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Large floods, which affect multiple regions simultaneously, pose substantial risks to lives and
economies. In a warmer climate, increased precipitation extremes and reduced snowmelt are
expected to alter flood characteristics, but how the dynamics of large floods across Europe will evolve
under climate change remains unclear. By jointly assessing projected changes in the timing, spatial
extent and volume of large floods in a warmer world, here we show that earlier snowmelt generally
leads to earlier floods, while increasing precipitation contributions attenuate flood seasonality.
Although continental-scale averages suggest limited change, they mask substantial regional
heterogeneity. In western Europe, projected increases in heavy precipitation result in larger flood
extents and volumes. In contrast, reduced snowmelt dominates changes in the largest floods in
northern Europe, with localized shifts from snowmelt-driven to rainfall-driven floods. These regionally
diverse responses of large floods to climate change should be considered in transnational flood risk

management across Europe.

Flooding is one of the most destructive natural hazards, threatening lives,
damaging infrastructure and disrupting communities. Widespread floods,
which affect multiple basins and regions simultaneously, pose unique chal-
lenges. Their impact could exceed the sum of isolated flood events', particu-
larly when they overwhelm emergency response systems, disaster relief efforts,
and insurance capacities™’. For instance, in July 2021, extreme rainfall caused
devastating floods across multiple European countries, including Austria,
Belgium, Germany, and the Netherlands, resulting in over 200 fatalities and
over $54 US billion in damages’. This spatially compounding event over-
whelmed local and regional flood management capacities and required
national and cross-border coordination for both immediate response and
long-term recovery. Events like this underscore the need for a targeted analysis
of spatially connected flood events to improve transnational flood risk
assessment and management under changing climate conditions.

The current understanding of large, spatially connected floods is still
limited’. Most existing knowledge comes from catchment- or grid-based
studies, which indicate that flood frequency, timing and magnitude in
Europe have shifted in recent decades, likely in response to global
warming’'’. Region-specific changes in flood magnitude, timing, and fre-
quency are attributed to shifting patterns of snowmelt, rainfall, and soil
moisture”®'*". Despite this progress, the response of particularly large
floods to future effects of climate change—including rising temperature,
changes in precipitation variability and extremes'’, and an upward-shifting

snowline—remains poorly understood, with highly varying conclusions
drawn from different approaches. For instance, some studies project an
overall increase for events with multi-decade return period across Europe
due to intensified precipitation extremes”. In contrast, others project
declines in similarly severe floods in northern and eastern Europe due to
reduced snowmelt'*"*, as well as decreases in high flows and extreme floods
in the Mediterranean region due to reduced rainfall'**". These discrepancies
may also be influenced by the different magnitudes of the considered floods,
as floods of different rarity can be associated with different drivers and
varying levels of driver extremeness” . Additionally, earlier snowmelt and
shifts in flood-generating processes, such as an increase in rainstorm-
induced floods, are expected to alter flood seasonality, particularly in
snowmelt-dominated regions™?. Overall, these studies are either con-
strained by uneven distributions of runoff stations or an inability to assess
widespread floods across space and time, making them insufficient to gain
insights about large, spatially connected floods and their underlying drivers
under climate change.

An event-based approach applied to temporally and spatially con-
sistent hydrological simulations may be able to address these limitations. In
such an approach, spatio-temporally connected floods are identified
through linking neighboring runoff extremes in routed runoft simulations
across space and time*”’. Applying this approach to simulations over the
historical period captured 75% of the events recorded in a flood impact
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database [HANZE,”]. Vice versa, about half of the 100 largest spatio-
temporal floods in the model simulations, weighted by population exposure,
are listed in HANZE database’. This shows that a spatio-temporal per-
spective on floods captures high-impact events.

In this study, we take an event-based approach to analyze changes in
widespread European floods at 1.5°C, 2 °C, and 3 °C of global warming
relative to the preindustrial period (“Methods”). The first two warming
levels were chosen to align with the Paris Agreement targets”, while the
third one is an upper bound to the projected temperature projections under
current policies™. Using high-resolution routed runoff simulations driven
by a suite of climate model simulations (Table S1), we first identify large,
spatio-temporally connected flood events across Europe and then analyze

how key flood characteristics such as flood volumes and spatial extent
change with warming across different regions. We further attribute pro-
jected changes in flood characteristics to shifts in the underlying flood-
generating processes.

Results

Changes in frequency of large floods vary regionally

At the European scale, the average frequency of large floods—defined as
events across the continent with a spatial extent above 1000 km® at any time
during their lifespan (“Methods”)—is projected to barely change in response
to global warming (Fig. 1a). Despite negligible changes on average, uncer-
tainties across model simulations are considerable, with some simulations
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Fig. 1 | Evolution of flood frequency under different warming levels compared to
the baseline period (1970-2000). a—f Filled boxes represent total number of floods
per year for different regions, while hollow boxes indicate relative changes (%)
compared to the baseline period. a Europe; b Alpine region; ¢ Northern region;

d Continental region; e Atlantic region; f Southern region. Boxplots display the
interquartile range and whiskers show 1.5x interquartile range across model
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simulations (Table S1) for different warming levels, with colors varying by region.
The solid and hollow triangles represent the multi-model mean of absolute values
and relative changes, respectively. Note that different ranges for the left y-axes, but
the same range for the right y-axes. g European macro-regions used in this study.
h, i Spatial distribution of multi-model mean flood frequency per year during the
baseline period and under 3 °C warming, respectively.
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Fig. 2 | Seasonality of flood, snowmelt, and rainfall events during the baseline

period (1971-2000) and under the 3 °C warming level. a—e The results are based on
multi-model mean estimates for different regions. Snowmelt and rainfall events are
defined, similarly to floods, as spatio-temporally connected grid cells where snow-
melt or rainfall exceeds the 80th percentile of wet days (snowmelt/rainfall > 1 mm,

see “Methods”). The curves denote the average percentage of detected events
occurring on each day of the year, smoothed using a 10-day moving window for
visual clarity. Bars indicate the main flood and snowmelt seasons, defined as the
shortest continuous period capturing at least 50% of all events, for the 3 °C warming
level (darker colors) and baseline period (lighter colors).

indicating a strong increase and others suggesting a strong decrease in flood
frequency with future warming. When taking a regional scale perspective,
distinct patterns emerge (Fig. 1b-g), with changes generally becoming more
pronounced under 3 °C warming compared to 1.5 °C.

The changes in the frequency of large floods at the regional scale
typically follow expected changes in the dominating flood-generating
processes’. In snow-dependent regions, the frequency of large floods tends
to decline under global warming (Fig. 1b-d), primarily due to reduced
snowpack, a shorter snow season and less snowfall, despite overall
increasing precipitation’”. For instance, in the Alpine region, the multi-
model mean flood occurrence is expected to decrease by 17% under the 3 °C
warming level compared to 1971-2000. Similarly strong reductions in flood
frequency of 19% are projected for Northern and Continental Europe, albeit
with greater uncertainty. In contrast, flood frequencies in the Atlantic region
(Fig. le), which is dominated by rainfall-driven floods, are projected to
strongly increase by 50%, mainly driven by increasing precipitation
extremes”. The reported changes generally intensify with increasing global
warming. For instance, flood frequencies in the Atlantic regions increase by
22% in a 1.5 °C warmer world to 33% in a 2 °C warmer world, ultimately
reaching the above-mentioned 50% increase in a 3 °C warmer world.
Uncertainties in flood frequency projections also increase with warming. In
Southern Europe, changes in flood occurrence are generally less pro-
nounced (Fig. 1f), with a slight decrease of 12% under 3 °C warming, likely
due to an overall reduction in precipitation’>**. Nonetheless, also in this
region, the variability across model simulations is large.

A spatially explicit analysis of which areas are exposed to frequent large
floods provides a more detailed picture of expected future flood patterns.
Here, a higher flood frequency in a given location means a greater likelihood

that thelocation will be part of a widespread flood (Fig. 1h, i). Under the 3 °C
warming level, the most pronounced frequency increases of large floods are
projected along the Atlantic region, including England, Ireland, and the
western parts of France and Germany. Similar patterns but with a smaller
magnitude are also identified under the 1.5 and 2°C warming levels
(Fig. S1). In contrast, decreases are expected in snowmelt-dependent
regions, such as northern and eastern Europe. Interestingly, despite an
overall decline in snowmelt across Europe, at the local scale, increases in
flood occurrence are projected along the Scandinavian Mountains, southern
Sweden, and coastal areas of the Continental area (Fig. S1a). These increases
suggest that increasing precipitation extremes are likely to outweigh the
reduction in snowmelt in the future, potentially shifting flood regimes from
snowmelt-driven to rainfall-driven in these regions. This is consistent with
detected changes in flood drivers in observed runoff data over the historical
period’.

Earlier snowmelt leads to earlier large floods
Rising temperatures lead to earlier and reduced snowmelt”*’, which alters
the timing of floods, particularly in snowmelt-dependent areas such as the
Alpine, Northern, and Continental regions’. This occurs because in these
regions flood seasonality typically mirrors the seasonality of snowmelt, with
distinct periods of high and low flood occurrence (Fig. 2a—c). In contrast, the
seasonality of heavy rainfall is much weaker and shows little change with
warming compared to the projected changes in snowmelt seasonality.
Nevertheless, changes in the relative contribution of rainfall to floods may
still modulate flood seasonality in some regions, as discussed below.

To quantify changes in flood seasonality and its contributing factors,
we define the main flood season as the shortest period accounting for at least
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50% of all floods (“Methods”). In the Alpine region, the flood seasonality
exhibits a bimodal pattern over the baseline period (Fig. 2a), reflecting the
very diverse topography and large spatial coverage of the region (Fig. 1g). In
line with the importance of snowmelt for flood occurrences”™, the bimodal
pattern is also visible in the snowmelt seasonality. In the Carpathians and
Dinaric Alps, the first flood peak in early spring is primarily driven by
snowmelt in the baseline period (Fig. 3a). Under 3 °C warming, the spring
flood peak weakens, as the rising snowline reduces spring snowmelt
(Figs. 3b, c and 2a). In the Scandinavian part of the Alpine region, where
summer floods (June to mid-July) have historically been dominant, earlier
snowmelt under warming shifts the flood onset to May, while the end of the
flood season remains unchanged.

In the Northern region, the flood seasonality is projected to strongly
attenuate under 3 °C warming due to reduced snowmelt seasonality and
increased rainfall contributions (Fig. 3g-i and S2b). In the reference period,
the primary flood season spans late April to May (Fig. 2b). Under 3 °C
warming, this season expands, by starting two months earlier and ending only
slightly sooner, resulting in a much longer overall flood season. This indicates
that the advancement of flood timing observed historically in this region”” is
projected to continue in the future. Additionally, a secondary peak emerges in
January and February, which is driven by an increased proportion of winter
snowmelt and enhanced winter rainfall-induced floods in areas such as
southern Sweden, Lithuania, Latvia, and Estonia (Fig. 3g-i and S2b).

A similar weakening of flood seasonality and earlier flood timing is
projected for the Continental region, where the primary flood season shifts
from early spring to late winter (Fig. 2¢). This shift is also driven by strongly
decreased snowmelt-induced spring runoff and increased rainfall con-
tributions (Fig. 3g-i and S2c¢). In contrast, only small changes in flood
seasonality are expected in the Atlantic region and Southern Europe, where
flood generation is dominated by winter precipitation, resulting in low
sensitivity to changes in snowmelt seasonality (Fig. 2d, ). However, with the
substantial increase in flood frequency in the Atlantic region (Fig. le), a
corresponding rise in winter floods is expected in the future (Fig. S2d).

Changes in the timing of large floods generally align with changes in
snowmelt timing across space for many regions (Fig. 3¢, f). In the Alpine
region, 56% of the area is expected to experience mean snowmelt timing
15-30 days earlier under 3 °C warming, resulting in a similar shift in flood
timing across 28% of the area. In parts of the southern Scandinavian
Mountains (Fig. 3a, b), flood timing is expected to shift from summer to
winter, in line with a transition from snowmelt- to rainfall-driven flooding
regimes (Fig. 3g, h). In the Northern region, the shifts are even more pro-
nounced. About 81% of the area is expected to experience snowmelt
30-45 days earlier, with 53% of the area experiencing an associated shift
towards earlier floods by 30-60 days. On average, flood timing across this
region is expected to advance by 38 days (Fig. S3b). The most substantial
changes are expected around the Baltic Sea (Fig. 3¢), particularly in southern
Sweden and southern Finland. Parts of the Baltic coastline and Iceland are
projected to shift towards a winter rainfall-driven flooding regime (Fig. 3h, 1).
In the Continental region, flood and snowmelt timing shifts are largely
consistent (Fig. S3c), but more dispersed compared to the Alpine and
Northern regions. Here, 88% of the area is projected to experience earlier
snowmelt timing, with 55% showing earlier flood timing by 10-40 days. In
contrast, 22% of the region is expected to exhibit later flood timing (Fig. 3c).
The diversity in flood timing changes in the Continental region arises from
its mixed flood-generating processes, with large areas experiencing the
dominant regime shifting from snowmelt-driven to rainfall-driven flooding
(Fig. 3g—i). Generally, no strong shift in mean flood timing is observed in the
Atlantic and Southern regions. Overall, the changes are similar but of smaller
magnitude under the 1.5 °C and 2 °C warming levels (Figs. S3d-i and S4).

Differences in changes of flood extents across magnitudes

The spatial extent of widespread large floods is critical for impacts, for
instance, to the population and financial assets. Similar to changes in the
frequency of large floods, the spatial extent shows little change at the Eur-
opean scale (Fig. 4a). However, flood responses vary across magnitudes.

Specifically, moderately large floods (0th-50th percentile of all detected
floods) exhibit minimal changes, while severe floods (50th-95th percentile)
expand by up to 10% under 3 °C warming. In contrast, the most extreme
floods (above the 95th percentile) do not change much with warming. This
nonlinear response across flood magnitudes emerges from strongly pro-
nounced patterns at the regional scale, except in the Atlantic region. For
instance, in the Alpine region (Fig. 4b), severe floods are projected to grow
more (15-40%) than the most extreme floods (around 10%), despite a
general expansion across nearly all percentiles. Along with a decline in
frequency (Fig. 1), this suggests fewer but more widespread floods in the
future. A similar pattern is observed in the Continental region, where
moderately large and extreme floods show negligible changes, while severe
floods expand by up to 20%.

In the Northern region, the most extreme floods exhibit opposite
responses compared to severe floods (Fig. 4c). While severe floods are
projected to expand up to 20% under the 3 °C warming level, the most
extreme floods are expected to substantially decrease in extent (Fig. 4f). In
particular, the median size of top 100 floods (around 97th percentile;
Table S2) by extent is projected to significantly shrink by 33% (p <0.05,
Fig. S5¢). In contrast, in the Atlantic region, there are barely any changes
projected in flood extent across all magnitudes, with only a slight expansion
for very extreme floods. However, the top 100 floods show a significant 21%
increase under the 3 °C warming level compared to the baseline period
(p < 0.05, Fig. S5e), indicating that the most extreme floods in the Atlantic
region will become both more frequent and more extensive. In the Southern
region, flood extents are projected to decrease by over 20% for most flood
magnitudes, but the extent of extremely large floods remains nearly
unchanged relative to the baseline period, warranting continued attention.
These highly variable responses of flood extent across flood magnitudes and
regions highlight the need for targeted flood adaptation strategies, parti-
cularly for the severe floods which are expected to change the most. Lower
warming levels are generally associated with smaller changes. For instance,
limiting warming to 1.5 °C would nearly halve the expansion of severe floods
in the Alpine region compared to the 3 °C warming level (Fig. 4b), high-
lighting the benefits of stringent climate mitigation efforts.

Larger flood volumes driven by increased precipitation
Flood volume, which integrates flood extent, duration, and intensity, provides
a comprehensive perspective on flood risk. To understand the drivers of
changes in flood volume, we further analyzed variations in rainfall and
snowmelt contributions under different warming levels (“Methods”, Fig. 5).
Note that, on average in our simulations, approximately half of the pre-
cipitation and snowmelt turns into runoff, with the remainder lost to evapo-
transpiration or stored within soil or groundwater systems. Across flood
magnitudes, combined rainfall and snowmelt volumes explain more than 80%
of the flood volume in all regions and warming levels, suggesting that flood
volume changes can be investigated by analyzing changes in flood drivers.
At the continental scale, flood volume remains stable across warming
levels due to compensating effects of increased precipitation and reduced
snowmelt (Fig. 5a). However, regional patterns reveal notable differences. In
snow-dependent regions, such as the Alpine and Continental regions,
despite the decrease in flood occurrence, the decline in snowmelt con-
tributions is largely offset by a substantial increase in precipitation con-
tributions at the event scale, leading to an overall rise in flood volume across
magnitudes (Fig. 5e, j), particularly for severe floods (50th-95th percentile).
Specifically, median flood volume increases slightly by 15% in the Alpine
region (p <0.05, Fig. 5b) and 11% in the Continental region (p > 0.05,
Fig. 5g), driven by a strong rise in rainfall contributions (58% and 68%,
respectively), which compensates for the sharp decline in snowmelt con-
tributions (21% and 30%, respectively). Severe floods show even greater
increases, reaching up to 30% in both regions. In contrast, the changes in
extreme floods in the Northern region are dominated by a strong decline in
snowmelt. Focusing on the top 100 events by volume (Fig. S6), the mean
(median) flood volume decreases significantly by 35% (39%) due to sharp
reductions in snowmelt contributions (54% in mean, 65% in median).
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Notably, under the 3 °C warming level, rainfall contributions are projected
to surpass snowmelt contributions, highlighting a shift in the flood gen-
eration regime in this region.

a Baseline period b 3°C warming c Change

Rainfall-dominated regions exhibit varied responses due to differences

in projected changes in precipitation, with the Atlantic region warranting
special attention. While the median flood volume remains largely
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Fig. 4 | Evolution in flood spatial extent across different magnitudes under
different warming levels. a—f Relative changes (%) of flood extent under 1.5 °C,
2°C, and 3 °C warming compared to the baseline period across different quantile
levels. Lines represent the median values across model simulations. Solid/dashed/
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minimum-maximum range for the 3 °C warming. Dashed gray lines depict the
historical distribution of flood extents (unit: 1000 km?). The legend in a is common
to all panels (a-f), with colors varying by region.

unchanged in this region, the mean (median) volume of the top 100 largest
events increases significantly by 34% (37%), driven by a substantial rise in
rainfall contributions (+39% in mean, +35% in median), associated with
intensified extreme rainfall’” (Fig. S6). In the Southern region, flood volume
changes generally align with flood extent patterns, showing strong decreases
for moderately large floods but little change for severe and extreme floods.

Changes in the combined rainfall and snowmelt contributions across
percentiles align well with changes in flood volume, suggesting that runoff
efficiency remains relatively consistent across flood severity (Fig. 5d-f, j-).
An exception occurs in the Atlantic region (Fig. 5k), where flood volume
increases slightly more than the combined rainfall and snowmelt volumes,
implying enhanced runoff efficiency under 3 °C warming level compared to
the baseline period.

Discussion

This study systematically examines the future evolution of large European
floods from an event-based perspective by considering spatiotemporally
connected runoff extremes. The approach allows us to integrate flood extent,
total volume and seasonality alongside frequency. Understanding chan-
ges in the characteristics of widespread floods is important to improve water
resource and flood risk management, as most societal impacts are caused by
spatially extensive floods (Fig. 6 and S7-8 for 1.5°C and 2 °C warming
levels).

Limited changes in large flood occurrence or magnitude are projected
on average at the European scale, as continental averages mask substantial
regional heterogeneity. For instance, in the Atlantic region, floods are
projected to become more frequent, extensive and intense. In particular, the
top 100 flood events by volume in this region are expected to increase by
34% in volume and 33% in spatial extent, driven by a 39% increase in
contributing precipitation. Such a growing threat from the most extreme

floods, which likely exceed basin-scale flood management and even national
planning capacities, underscores the need for regional and continental
cooperation in flood risk management.

In snow-dependent regions such as the Alpine, Northern, and Con-
tinental regions, flood occurrence is expected to decline due to a substantial
reduction in snowmelt. However, reduced frequency does not eliminate
flood risks. The Alpine region, for instance, is projected to experience fewer
but more widespread floods. In contrast, the Northern region exhibits a
more complex pattern: severe floods are projected to become more exten-
sive, while extreme floods are expected to decrease significantly in both
extent and intensity. Such nonlinear and even opposing changes in severe
and extreme floods in the Northern region may be linked to similar patterns
in snowmelt behavior. In this region, moderate snowmelt events tend to
expand, while the most extensive events shrink due to declining snowpack,
contributing to a reduction in the most extreme floods in this snowmelt-
dependent region. Overall, this varied response across flood magnitudes,
along with the overall spatial heterogeneity of changes, aligns with previous
studies'*'******, while offering a more nuanced and comprehensive
understanding of the evolution of particularly large floods.

Our results on changes in flood timing confirm that earlier snowmelt
advances flood timing, consistent with previous studies™. Additionally, we
identify a shift in the flood-generating regime from spring snowmelt-driven
to winter rainfall-driven in parts of the Alpine (e.g., southern Scandinavian
Mountains), Northern (e.g., southern Sweden), and Continental regions.
This transition is mainly driven by reduced snowmelt, an upward-shifting
snowline, and increased precipitation***'.

We also acknowledge that non-climatic factors, particularly urbani-
zation and deforestation, can substantially influence flood risks beyond the
physical drivers analyzed. Urban expansion can intensify flooding” and
reduce flood response times” by expanding impervious surfaces* and
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Fig. 5 | Evolution of flood volume under different warming levels and their
contributing factors. a—c, g-i Median flood volumes and their contributions from
rainfall (blue box) and snowmelt (yellow box) under varying warming levels for
Europe and all subregions. Purple lines represent the combined volume of rainfall
and snowmelt contributing to median floods, while gray lines indicate the total
generated runoff volume, considered as flood volume. Lines show the median values
among model simulations, with shading indicating the interquartile range. Blue and
yellow boxes represent the absolute volumes of contributing rainfall and snowmelt.
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interquartile range across model simulations. d-f, j-1 Relative changes of flood
volume (gray lines), rainfall contribution (blue lines), snowmelt contribution (yel-
low lines) and the combined volume of rainfall and snowmelt (purple lines) under

the 3 °C warming level compared to the baseline period, for different percentiles

(Methods). Lines represent the median values across model simulations. Dashed
gray lines denote the historical distribution of flood volumes over the baseline
period.
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Frequency Volume Rain_Vol Snow_Vol Mean Timing
All -17% -40%*(-25%*)
Alpine
Top 100 +8% (+2%) +12% (+8%) -81%*(-37%")
Flood risks
All +10% (-4%) +8%* (-13%) | +86%*(+32%") - 30~60 days
Top 100 2%(-7%) (53% cells)
Flood risks
Al -19% 3% (+8%) | +11% (+9%) -81%*(-59%")
Continental Top 100 53% (-7%) -3% (-14%) +12%(+11%)  [REGENZ M)
Flood risks Fewer floods, with severe floods becoming slightly more intense.
All +50% -1% (+3%) -2% (+6%) +4%(+8%) -99%*(-73%%)
Insig.
Atlantic Top 100 -65%* (-60%*)
Flood risks
All -12% 9% (+7%) 0%(+10%)
Insig.
Top 100 -4%(-8%) -2%(+5%) +5%(+7%)
Flood risks Fewer floods, with severe floods weakening while extreme floods remain stable.

Fig. 6 | Summary of changes in future flood risks under the 3 °C warming level
compared to the baseline period (1971-2000) for different European macro-
regions. Rain_Vol and Snow_Vol denotes the contributions from rainfall and
snowmelt to floods, respectively. In the Extent, Volume, Rain_Vol, and Snow_Vol
columns, values outside parentheses indicate relative changes in median statistics,
while values inside parentheses represent mean statistics. Asterisks (*) denote sta-
tistically significant changes based on a median test (for medians, two-sided) or

Student’s t-test (for means, two-sided) at the 0.05 significance level, with over 50%
model agreement. Entries with either a significant median or mean change with a
consistent sign are highlighted in color. To ensure consistency within the table, the
top 100 flood events are all ranked by flood volume. Additionally, the relative change
in median Rain_Vol and Snow_Vol for all/top 100 events is calculated by pooling the
corresponding data samples, rather than using values from the median flood alone
(as shown in Fig. 5a-c, g-i).

altering surface roughness®. Deforestation can also alter both rainfall pat-
terns and infiltration capacity, creating shifts in runoff generation that vary
across spatial and temporal scales™.

The robustness of our findings largely depends on the climate models
used, the performance of the hydrological simulations, and the flood
detection method. We employed five climate models from the Coupled
model Intercomparison Project Phase 5 (CMIP5"), which are also used in
the impact model simulations of the Inter-Sectoral Impact Model Inter-
comparison Project (ISIMIP*) to cover a broad range of temperature and
precipitation projections”. These datasets were bias-corrected and further
downscaled to a 5km resolution across Europe using a trend-preserving
external drift kriging method™. This approach enables high-resolution
hydrological modeling, which is critical for the event-based flood detection
methodology employed in this study. While the more recent generation of
climate models (CMIP6) offers finer resolution and improved physics,
spatial patterns of flood changes and associated risks have been shown to
remain largely similar to CMIP5***"*. Nonetheless, some CMIP6 models
show improvements in the representation of extreme precipitation™".
Therefore, while the spatial trends may be similar, differences in the mag-
nitude of projected flood changes may still arise. In addition, notable model
uncertainty is evident in projected flood occurrence and other character-
istics, as reflected in the wide spread of model results, especially under the
3 °C warming scenario. Although significance testing and model agreement
are explicitly shown, the ensemble spread highlights the importance of
interpreting these results with caution.

With regard to hydrological modeling, although mHM runoff simu-
lations effectively reproduce observed indicators, uncertainties remain,
particularly in semi-arid regions and lake-dominated areas such as Southern
Finland™"’. Moreover, although the flood detection parameters have only a
minimal influence on the identified flood database’, some attribution-
related limitations persist. By restricting contributing runoff, rainfall, and

snowmelt to the seven days preceding and during floods, potential prior
contributions from earlier events or changes in soil moisture might be
excluded. Contributions from groundwater and boundary effects could also
marginally influence results. Additionally, this study mainly focuses on
widespread fluvial floods with potential spatially compounding impacts,
while flash floods, pluvial events, and coastal compound floods are not
considered.

The findings of our study have important implications for European-
level policy frameworks, particularly the EU Floods Directive™ and trans-
boundary flood management strategies. The pronounced regional hetero-
geneity in projected large flood responses highlights the need to move
beyond traditional catchment-scale approaches toward coordinated flood
risk management at regional and transnational levels. This should be sup-
ported by cross-border collaboration in infrastructure planning, early
warning systems, and emergency preparedness™***”". In regions where flood
magnitudes and frequencies are projected to increase substantially—such as
the Atlantic region-adaptive infrastructure planning and revised flood
zoning regulations will be essential™’. Meanwhile, regions facing shifts in
flood timing or reduced snowmelt-driven floods, such as the Alpine and
Northern European regions, will require updated reservoir operation
guidelines, water resource management strategies, and agricultural planning
to accommodate changing hydrological conditions™. Integrating these
region-specific insights into the implementation and revision processes of
the EU Floods Directive can strongly enhance Europe’s collective resilience
to future flooding under climate change. Furthermore, our findings also
confirm that restricting warming to 2 °C could substantially mitigate flood
risks in the densely populated regions of Europe, such as the Atlantic region,
reducing the projected flood occurrence increase from 50 to 33% and
leading to decreases in flood extent and volume. Our results highlight the
importance of climate mitigation and adaptation efforts to minimize future
impacts of very large floods.
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Methods

Data

Daily routed runoff simulations over Europe were derived from the
mesoscale Hydrologic Model (mHM)™®, forced by five CMIP5 general
circulation models (GCMs: HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM-
CHEM, GFDL-ESM2M, and NorESM1-M) from Inter-Sectoral Impact
Model Intercomparison Project (ISIMIP) under three Representative Con-
centration Pathways (RCPs 2.6, 6.0, and 8.5) from 1950 to 2099. The mHM
model has been proven to effectively reproduce observed indicators and
capture widespread floods™", despite some limitations in semi-arid regions
and lake-dominated areas. Precipitation and temperature data from the
models were downscaled and bias-corrected to a spatial resolution of 0.5°
using a trend-preserving approach®, then further interpolated to 5km for
Europe within the EDgE project (ref. 50; http://edge.climate.copernicus.eu/)
using external drift kriging. These high-resolution climate data were finally
fed into the mHM model for flood detection”**’. Note that the snowmelt
data derived from mHM were used for flood classification and change
attribution. Additionally, the subdivision of five European macro-regions
(i.e., Alpine region, Northern region, Continental region, Atlantic region and
Southern region) following refs. 64-66 was used for regional analysis.

Identification and characterization of flood events

We use the peak-over-threshold method to identify the large spatio-
temporally connected flood events. Specifically, floods at the grid cell level
are defined as days in which daily runoff exceeds the local 99th percentile,
referenced to the 1971-2000 period. Flood patches for each day are iden-
tified by grouping spatially connected flood grid cells that share an edge or
vertex. We then calculate the overlap ratio between flood patches across two
consecutive time steps. If the ratio of the overlapping area to both of the
previous and current patches exceeds 0.4, the time steps are merged into a
single event (for more details, see ref. 5). Note that, to focus on widespread
floods and exclude non-riverine floods, we consider only flood events that
include at least one grid cell of a main stream (i.e., a river with a catchment
area larger than 1000 km®). Additionally, for each time step, the spatial
extent of flood patches must exceed 1000 km* Based on the identified
spatio-temporal flood events, key characteristics-including timing, extent,
and volume-were quantified. Timing is defined as the onset date of the flood
event, extent refers to the total affected area. Flood volume is defined as the
total runoff generated within the hydrological catchment during the seven
days preceding flood onset until the event’s end date. The seven-day window
was chosen as it is considered sufficient for response times in large
catchments® and is widely used in flood attribution analyses’. Sensitivity
analyses using five-day and ten-day windows yielded consistent results
(Figs. $9-12), confirming the robustness of the main findings. The hydro-
logical catchment for each flood event is defined as the combined upstream
catchments of all grid cells included in the event. The main results of this
study remain robust against slightly different choices of the flood detection
parameters.

To examine changes in flood characteristics under climate change, we
use 1971-2000 as the baseline period representing the recent climate. Future
conditions were represented by 30-year periods corresponding to 1.5°C,
2°C, and 3 °C global warming levels relative to the preindustrial period.
Detailed information on the selection of these 30-year periods and their
specific values for each model and scenario can be found in Marx et al.”".
Specifically, combining different GCMs and Representative Concentration
Pathways (RCPs), there are 5 model simulations for the baseline period,
14 simulations for the 1.5 °C warming level, 13 simulations for the 2 °C
warming level, and 8 for the 3 °C warming level (Table S1).

Attribution of shift in flood timing

To explore the drivers of the changes in flood timing, we compared flood
timing with the timing of heavy rainfall and snowmelt events. Rainfall and
snowmelt events were identified similarly to flood events but using the 80th
percentile of wet days (rainfall/snowmelt>1mm) as the exceedance

threshold. This includes heavy, though not only extreme, rainfall and
snowmelt events.

The timing of these events was analyzed from both an event-based and
a grid-based perspective. On an event basis, as described above, the onset
date was used as the event’s timing. For each sub-region in Europe under a
given warming level, event onsets were summarized as the mean occurrence
probability for each day of the year across different model simulations. On a
grid basis, we assigned each grid cell within an event with its earliest start
date. These start dates were then averaged over all events in each grid cell
using circular statistics’. Finally, we compared flood timing with rainfall
and snowmelt timing under different warming levels. The significance of the
changes in mean flood/snowmelt timing under different warming levels
were assessed using Watson-Williams test.

Attribution of changes in flood magnitude

To provide a more complete picture of how flood event spatial extent and
volume may change in the future, and to assess whether these changes are
consistent across different magnitudes, we examine changes in flood extent
and volume for different percentile levels. Specifically, for each warming
level 1.5°C, 2 °C, and 3 °C, we calculate the relative change of flood extent
relative to the baseline period across different percentile levels.

To identify the drivers of flood volume changes under climate change,
we quantify the contributions of precipitation and snowmelt to flood events
and compare them with total flood volume. Specifically, rainfall and
snowmelt contributions are calculated as the respective volumes generated
within the hydrological catchment during the seven days preceding the
flood onset through its end date. If the ratio of snowmelt amount to total
rainfall surpasses 0.7, the flood is categorized as snowmelt-driven, otherwise
it is regarded as rainfall-driven™'’. Furthermore, changes in these two
quantified volumes under different warming levels are compared to the
baseline period to assess their contribution to flood volume changes.
Restricting contributing runoff, rainfall, and snowmelt to the seven days
before and during floods may exclude lingering effects from earlier events or
soil moisture changes. However, we expect this limitation to have little
impact on the main findings of this study. In addition, previous work’ also
indicates the robustness of the related results to the choice of the spatial
overlap threshold (e.g., 0.4) and the snowmelt-to-rainfall ratio (e.g., 0.7)
used to classify flood types.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

Source data used to generate the figures are available at Zenodo (https://doi.
org/10.5281/zenodo.16875444). The mHM model-routed runoff is avail-
able from the UFZ data portal (10.48758/ufz.14403). Precipitation and
temperature data used as input for the mHM model and for the analysis are
available from the ISIMIP data portal (https://www.isimip.org/
gettingstarted/input-data-bias-adjustment/).

Code availability

Code used to generate the figures is available at Zenodo (https://doi.org/10.
5281/zenodo.16876403).
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