total uncertainty is
substantially reduced inCPMs almost uniformly over the domain by at least
22% (Fig. 7c, d), since the uncertainty is dominated by natural variability.

Discussion
In this work we investigated future changes in extreme hourly precipita-
tion over the greaterAlpine region in summer comparing themulti-model
CPM ensemble, created within the FPS Convection project, with its
driving convection-parametrised RCM ensemble. In accordance with
previous literature, we find a good agreement in terms of future projec-
tions between the two ensembles, although the changes are larger in the
CPMs. In particular, at the end of the century under the RCP8.5 scenario,
the extreme precipitation events, especially of short duration, will become
more intense and widespread over land with an increase of almost 29%
compared to current values.

The main focus of this paper is however on the uncertainty linked
with the climate change signal and, in particular, on the contribution of
model uncertainty and natural variability to the total uncertainty within
the RCP8.5 scenario. We found that, compared to RCMs, CPMs sys-
tematically reduce, in both the past and the future time slices, the con-
tribution of model uncertainty to the total uncertainty that is dominated
especially for the extremes by natural variability. This reduction appears
to be linked to the explicit representation of convection, especially in
summer; in fact in winter the model uncertainty contribution is similar
between CPMs and RCMs in either time slices and all precipitation
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intensities. This analysis also highlights the already well-known lim-
itations of RCMs in representing short-lived high-intensity events as
well as very light precipitation; in both cases the CPMs reduced the
model uncertainty contribution up to 20%. This reduction in model
uncertainty contribution is consistent over the domain, although model
uncertainty can be higher in CPMs than in RCMs in some areas, like over
the Alps, in the future. Importantly, the findings hold when considering
subsamples of models from different families, thus proving that the
results do not depend on selected models.

From our analysis, we conclude that CPMs not only project a stronger
intensification of local extreme precipitation compared to RCMs but, even
more importantly, the reduction of model uncertainty, for both the present
climate and the future changes, is due to their more realistic representation
of local dynamical processes. Knowing that the model uncertainty is
reduced in the projections of both short-lived high-intensity and long-
lasting events is key for flood modellers since the former tend to cause
damaging urban flooding28 and the latter can be of concern for large river
basins, such as the Po valley in Italy29. Thus, reducing the contribution of

Fig. 5 | Model uncertainty contribution to total uncertainty in the precipitation
event characteristics. Model contribution to total uncertainties for RCM (panel
a,b), CPM (panel c,d) andCPM‐RCMdifference (panel e, f) bootstrapped ensemble
for the past (panel a, c, e) and future changes (panel b, d, f) defined as future-past
time slice. The model contribution to the total uncertainty is calculated for the
fractional contribution of different events defined based on their peak precipitation

intensity and duration in summer only when at least 50% of the models have events
in that bin. An event is defined as a continuous period of precipitation exceeding
0.1 mm/h. The percentage in the plot represents themeanmodel contribution to the
total uncertainty considering all duration and intensities with future changes sig-
nificant at the 95th level.
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model uncertainty to the total uncertainty is a crucial aspect for impact
assessmentmodels andpolicymakers that can nowhave the benefit ofmore
certain extreme rainfall projections than ever before.

Methods
Data
Table 1 gives an overview of the nine models used and corresponding
responsible institutes,who joined this analysis. AllCPMs explicitly resolve
deep convective processes, while for RCMs and GCMs the deep convec-
tion is parametrized. The RCMs span Europe with slightly different
domain sizes, while CPMs have different domain size but all cover the
common area for analysis (1E – 17E; 40 N – 50 N) defined in the FPS
Convection protocol (see Fig. 1 in Coppola et al., 2020). To compare the
outputs among each other and on equal terms30, a conservative remapping
to the a common12 kmgrid is applied to all simulations before calculating
the statistics. Each 10-year time slice is preceded by one (or two for
CNRM-AROME41t1) spin-up year that is removed from the analysis. To

note that the UKMOmodel uses different time slices, i.e., 1998–2007 and
2096–2105, and directly nested the CPM in a high-resolution GCM at
25 km resolution.

Bootstrapping strategy
The schematic of the bootstrapping strategy used to examine the uncer-
tainties in theCPMandRCMensembles is shown inFig. 1. Theninemodels
are represented by the vivid coloured cuboid, where the three dimensions
are longitude, latitude and time with the original hourly resolution (Fig. 1
centre). To evaluate model uncertainties the 9 models are first randomly
reassembled 9000 times with replacement; then the selected statistic, e.g.
heavy precipitation p99, is applied to each of the 9000 bootstrap surrogates,
thus reducing the cuboid to a square, called “calculated surrogate”, with two
dimensions, i.e. longitude and latitude (Fig. 1 left). The ensemble spread is
calculated as difference between the 2.5th and 97.5th quantiles of the 9000
“calculated surrogates”. To note that the model uncertainty includes the
intrinsic natural variability of the original 10 years of data. Similarly, to

Fig. 6 | Maps of heavy precipitation for past and future changes. The heavy (p99)
precipitation for RCM (panel a, b) and CPM (panel c, d) ensemble mean and CPM-
RCMdifference (panel e, f) for the past time slice (panel a, c, e) and future changes in

percentage (panel b, d, f) is calculated considering only wet hours. Significant
changes are identified by black dots for which the mean is calculated and shown
in text.
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investigate the natural variability of eachmodel, called single-model natural
variability (SM-NV), 1000 bootstrap surrogates are created by randomly
selecting 10 years with replacement and the selected statistic is applied to
each of the 1000 bootstrap surrogates (Fig. 1 right). To note that an initial-
conditions larger ensemble of longer simulations would be required to
evaluate the full range of internal variability31, whichmight be limited in our
case by the relatively short length of the simulations. For the calculation of
the SM-NV, the years in the past and future time slices are ordered from1 to
10 and, in each iteration of the bootstrapping, the same selection of 10 years
is taken forbothpast and future time slices. Likewise for thebootstrappingof
model uncertainty, the same selection of models is chosen for the past and
the future for each surrogate. The spread in SM-NV is calculated for the
same quantile interval as in themodel uncertainty. The ensemble spread for
the total uncertainties is calculated considering all “calculated surrogates”
obtained for the SM-NV, thus over 9000 “calculated surrogates” (i.e., 9
members * 1000 bootstraps). With this strategy, total uncertainty includes
the uncertainties related to both natural variability and model character-
istics. To note that different methodologies for the calculation of the total
uncertainty have been tested leading to the same results (see supplementary
materials). Finally, the model contribution to the total uncertainty is cal-
culated as the spread inmodel uncertainty divided by the spread in the total

uncertainty multiplied by 100%. In the same way the SM-NV contribution
to the total uncertainty is calculated for each model and displayed either as
mean or/and as 95th confidence interval.

The bootstrap analysis is based on the hypothesis that the years and
the models are equally plausible and independent realizations of the
climate. While the assumption on the years is reasonable for short time
scale (i.e. ten years), the model independency needs to be verified
especially for CPMs from the same family and GCM forcing, i.e.
COSMO (ETH and KIT) and AROME (CNRM, KNMI and DMI-MET-
SMHI). For this purpose, the different statistics are repeated for a subset
of models containing only one model for each family for both CPMs
and RCMs.

Data availability
The hourly precipitation data of the CORDEX-FPS on Convection CP-
RCMs ensemble are in the process of becoming available through the ESGF
data notes.

Code availability
The codes to reproduce the analyses presented in this study are available
upon request from the corresponding author.
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Fig. 7 | Maps of heavy precipitation model uncertainty and its contribution to
total uncertainty. For heavy precipitation (p99) maps of: on panel a and
b, percentage differences in model uncertainty between CPM and RCM boot-
strapped ensemble, calculated as (CPM spread -RCM spread)/RCM spread*100; on
panel c and d, the percentage differences in model contribution to total uncertainty

between CPM and RCM bootstrapped ensemble. Negative (positive) values repre-
sent a decrease (increase) inmodel uncertainty and contribution to total uncertainty
inCPMs compared toRCMs in the past (panel a, c) and future (panel b,d). In text for
each plot the mean value over the grid points (black dots) with a significant future
precipitation change at the 95th level.
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