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Distinct regimes of precipitation changes
across Europe and the Mediterranean
under global warming

Check for updates
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Climate change is significantly altering regional precipitation patterns across Europe and the
Mediterranean. We analyze daily precipitation distribution changes in a 15-member Euro-CORDEX
ensemble, through a diagnostic framework that separates occurrence changes, wet-days intensity
shifts and distortions. At +4 ∘C global warming, Northern Europe shows a robust intensification of
precipitation, driven by both higher occurrence and stronger events. Conversely, the Mediterranean
exhibits a dominant drying signal, primarily due to fewer wet-days, which impacts daily precipitation
distribution even for heavy rainfall. Transitional zones in the northern Mediterranean reveal “U-shape”
regimes, with rising extremes but declining moderate rain. Comparing with ERA5 reanalysis over the
past, lowmodel agreement in the south highlights higher uncertainty in theMediterranean region. The
timing of robust signal emergence varies: Northern Europe shows robust patterns from +1 ∘C, while
the Mediterranean exhibits delays until+3-4 ∘C. These findings are essential for informing risk-based
adaptation strategies.

Climate change exerts profound effects on the global hydrological cycle,
modifying not only the total amount of precipitation but also its spatial and
temporal distribution. While theoretical and empirical evidence suggest an
intensification of precipitation extremes at the global scale due to increased
atmosphericmoisture and thermodynamic changes1–4, regional expressions
of these changes can be complex and contradictory. In many areas,
including Europe, the observed and projected precipitation trends reflect a
combination of thermodynamic drivers, large-scale atmospheric circulation
patterns, and natural variability, which can amplify or counteract global
tendencies5.

Among global regions, the Mediterranean Basin stands out as a pro-
minent climate change hotspot, warming at a rate 20% faster than the global
average6,7. The region is particularly vulnerable due to its semi-arid climate,
high population density, and dependence on climate-sensitive sectors such
as agriculture, tourism, and water resources. Observations from the latter
half of the 20th century onward indicate a robust rise in temperatures across
the basin, accompanied by a general decline in precipitation, particularly in
the warm season and in the southern and eastern subregions7,8. Future
projections consistently predict continued warming and a complex reor-
ganization of rainfall regimes,with longerdry spells andmore intense, albeit
less frequent, rainfall events inmany areas7,9. This dual signal-a drying trend

alongside intensification of extremes-has been described as the “Medi-
terranean paradox”10,11.

Despite this emerging consensus, current climate impact studies and
adaptation frameworks often focus narrowly on changes in mean pre-
cipitationor onhigh-end extremes,while overlooking the full distributionof
daily precipitation values. This narrow focus obscures critical aspects of
climate change, such as shifts in the frequency of dry days, which can be as
impactful as extremes, particularly for agriculture, water supply planning,
and ecosystem resilience. As emphasized in the First MedECC Mediterra-
nean Assessment Report7 and its special report on the water-energy-food-
ecosystem nexus12, changes in precipitation frequency, particularly the
increase in dry days, pose an important threat to sustainable development in
the region, with direct implications for food security, water management,
and health outcomes. The report calls for more comprehensive modeling
approaches that can support integrated adaptation strategies tailored to the
Mediterranean context.

In this study, we address this gap by adopting a distributional approach
to future precipitation changes that jointly considers intensity and fre-
quency, including the occurrence of dry days. Building on the recent
methodological advances proposed by André et al.13, we use a unified
diagnostic framework to analyze future precipitation regimes. This
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framework decomposes changes in daily precipitation distributions into
three interpretable components: (i) a shift inwet-day precipitation intensity,
(ii) a distortion of the wet-day distribution shape (capturing non-uniform
changes across quantiles), and (iii) a change in the frequencyof precipitation
occurrence, i.e., dry-day frequency. This innovative approach allows us to
classify changes into four distinct regimes (“all increase”, “all decrease”, “U-
shape”, “reversed U-shape”, see discussion below, and “Quantifying the
change of the precipitation distribution” section for details) and to assess
their spatial patterns and physical drivers.

This framework is applied to a set of 15 high-resolution climate
projections from the Euro-CORDEX ensemble14, analyzing both
historical trends (1950–2020) and future scenarios up to +4 °C of global
warming. Our aim is to provide a comprehensive assessment of how the full
distribution of daily precipitation might evolve in both Europe and the
Mediterranean, and to identify where changes are driven primarily by
increased (or decreased) dryness versus enhanced (or decreased) intensity.
This distinction is crucial: whilewet-day intensification can raiseflood risks,
a rise in dry-day frequency can considerably exacerbate drought conditions
and lead to prolonged water stress, especially in regions already facing
aridification.

The results reveal a coherent tripartite spatial pattern emerging with
climate change: “all increase” regimes dominate Northern and Eastern
Europe, indicating robust wet-day intensification; a “U-shape” regime

characterizes transitional zones such as parts of France and the northern
Mediterranean coast, where increasing extreme precipitation coexists with
declining moderate precipitation and increasing dry spells, thus consistent
with theMediterraneanparadox; and an “all decrease” regimeprevails in the
southern Mediterranean, driven almost entirely by a sharp increase in dry-
day frequency and loss of light-to-moderate rainfall. These insights align
with the First Mediterranean Assessment Report’s projections7, which
anticipate intensified drought risks, reduced water availability, and more
frequent agricultural stress events across the Mediterranean.

By addressing the full distributional spectrum of precipitation changes
and their physical underpinnings, this study offers a novel, integrative
perspective on regional hydroclimatic futures. The approach holds parti-
cular relevance for Mediterranean and European regions where the co-
occurrence of warming, increased variability, and socioeconomic vulner-
ability demands nuanced and spatially differentiated responses.

Quantifying the change in the precipitation distribution
In ref. 13, four distinct regimeswere identified to characterize changes in the
wet-day precipitation distribution (excluding dry days, defined as days with
less than 1mm/day, see “Methods” section). These regimes correspond to
the four possible combinations of sign changes between lower-to-medium
quantiles and heavy precipitation quantiles. They are illustrated in Fig. 1a
and referred to hereafter as “all increase”, “all decrease”, “U-shape”, and

Fig. 1 | Illustration of the wet-day and all-day precipitation regimes. aWet-day
quantiles changes curves for the four wet-day distribution regimes (synthetic
examples). b Relation between all-day and wet-day regimes illustrated on two
synthetic examples with a large contribution from the decrease in precipitation

occurrence. The dashed (plain) curve in the left panel is the sumof the dashed (plain)
curves in the two other panels (see “Equations to quantify the change of the
precipitation distribution” section).
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“reversed U-shape”. This regime identification method was applied point-
wise in the Mediterranean region using reanalysis data.

When considering the full precipitation distribution (including both
wet anddry days), its change can be approximated as the sumof the changes
in the wet-day distribution and of the effect of altered precipitation occur-
rence. In places where this occurrence change is sufficiently large, it can
dominate the signal and result in a different regime in the all-day dis-
tribution compared to the corresponding wet-day distribution. An example
is shown in Fig. 1b.

In ref. 13, we demonstrated that these behaviors can be effectively
described using a Weibull distribution to model wet-day precipitation,
together with a term representing precipitation occurrence (see “Methods”
section). Specifically, the changes are governed by three parameters: the
relative change in theWeibull scale parameter (which controls themedian),
the relative change in the shape parameter (which captures distribution
distortion), and the relative change inwet-day frequency. These are referred
to as the wet-day distribution shift, wet-day distribution distortion, and
precipitation occurrence change, respectively. For wet days, the shift reflects
a uniform increase or decrease across quantiles, whereas a distortion reflects
non-uniform changes-for example, compression of the distribution at lower
quantiles accompanied by expansion at higher quantiles, or the reverse.

Results
Evaluation of Euro-CORDEX ensemble with ERA5 reanalysis
over 1950–2020
In this section, we evaluate the quality of the selected Euro-CORDEX
ensemble14 (see “Precipitation datasets, bias-correction and robustness
definition” section) over the historical period (1950–1980 vs. 1990–2020),
by comparing changes in precipitation distribution to those found in the
ERA5 reanalysis (see Fig. 2). Overall, the spatial patterns of change, both in
precipitation regimes and in their underlyingdrivers, are consistent between
the Euro-CORDEX ensemble and ERA5 reanalysis, in regions where the
Euro-CORDEX models agree. This consistency provides confidence in the
ability of the selected model ensemble to represent changes in precipitation
distribution regimes.

The Euro-CORDEX ensemble and ERA5 both identify an “all
increase” regime in Northern Europe for wet days and all days. By contrast,
the Mediterranean region exhibits less robust signals. While ERA5 shows
mostly a significant “all decrease” regime for all days, Euro-CORDEX does
not display any clear signal for eitherwet-day or all-day regimes. This lack of
robustness in Euro-CORDEX could be attributed to the dominance of
natural variability, which would obscure the climate signal at the regional
scale. Yet, a proper attribution study would be needed to confirm this
hypothesis. Part of the discrepancy could also stem from a delayedwarming
in Euro-CORDEX simulations, which would defer the manifestation of
precipitation distribution changes in the 1950–2020 period. Indeed, Euro-
CORDEX models have been found to be cooler than both CMIP5 and
CMIP6 ensembles and to exhibit a lag inmean precipitation change during
historical and future periods15–17. Nevertheless, further work would be
desirable to determine the precise contributions fromnatural variability and
climate change.

Concerning the lack of agreement of CORDEX on the Mediterranean
in Fig. 2, there is yet a qualitative agreement between the models for “all
decrease” and “U-shape” regimes in this region, when we look at themodel
individual regimes (see Supplementary Information S.1). More quantita-
tively, the agreement becomes visible in the Mediterranean when we take a
less strict level of agreement. Besides, the CORDEX ensemble does show
agreement over the eastern Mediterranean, where models consistently
simulate onamergedcategoryof “either “all decrease”or “U-shape” regime”
(see Supplementary Information S.1, Supplementary Figs. 1 and 2). This
reflects consensus on a decrease in lower-to-medium quantiles, and the
models’ disagreement on regimes comes only from a disagreement on the
sign of change for heavy precipitation quantiles. Therefore, uncertainty in
recent climate trends in the southern half of the domain is largely driven by
ambiguity in the evolution of precipitation extremes.

Regarding thedifferent contributions to these regimes, Euro-CORDEX
and ERA5 agree that the wet-day changes inNorthern Europe are primarily
due to a robust shift of the wet-day distribution toward higher intensities,
with anegligible andnon-robust distortion term.Bothdatasets also exhibit a
strong North-South dipole in precipitation occurrence: an increase in
Northern Europe and a sharp decrease in the Mediterranean. In the Med-
iterranean, all-daydistribution changes are dominatedby a strong decline in
precipitation occurrence in both ERA5 and Euro-CORDEX, with the wet-
day distribution shift and distortion remaining negligible or not robust.
Although the amplitude of changes is generally smaller in the Euro-
CORDEX ensemble (as expected due to averaging across simulations), the
relative contribution of each component is consistent with ERA5, leading to
the same overall conclusions. Thus, this confirms that the changes in the
Mediterranean precipitation distribution during the historical period are
primarily driven by a decrease in the frequency of precipitation occurrence.

Future regimes of precipitation distribution changes and relative
contributions of occurrence and intensity
We assess how precipitation distribution regimes evolve under future
warming, and whether these changes are primarily driven by shifts in wet-
day intensity or by changes in precipitation occurrence. We also examine
whether robust signals, absent in the historical period, emerge under
stronger climate forcing, particularly in the Mediterranean.

At +4 °C of global warming (see “Precipitation datasets, bias-
correction and robustness definition” section), the Euro-CORDEX
ensemble exhibits markedly improved inter-model agreement compared
to the historical period, as expected from the stronger climate signal (Fig. 3).
The wet-day regimes are now characterized by a widespread and robust “all
increase” pattern (Fig. 3a), largely explained by a consistent upward shift in
thewet-daydistribution (Fig. 3b). This intensification spansmost ofEurope,
except for the southern Mediterranean (south of 35°N). Although the wet-
daydistortionbecomes statistically significant inCentral Europe (Fig. 3c), its
contribution remains secondary, with a much smaller magnitude than
the shift.

For all-day precipitation, a distinct tripartite spatial structure emerges
(Fig. 3d).Northern andnorth-easternEurope showan “all increase” regime,
the easternAtlantic andnorthernMediterranean coasts display a “U-shape”
regime, and the southern Mediterranean exhibits a robust “all decrease”
regime. This pattern, not seen in past periods, signals the emergence of new
hydroclimatic regimes under sustained warming (see “Results” section).

These spatial contrasts result from the interplay between wet-day
intensification and changes in precipitation occurrence. The latter shows a
clear North-South dipole (Fig. 3e), with occurrence increasing over Northern
Europe and declining sharply across the Mediterranean, Western Europe,
and the adjacent eastern Atlantic. In northern regions, both contributions
reinforce each other, yielding an “all increase” regime. The “U-shape” regime
arises where increased wet-day intensities are counteracted by reduced
occurrence, producing contrasting trends across quantiles. In the southern
Mediterranean, where wet-day intensification is weak and not robust, the “all
decrease” regime is driven almost entirely by the decline in occurrence. The
frontier between “all increase” and “U-shape” regimes closely follows the
dipole boundary in occurrence change, reinforcing this attribution.

To quantify the relative importance of these two effects across the
distribution, we compute the “limit percentile”- the threshold above which
wet-day intensification dominates and below which occurrence change
prevails (see “Equations to quantify the change of the precipitation dis-
tribution” section). At+4 °C, this percentile exhibits amarkedNorth-South
gradient (Fig. 3f): it remains low (0–40%) in Northern Europe, indicating a
dominance of intensity-driven changes, and rises to 80–100% in the Med-
iterranean, where even high quantiles are shaped by occurrence decline.

These results confirm a strong regional contrast: in Central and
Northern Europe, changes in precipitation distributions are primarily
governed by wet-day intensification, while in the Mediterranean, including
for heavy rainfall events, the dominant signal is a reduction in precipitation
occurrence.
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Emergence of the precipitation regimes with global warming
The strong inter-model agreement observed in +4 °C simulations raises a
key question: when do robust precipitation regime signals-both forwet days
and all days-begin to emerge fromnatural variability during the 21st century
in the Euro-CORDEX ensemble?

Figure 4 shows that the robustness of bothwet-day and all-day regimes
increaseswithGlobalWarmingLevel (GWL), transitioning fromsparse and
regionally limited signals at +1 °C to coherent and statistically robust

patterns at+4 °C. This progression reflects the increasing dominance of the
forced climate signal over natural variability with warming.

The timing of emergence varies geographically. For wet-day regimes, a
robust “all increase” pattern appears as early as +2 °C in Northern and
Central Europe. In contrast, the Mediterranean shows delayed emergence,
with robust wet-day signals appearing only by+3 °C. The eastern Atlantic
Ocean follows a similar timeline,with emergence occurringbetween+3 and
+4 °C.These results indicate thatwet-day intensification, as diagnosed from

CORDEXERA5

Wet-days
regimes

All-days
regimes

Precipitation 
occurrence

change

Wet-days 
distribution

shift

Wet-days 
distribution
distortion

Fig. 2 | Validation of the Euro-CORDEX ensemble on the past, with ERA5 as the
reference. Comparison between ERA5 and multi-model Euro-CORDEX values for
wet-day regimes (first row), all-day regimes (second row), change in precipitation
occurrence (third row), wet-day distribution shift (fourth row), and wet-day dis-
tribution distortion (fifth row), between 1950–1980 and 1990–2020. For wet-day
and all-day regimes, green corresponds to “all increase'', red to “all decrease'', orange

to “U-shape'', and blue to “reversed U-shape''. White denotes desert areas; for Euro-
CORDEX, it also indicates the simulation domain boundary. In CORDEX maps,
gray pixels or hatching show areas of low model agreement; in ERA5, hatching
denotes changes that are not statistically significant (see “Precipitation datasets, bias-
correction and robustness definition” section).
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distributional shifts, is detected earlier in cooler, wetter regions than in the
Mediterranean.

The emergenceof all-day regimes lags behind that ofwetdays, owing to
their dependence on both the distributional shift and the change in pre-
cipitation occurrence, two effects that may reinforce or oppose each other.
At +2 °C, a robust “all increase” regime is already established in north-
eastern Europe, while “U-shape” signals remain localized (e.g., south of the
UK), and “all decrease” regimes are only detectable in isolated locations such
as Morocco. By +3 °C, the “U-shape” pattern expands across France, the
UK, large portions of the eastern Atlantic, and parts of the northern

Mediterranean, while the “all decrease” regime also grows southward. At
+4 °C, the most notable development is the full emergence of the “all
decrease” regime across the entire southern Mediterranean.

These results show that the characteristic triptych structure of all-day
regimes-bands of “all increase”, “U-shape”, and “all decrease” fromNorth to
South-does not exist in the past climate but begins to emerge at+3 °C and
becomes well-defined by+4 °C. This gradual emergence highlights the role
of warming thresholds in triggering regime transitions, particularly in the
Mediterranean, where natural variability, model spread, and the opposing
effects of intensity and occurrence changes delay the signal.

Fig. 4 | Emergence of regimes with global warming. Multi-model agreement in
precipitation distribution regimes across increasing GlobalWarming Levels (+1 °C,
+2 °C, +3 °C, and +4 °C), relative to the reference period, in the Euro-CORDEX

ensemble. Top rows (a–d): wet-day regimes for eachGlobalWarming Level. Bottom
row (e–h): all-day regimes for each Global Warming Level. Color coding and sig-
nificance criteria follow those used in Fig. 2.

Fig. 3 | Future regimes and key parameters change at +4 °C. Euro-CORDEX
multi-model projections at +4 °C of global warming for a wet-day regimes, b wet-
day distribution shift, c wet-day distribution distortion, d all-day regimes, e relative
change in precipitation occurrence, and f threshold percentile rank below which the

occurrence change dominates over the wet-day distribution shift. Changes are
relative to the reference period (see “ Precipitation datasets, bias-correction and
robustness definition” section). Colors and statistical robustness indicators follow
the same convention as in Fig. 2.
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Discussion and conclusion
This study demonstrates that climate change will affect daily precipitation
distributions across Europe and the Mediterranean in spatially and dyna-
mically distinct ways, as projected by a high-resolution regional model
ensemble. In Northern Europe, future warming is associated with a robust
and widespread intensification of rainfall across the entire distribution,
encompassing bothmoderate and extreme events. By contrast, the southern
Mediterranean is projected to experience a substantial reduction in the
frequencyof rainydays,withonlymodest or regionally inconsistent changes
in intensity.Notably, this drying trend in southernMediterranean regions is
primarily driven by decreased precipitation occurrence, rather than a
reduction in rain intensity when it does occur. The fact that this decrease in
occurrence is large enough to drive the changes of almost the whole dis-
tribution is, to our knowledge, totally new in the literature. In transitional
areas, particularly along the northern Mediterranean coast, these two pro-
cesses interact: individual rainfall events become more intense, including
extremes, but occur less frequently due to a strong increase in dry days.
While a detailed seasonal analysis is out of the scope of this paper, seasonal
differences are observed in the future regimes (see Supplementary Infor-
mationS.2, Supplementary Fig. 3). For instance, the twoprocesses leading to
the “U-shape” regime in Northern Mediterranean are coming from two
different seasons, with the drying being stronger in extended summer and
the wet-day intensification of events more pronounced in extended winter.

These regionally contrasted responses are well captured by the diag-
nostic framework introduced by André et al.13, which decomposes dis-
tributional changes into three interpretable components: intensity shift,
distributional distortion, and occurrence change. Originally applied to
modest historical changes, this framework remains valid and effective under
higher warming levels. It allows a unified, quantitative interpretation of
precipitation change regimes and provides a physically grounded diagnostic
tool for climate adaptation planning. Critically, by integrating intensity and
occurrence within a single formalism, it avoids the fragmentation often
present in conventional climate impact assessments.

Model-data comparisons further support the reliability of these
insights. The agreement between Euro-CORDEX simulations and ERA5
reanalysis over the 1950–2020 period hints at an attribution of precipitation
intensification in Northern Europe to anthropogenic forcing, although a
thorough attribution analysis would be needed. Conversely, the Medi-
terranean presents persistent uncertainty: although ERA5 indicates a clear
drying trend, especially in the south, this signal is not consistently repro-
duced across regional models. This divergence likely reflects a combination
of high internal variability and inter-model differences in warming trajec-
tories. As a result, the observed Mediterranean trends remain less robust,
limiting the confidence with which adaptation measures can be tailored to
specific risks such as agricultural loss, water scarcity, or flood hazards.

A key finding is that the projected drying signal in the Mediterranean
extends beyond total precipitation: it dominates most quantiles, including
relatively heavy events. This reinforces earlier studies (e.g., refs. 18–20) and
highlights a stringent physical constraint: the loss in precipitation occur-
rence is not compensated by greater intensity when it rains. This imbalance
has direct implications for runoff, soil moisture, and groundwater recharge
in an already arid and vulnerable region.

The emergence of these signals also exhibits strong spatial hetero-
geneity. In Northern Europe, regime shifts become robust at low levels of
global warming (+1 °C), while in theMediterranean, significant signals are
delayed until +2–3 °C. This later emergence, coupled with the limited
robustness of ERA5 trends for precipitation extremes, underscores the
continued challenge of quantifying Mediterranean climate risks. It also
points to the urgent need for improved process-based modeling of relevant
dynamical features, such as storm track shifts, changes in large-scale cir-
culation, and the northward expansion of subsidence zones4,21.

Overall, this study provides a refined understanding of how global
warming reshapes precipitation distributions across Europe. It emphasizes
the need to jointly analyze changes in occurrence and intensity, using
physically interpretable diagnostics. Such integrated approaches enhance

both scientific insight and the operational usability of climate projections.
While Northern Europe exhibits strong and attributable signals, the Med-
iterranean remains a hotspot of vulnerability and uncertainty, demanding
continued investment in long-termobservations, high-resolutionmodeling,
and interdisciplinary risk assessment to inform resilient adaptation
strategies.

Methods
Equations to quantify the change in the precipitation distribution
We first distinguish between dry days and wet days, with a threshold of
1mm/day. This threshold was chosen in line with recommendations in
literature, notably the Expert Team on Climate Change Detection and
Indices. This value enables better dealing with the so-called “drizzling
effect”, with models tending to overestimate the occurrence of very light
precipitation (typically between 0 and 1mm/day), which is also under-
reported in observations. This threshold, therefore, allows for a better
comparison of precipitation occurrence between observations and models.

To characterize changes in precipitation regimes, we use a parametric
model based on theWeibull distribution, following the framework of ref. 13.
The Weibull law has been shown in this previous study to be an adequate
model in most of the European region (see Appendix B of ref. 13 for
goodness of fitness results). This approach distinguishes four types of wet-
day distribution changes: “all increase”, “all decrease”, “U-shape” (with
declines in lower-to-medium quantiles and increases in extremes), and
“reversed U-shape” (the reverse pattern).

The Weibull distribution expresses precipitation quantiles Q of per-
centile rank p ∈ [0, 1] as:

QðpÞ ¼ β ln
1

1� p

� �� �1=α

where α is the shape parameter (unitless), and β is the scale parameter (in
mm/day, approximately the median wet-day precipitation). The change in
wet-day quantiles, ΔQ, can be approximated at first-order as:

ΔQðpÞ � βf ðpÞ1=α Δβ

β
� Δα

α2
ln f ðpÞ

� �
ð1Þ

changes sign between low and high percentiles. A change in β shifts the
entire distribution uniformly, while a change in α creates opposing trends in
low versus high quantiles. The wet-day regime is thus determined by the
relative magnitude and sign of the normalized parameters Δβ/β and Δα/α2.
An “all increase” regime corresponds to ∣Δα/α2∣ ≪ ∣Δβ/β∣ with Δβ/β > 0,
while a “U-shape” regime arises when ∣Δα/α2∣ ≫ ∣Δβ/β∣ and Δα/α2 < 0.

To extend the analysis to all days (i.e., including dry days), we incor-
porate the effect of changing precipitation occurrence. Let fwdenote thewet-
day frequency. The change in all-day quantiles, ΔQa, is then given by:

ΔQaðpÞ � ΔQðpÞ þ Δf w
f w

ð1� pÞ ∂Q
∂p

ð2Þ

Substituting the Weibull form of Q(p) into this expression yields:

ΔQaðpÞ � β f ðpÞ1=α Δβ

β
� Δα

α2
ln f ðpÞ þ Δf w

f w
� 1
αf ðpÞ

� �
ð3Þ

The all-day regime can differ from thewet-day regimewhen the occurrence
term Δfw/fw is large. For instance, an “all increase” regime in wet days
combinedwith anegativeΔfw/fw can result in a “U-shape” regime in all days.
In cases where changes in the wet-day distribution are negligible, the sign of
Δfw/fw alone determines the regime: “all increase” if it is positive, and “all
decrease” if negative. Throughout this study, we refer toΔβ/β as thewet-day
distribution shift,Δα/α2 as the wet-day distribution distortion, andΔfw/fw as
the precipitation occurrence change.
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The relative influence of precipitation occurrence on all-day quantile
change is strongest for low tomediumpercentiles and diminishes for higher
ones.We define a limit percentile plim beyondwhich the contributions from
Δα and Δβ dominate. When ∣Δβ/β∣ ≫ ∣Δα/α2∣, this threshold simplifies to:

plim;Δβ ¼ 1� expð� Δf w
f w

β

Δβ

1
α

����
����Þ ð4Þ

A higher value of plim,Δβ implies that a larger portion of the distribution is
controlledbyoccurrence changes.Whenplim,Δβ≈1, the entiredistribution is
effectively governed by the occurrence term.

Precipitation datasets, bias-correction, and robustness
definition
Our analysis focuses on the Euro-Mediterranean domain, spanning from
25°W to 45°E longitude and 25°N to 71°N latitude, thus encompassing both
continental Europe and the Mediterranean Basin.

For the historical period, we use the precipitation from the ERA5
reanalysis dataset provided by the European Centre for Medium-Range
Weather Forecasts, with a horizontal resolution of 0.25° 22. This choice is
made to be in line with ref. 13, enabling a direct comparisonwith previously
published results of the historical periods of Euro-CORDEX models (see
below). This choice is further justified by ERA5’s global coverage, over 80
years of data, and very good quality in Europe compared to regional or
national rain-gauge-based datasets (such as the EOBS gridded dataset23,
Iberia0124, etc.), as shown for instance in refs. 25–27. Furthermore, in our
analysis, we found no visible temporal inhomogeneities in ERA5 in Europe,
which makes it a good candidate to study precipitation trends, while we
found clearly non-physical temporal and spatial jumps in the EOBS dataset
over the 1950–2020 period (see Supplementary Information S.3, Supple-
mentary Fig. 4). EOBS is indeed advised against being used for trend ana-
lysis, due to the large variation of station density over time23,28.

Daily accumulated precipitation was derived from the hourly “total
precipitation” variable of ERA5 reanalysis over the period 1950–2020. For
ERA5 reanalysis, changes in Weibull distribution parameters and pre-
cipitationoccurrencewere tested for statistical significanceusing abootstrap
approach with a 90% confidence level, following ref. 13. Wet-day regimes
were considered significant when at least one of the changes in Weibull
parameters is statistically significant; similarly, all-day regimes are said to be
significant when either one of these changes or the occurrence of wet days is
significant.

For future projections, we selected 15 regional climate simulations
from the Euro-CORDEX project under the high-emissions RCP8.5
scenario14. The ensemble includes all six Euro-CORDEX general circulation
models (GCMs), each coupled with at least two different regional climate
models (RCMs), ensuring both GCM representativeness and RCM diver-
sity. These GCMs have previously been shown to realistically reproduce
European-scale circulation patterns and span the plausible range of regional
climate responses29. Still, the representation of precipitation in thesemodels
has some inherent bias, which may be a limit to our analysis. While a
complete validation of theEuro-CORDEXensemble’s precipitation is out of
the scope of this study, we showed in Supplementary Information (S.4,
SupplementaryFigs. 5–7) that themodels behave comparablywith regard to
some observation datasets, for example, onwet-day frequency. This gives us
some confidence in the representation of precipitation distribution in the
ensemble.

The full list of simulations is provided in Table 1. The simulations
provide daily surface precipitation at 0.11° spatial resolution from 1950 to
2100. Two simulations involving the SMHI-RCA4 RCM were excluded
from early-period analyses due to data availability starting in 1970.We also
validated the capacity of our CORDEX ensemble to represent the wet-day
frequency correctly, compared to both ERA5 reanalysis and an observa-
tional dataset, mainly based on station data (see the Supplementary
Information S.4).

In order to correct systematic biases in the simulations17,18,30–33, we
applied the CDF-t bias-correction method34, coupled with the Singularity
Stochastic Removal (SSR) technique35. SSR addresses the zero-precipitation
singularity and improves the correction of both precipitation occurrence
and intensity. The procedure was implemented via the Statistical Bias
Correction Kit36, without seasonal stratification or de-trending. We used
ERA5 daily data of the period 1971-2005 as the reference. In the supple-
mentary information (S.5, Supplementary Fig. 8), we show that the models
bias-corrected with ERA5 give the same regime patterns as the non-
corrected models, while the bias correction with the EOBS gridded dataset
gives different results for wet-day regimes in the Mediterranean. This gives
evenmore confidence in our choice of ERA5 as the referencedataset for bias
correction. All models’ outputs were therefore bilinearly interpolated to the
ERA5 grid of 0.25° × 0.25° before bias correction.

To isolate the effects of warming from model-specific timing and
scenario differences, we analyzed precipitation changes at fixed global
warming levels (GWLs) rather than fixed years, following best practices for
short-response variables such as precipitation9,37. GWLs are defined as the
first 20-year period in which the runningmean of global surface temperature

Table 1 | List of the different simulations selected from the Euro-CORDEX project, at 0.11∘ resolution (EUR-11)

They cover both historical and RCP8.5 periods. General Circulation Models (GCMs) are indicated in columns and Regional Climate Models (RCMs) in rows, together with the corresponding institute in
parentheses. The cells shaded in gray represent the combinations of GCM and RCM used in this paper, with the corresponding GCM ensemble realization specified in each gray cell.
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exceeds a specified threshold relative to the 1850–1900 baseline. An excep-
tion was made for HadGEM2-ES, whose historical simulation begins in
1861. As for the reference period to assess the quantile changes and thus the
regimes, as Euro-CORDEX simulations do not extend to 1850–1900, we
used the+0.61 °C GWL as the reference, aligning with the late-20th-century
baselines commonly adopted in the literature38–41. Changes attributed to
+4 °C warming are expressed relative to pre-industrial levels, though the
actual anomaly corresponds to a +3.39 °C increment over the +0.61 °C
reference. Two simulations were excluded from the +4 °C analysis because
their GCM (NorESM1-M) did not reach this threshold.

To assess model agreement, we used two complementary metrics. For
continuous variables, we computed the signal-to-noise ratio (SNR), defined
as the multi-model mean (signal) divided by the inter-model standard
deviation (noise). An SNR >1 indicates robust agreement. For regime
classifications, we defined the multi-model regime at each grid point as the
most frequent regime, conditional on at least two-thirds of models agreeing
(i.e., 10 of 15, or 9 of 13 at +4 °C). Otherwise, the regime is considered
undefined.While simpler agreement rules based solely on trend sign yielded
similar results, the SNR offers amore complete evaluation by incorporating
both the direction and magnitude of inter-model trends.

Carbon footprint
The carbon footprint of this project has been estimated at approximately
0.50tCO2e, in accordance with the recommendations of LMD-Climactions,
whom we would like to thank for their advice (https://climactions.ipsl.fr/
groupes-de-travail/lmd-climactions/). This figure breaks down as follows:
the footprint associated with the purchase of a new computer (divided by 2,
as the computer was also used for another project, i.e., approximately
0.30tCO2e), three train journeys in European countries for conferences and
discussions (approximately 0.12tCO2e), and numerical calculations
(approximately 4000 CPUhours on a local cluster, estimated at 0.08tCO2e).
We did not take into account the carbon footprint of the Euro-CORDEX
simulations themselves, as they have already been used in numerous pro-
jects and articles over the past ten years. Since this total of 0.50 tCO2e
represents only about a quarter of the carbon footprint of one person in an
intercontinental flight (ex. about 2tCO2e per person for a flight between
Paris and New York), this project can be considered as low-carbon.

Data availability
ERA5 reanalysis and Euro-CORDEX simulations are publicly available
from https://doi.org/10.24381/cds.143582cf and https://cordex.org/data-
access/esgf/.

Code availability
The customcode developed andused for this paper can be accessed through
Zenodo, in ref. 42.
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