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ABSTRACT

In recent years, Europe has experienced several episodes of catastrophic flooding that were unprecedented
in the historical record. Estimating the impact of rare flood events is crucial for improving risk preparedness
and emergency management, but this effort is hampered by the limited availability of historical data. We
describe a modular framework for generating a catalogue of physically plausible high-impact flood events using
ensemble prediction systems. The framework builds on existing methodologies for the analysis, validation,
and pooling of seasonal reforecasts from the European Flood Awareness System (EFAS) with the UNSEEN
(UNprecedented Simulated Extremes using ENsembles) approach. We employ the probabilistic impact model
CLImate ADAptation (CLIMADA, Aznar-Siguan and Bresch (2019)) to identify a subset of events with severe
impact potential. Synoptic patterns are reconstructed using the ECMWF SEASonal forecasts version 5 (SEAS5)
reforecasts to form a catalogue of plausible extremes. We illustrate the case study of the Panaro watershed
in Emilia-Romagna, Italy, a region affected by multiple record-breaking floods in recent years. The analysis
illustrates the added value of combining ensemble pooling with impact modelling, to anticipate high-impact
extreme events before they occur. Our framework can be leveraged to explore risk storylines for stress-testing,
and to support adaptation decision making for disaster management.

Practical implications

Every year, hydro-meteorological extremes cause extensive socio-

given region — an insufficient amount of data to statistically infer the
frequency and consequently assess the risk of these events.
Continued advances in ensemble weather and climate forecasting,

economic damage worldwide, with a substantial number of flood haz-
ards occurring over the European territory. Actionable information on
the frequency and characteristics of extreme events is essential for eval-
uating the effectiveness of flood-mitigation and adaptation strategies.
While the need to develop robust local adaptation measures is widely
recognized, aleatoric and epistemic uncertainty arising from the large
internal variability of the climate system and the complexity of flood
drivers pose significant challenges to forecasters and policy-makers.
Furthermore, assessing the frequency of severe flood events, such as
those with return periods higher than 100 years, is fundamentally
hampered by the limited length of the historical record. Observations
typically provide only a few episodic examples of severe floods for a

including refined spatial resolutions and skillful predictions over the
Euro-Atlantic region, have enabled the application of ensemble pre-
diction systems to explore a much wider range of past and present
weather extremes. This approach, pioneered by Osinski et al. (2016)
and also known as UNprecedented Simulated Extreme using ENsem-
bles (UNSEEN, Thompson et al. 2017), consists of treating individual
ensemble members of a weather prediction model as equally plausible
alternatives to the observed evolution of a given system, providing
large quantities of physically-realistic events that may have not been
observed yet.

In this study, we build on the UNSEEN approach and established
methodologies for flood risk assessment to generate catalogues of
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E. Bianco et al.

physically plausible yet unrealized flood extremes with high potential
for socio-economic damage. We describe an end-to-end framework with
three flexible modules, (i) ensemble pooling of simulated extremes,
(ii) risk assessment with the open-source impact model CLIMADA,
and (iii) creation of a catalogue for plausible flood events. The final
catalogue incorporates a subset of events that would cause severe
economic damage, as well as the synoptic preconditioning drivers
of such events. The framework is fully enabled by open-source data
provided by the Copernicus Services, and can be adapted to study
any European region with sufficient data coverage and validation skill.
We demonstrate the application of the framework on a medium-sized
European watershed by illustrating the case study of the Panaro river
in Emilia-Romagna, Italy, a region that has experienced unprecedented
floods in recent years. The region additionally represents an area
with ongoing adaptation planning and active stakeholder participation,
an ideal setting for the evaluation of existing and innovative risk
management strategies. Our framework helps to navigate uncertainty
by identifying physically plausible extreme flood events, understanding
their preconditioning synoptic drivers, and exploring the possible socio-
economic impact of their occurrence at the regional scale. By exploring
hypothetical extreme events that might cause severe stress to a given
region, policymakers could develop ex-ante mitigation strategies to
reduce the impacts of these events before they occur.

1. Introduction

In recent years, Europe has experienced several episodes of extreme
flooding. More than 200 deaths are estimated to have occurred in Eu-
rope during the summer 2021 floods that affected parts of Germany and
the Benelux countries (Merz et al., 2024; Mohr et al., 2022; Tradowsky
et al., 2023). In May 2023, the Emilia-Romagna region in Italy was
affected by extreme precipitation leading to extensive flooding and
over 65,000 landslides (Brath et al., 2023; Marchi et al., 2025). This
event was unprecedented in the 102-year instrumental history of the
region (Brath et al., 2023; Dorrington et al., 2024). More than 20 people
died as a result of the floods that affected Central Europe in September
2024 (Kimutai et al., 2024) and over 200 deaths occurred in Valencia in
October 2024 (Llasat, 2024), during what marked the deadliest natural
disaster in Spain since 1973. These exceptional events have few, if any,
direct historical precedents (Aon Impact Forecasting, 2024; Rhein and
Kreibich, 2025).

In several regions of the world, including parts of Europe, an
increase in the occurrence of 100-year return periods has been ob-
served (Bloschl et al., 2019), highlighting a regional shift towards a
higher frequency of rare flood events. Estimating the intensity and
frequency of these exceptional events is crucial for adaptation decision
making, as disastrous impacts typically occur with hazard intensities
associated with high return periods. However, modelling the tail of
the extreme distribution requires volumes of data that are typically
unavailable given the brevity of historical records. The limited avail-
ability of observational time series prevents robust statistical analysis
of low likelihood events, such as those with return periods greater than
100 years, often leading to a systematic underestimation of extreme
events (Zeder et al., 2023). As a result, when rare events occur, they
are unprecedented or perceived as unprecedented (Merz et al., 2024)
and are met by society and policy makers with both surprise and
underpreparedness.

Recent advances in climate science have led to the development
of new approaches to address unprecedented extremes (Kelder et al.,
2025). For example, stochastic weather generators have been used
to increase the sample size by statistically emulating observed ex-
tremes (e.g., Furrer and Katz, 2008; Winter et al., 2020). However,
these methods come with limited physical realism because of the
difficulty of capturing the processes and interactions that underscore
weather-related hazards: for instance, while there is a theoretical ex-
pectation that flood occurrences increase in response to heavier precip-
itation (e.g., Donat et al., 2016), this relationship is complicated by the
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complexity of flood drivers (Sharma et al., 2021; Wasko and Nathan,
2019), often involving the occurrence of multiple concurrent factors —
the so-called compound floods (e.g., Zscheischler et al., 2018).

To address this issue, ensemble prediction systems (EPS) represent
a valuable tool for quantifying the likelihood of severe extremes, as
unrealized events from ensemble retrospective forecasts can be pooled
to increase the event sample size allowing for robust extreme event
analysis (Van den Brink et al., 2004). The core goal of this approach
— known as UNprecedented Simulated Extreme using ENsembles (UN-
SEEN, Thompson et al. 2017, 2019) - is to use a large ensemble of
initialized weather model simulations to construct a physically con-
sistent set of plausible extremes, treating EPS members as feasible
alternative realizations of the historical period. Thompson et al. (2017)
first demonstrated that the UNSEEN approach could be effectively used
to anticipate the 2013/2014 UK floods, despite such event did not have
any historical precedent in the available record.

Brunner and Slater (2022) used retrospective forecasts from the Eu-
ropean Flood Awareness System (EFAS) to pool simulated flood events
into an ensemble of 130 timeseries, finding on average a reduction of
~80% in the uncertainty bounds with respect to observational estimates
in 200 European river basins. Klehmet et al. (2024) demonstrated
the advantage of constructing surrogate time series from the Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) SEASonal
forecasts version 5 (SEAS5) reforecasts to reduce the uncertainty of
return period estimates for precipitation and discharge. Besides flood
risk, EPS have been leveraged to improve the quantification of rare
extremes across a wide range of applications, including heavy precipi-
tation (e.g., Kelder et al., 2020; Kent et al., 2022; Lang and Poschlod,
2024; Poschlod et al., 2020), tropical cyclones and windstorms (Osinski
et al., 2016; Ng and Leckebusch, 2021), wildfires (Sauer et al., 2021),
droughts (Chan et al., 2024; Kent et al., 2017, 2019; Pascale et al.,
2020), and heatwaves (Fischer et al., 2023; Kelder et al., 2022a).

A major advantage of ensemble pooling is that it enables the devel-
opment of storylines (e.g., Zappa and Shepherd, 2017; Schaller et al.,
2020; Sillmann et al., 2021; Chan et al., 2022; Thompson et al., 2025),
defined as plausible, self-consistent unfoldings of past events (Shepherd
et al., 2018). This includes using remarkable historical events as a
reference to assess new hypothetical scenarios, or downward counter-
factuals (Woo, 2019; Ciullo et al., 2021; Merz et al., 2024), whereby
the risk arising from small variations in the preconditioning factors
leading to the observed hazard is quantified to examine historical
‘near misses’ and avoid surprises in future catastrophes (Woo, 2019;
Curipoma-Viteria et al., 2023).

Ultimately, the goal of exploring unrealized but physically-plausible
extreme events is to support the development of effective adaptation
plans to mitigate the impact of catastrophic disasters before they oc-
cur. Making informed decisions about adaptation requires a careful
evaluation of the factors that cause certain extreme events to be more
catastrophic than others. This translates into the need for a comprehen-
sive quantification of risk that is not limited to the hazard, but includes
information on local asset exposure and vulnerability, consistent with
the Intergovernamental Panel on Climate Change (IPCC) definition of
risk (IPCC, 2012). One of the most flexible publicly available software
for impact modelling is CLIMate ADAptation (CLIMADA, Aznar-Siguan
and Bresch 2019. CLIMADA is a modular and object-oriented platform
for probabilistic risk assessment of natural hazards. An important ad-
vantage of CLIMADA is the highly customizable software structure,
which has enabled its application to different types of meteorologi-
cal extremes, including tropical cyclones (e.g., Eberenz et al., 2021),
windstorms (e.g., Walz and Leckebusch, 2019; Ro6sli et al., 2021), and
floods (Sauer et al., 2021; Kam et al., 2025).

Building on existing methodologies, we present an end-to-end frame-
work for generating a catalogue of unprecedented flood events with
high impact potential. Physically self-consistent but unrealized (UN-
SEEN) extreme discharge events are first identified using the EFAS river
discharge ensemble seasonal reforecast forced by SEAS5 (EFAS5). The
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Fig. 1. Schematic of the framework with its three module components. Hexagons indicate processes; rectangles indicate input and output datasets. Indexing refers
to published methodologies that are integrated in the framework: [1] Kelder et al. (2022a) and references therein; [2] Klehmet et al. (2024); [3] Riedel et al.

(2024); [4] Aznar-Siguan and Bresch (2019).

risk model CLIMADA is then used to identify UNSEEN events associated
with high economic damage. The synoptic characteristics of selected
events are evaluated, to support the construction of a catalogue of
plausible, high impact meteorological events. The resulting event set
provides a robust physical foundation for exploring realistic worst-
case scenarios and supporting preparedness to disastrous events at the
regional level. Building on its modular design, the framework can be
tailored to suit regions with different sizes and data characteristics.

The remainder of the paper is organized as follows: Section 2
describes the framework, which is structured in three flexible and
adaptable modules. The methodology for validating and pooling the
EFASS seasonal reforecast (Module 1) is outlined in Section 2.3. Flood
risk assessment, including the application of CLIMADA for impact
modelling (Module 2), is described in Section 2.4. The approach for
generating the final event catalogue (Module 3) using the SEASS5 sea-
sonal reforecast is summarized in Section 2.5. In Section 3, we illustrate
the application of the framework with a case study in Emilia-Romagna,
Italy. Finally, the implications and limitations of the study are discussed
and summarized in Section 4.

2. Data and methods
2.1. The framework

The schematic presented in Fig. 1 summarizes the proposed frame-
work with its three modules: (i) reforecast ensemble pooling and valida-
tion, (ii) event impact estimation with CLIMADA, and (iii) construction
of the UNSEEN event catalogue. Within the framework, state-of-the-
art statistical techniques for extreme event analysis are integrated
and combined in a unified modelling chain, where the EFAS5 and
SEASS5 ensemble reforecasts are used as input data and the catalogue
of plausible high impact floods is the final output. The datasets and

methodologies composing the framework are presented in detail in the
following sections.

2.2. Datasets

2.2.1. EFAS historical and seasonal reforecast

Historical river discharge (Q) is derived from the EFAS v5.0 dataset
at 6-hourly intervals and averaged to daily-mean values. EFAS histor-
ical data are produced by forcing the LISFLOOD model with gridded
precipitation and temperature observations from the European Mete-
orological Observations version 1 (EMO1, Thiemig et al. 2022) at a
resolution of 1x1 arcminute. We note that while gauge measurements
of river discharge for our case study region are available from ARPA
Emilia Romagna (www.arpae.it; last access: January 2026), this obser-
vational source was not included in our analysis due to temporal gaps in
the data and the introduction of flood detention basins in 1985 (Figure
S1).

We derive seasonal reforecasts of daily river discharge from EFAS5
(Thielen et al., 2009). EFAS reforecasts provide probabilistic medium-
range forecasts of river discharge and other key hydrological variables
by combining ensemble seasonal meteorological forecasts from ECMWF
SEAS5 with the hydrological model LISFLOOD (Van Der Knijff et al.,
2010) at a gridded horizontal resolution of 1 x 1 arcminute. The
ensemble consists of 25 ensemble members up until December 2016,
and 51 members from 2017. Simulations are initialized once a month
and extend for a lead time of 215 days (approximately 7 months).
We consider the 25-member ensemble simulations for all initialization
months and lead times. Although EFAS historical and reforecast data
are available from January 1991, we only consider the period between
1999 and 2024 due to a warm SST bias in the North Atlantic in the
SEASS5 product before this period (Stockdale et al., 2018). The EFAS
data sets extend throughout the European domain. In our case study
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analysis (Section 3), the target basin is extracted by masking the data
with vectorized polygon layers provided in the HydroBASINS dataset of
HydroSHEDS (Lehner et al., 2008), which includes nested boundaries
of river basins and sub-basins at different scales with a full global
coverage.

2.2.2. SEAS5 seasonal reforecast

Mean sea level pressure (MSLP) and geopotential height at 500hPa
(Z500) are obtained from the ECMWF SEAS5 seasonal reforecast for the
region between 30°N-70°N and 40°W-40°E. The atmospheric compo-
nent of SEASS is the ECMWF Integrated Forecasting System (IFS) 34r1,
with 91 vertical levels. Initialization comes from ERA-Interim reanaly-
sis (ERA-I) up to 2016 and from the ECMWF operational analysis after
2017. As for EFAS reforecasts, we consider the 25-member ensemble for
all available initialization dates between 1999-2024. Historical MSLP
and 7500 fields between 1999-2024 are obtained from the ECMWF
ERAS reanalysis (Hersbach et al., 2020) for the same domain.

2.3. Module 1: Reforecast ensemble pooling

2.3.1. Statistical independence of the reforecast ensemble

Using reforecast simulations to maximize the sample size of weather
extremes relies on the assumption that the individual members of the
ensemble are physically and statistically independent (e.g., Van den
Brink et al., 2004). Ensemble members must be treated as equally
plausible realizations of the past for a given physical system (Kelder
et al., 2022a), such that their pooling does not artificially inflate the
sample size without adding any new information. While ensemble inde-
pendence is inherently low at short lead times (e.g. <15 days), members
are expected to decorrelate as stochastic processes in the atmosphere
drive their trajectories to diverge away from their initial states. The
predictability scales of meteorological variables can vary from a few
days to a few months. For example, Kelder et al. (2022b) found that
member independence for precipitation extremes in SEAS5 reforecasts
is achieved within less than a few weeks. For river discharge, en-
semble independence is tightly linked to the catchment’s seasonality
regime (Brunner and Slater, 2022), and is generally achieved at longer
lead times compared to atmospheric variables (Klehmet et al., 2024).
To robustly assess the independence among the members of the en-
semble, we initially calculate the pairwise Spearman rank correlation
coefficient (p) between the members. In particular, we perform this
analysis for a representative location in the target region, which we
identify as the grid cell closest to the river hydrometric station, after
ensuring that the spatial correlation between the reference grid point
and the other grid points along the river is high (>0.9). We first select
the maximum discharge during the full 215-day forecast period (F,,,,)
for each available starting date between 1999 and 2024. Secondly, we
arrange F,,,. values into 12 matrices, each for a different initialization
month, so that each matrix contains a time series of F,,, values for
the 25 members of the ensemble. We compute the pairwise p between
the 25 members for each initialization month and test whether the
mean p is significantly different from zero using a one-sample t-test at
the 1% significance level. This analysis is repeated after progressively
discarding blocks of 30, 60, 90 and 120 lead days from each forecast,
to identify the lead time of member decorrelation. We consider the
ensemble to be independent if the null hypothesis is accepted in at
least half of the initialization months, and if the average p across
the 12 initialization months is smaller than |0.1|. Depending on the
specific characteristics of the target region, a trade-off should be found
between ensuring sufficient independence across ensemble members
and maximizing the sample size of the resulting pooled ensemble.

2.3.2. Creation of surrogate series
Following Klehmet et al. (2024), we generate synthetic “surrogate”
time series by combining reforecast simulations initialized in different
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months, where each simulation is only used once. This approach en-
ables the construction of non-overlapping forecast series that match
the length of the historical dataset. The number of initialization dates
required to produce a full year depends on the effective forecast length,
i.e. the forecast period minus the portion of the forecast that is dis-
carded upon assessing ensemble independence. For example, in the
case of SEAS5 seasonal forecast, if member correlation is considered
sufficiently low after discarding the first 30-day block, two simulations
covering the remaining six months of forecast period and initialized
half a year apart can be paired to form a year-long record (e.g., the
forecast initialized in January and covering the period February-July
will be merged with the forecast initialized in July and covering
the period August-January). Using all combinations of initialization
months, this 6-month surrogate type would yield a total number of
150 surrogate series spanning the period 1999-2024 (6 merging com-
binations x 25 ensemble members) for a total of 3900 model years.
Similarly, if ensemble independence is achieved after discarding the
first 90-day block, three forecasts extending over four months can
be concatenated to form 4-month surrogates, yielding 100 surrogate
series (4 merging combinations x 25 members for 2600 model years).
The terms “surrogate series” and EFAS reforecasts are hereafter used
interchangeably to refer to the synthetic time series generated from the
EFAS ensemble seasonal reforecast. We note that reforecast concatena-
tion can be successfully performed when sampling daily extremes using
the annual maxima (AM) method (see Section 2.5), as this approach
does not require continuity in the underlying series. In contrast, the
peak-over-threshold (POT) method requires exceedances above a set
threshold to be sampled from a continuous or regularly spaced series
to ensure statistical independence (Coles, 2001).

2.3.3. Validation and bias correction

Statistical validation of model simulations is crucial for assessing
whether EPSs are sufficiently realistic in their representation of the
data extremes. Simulations of river discharge can be biased by uncer-
tainties in the numerical weather prediction system and hydrological
model parameters. If not addressed, model error may lead to unre-
alistic extreme events (e.g., Kelder et al., 2022b). Here, we evaluate
the statistical consistency between simulated and historical discharge
using a fidelity test, as in previous studies (Thompson et al., 2017,
2019; Kelder et al., 2020, 2022a). For each surrogate river discharge
time series generated in Section 2.3.2, the mean, standard deviation,
skewness, and kurtosis are calculated along the time dimension. A bias
correction technique is introduced in order to achieve consistency with
the historical time series, by verifying that all four statistical moments
of the historical data fall within the 95% confidence intervals of the
surrogate distributions. The optimal choice of bias correction method
should be informed by the characteristics of the surrogate distribution,
which are region-dependent. However, in our approach we prioritize
linear multiplicative scaling, whereby the bias adjustment factor is
defined as the ratio between the mean of the historical and surrogate
annual maxima along the time dimension. Linear scaling is less likely
to introduce additional error if compared to nonlinear bias adjustment
methods such as quantile mapping (Kelder et al., 2022b), as the higher
moments of the distribution are minimally altered.

2.4. Module 2: Impact assessment

2.4.1. Extreme-value analysis

We identify extremes of river discharge in the surrogate ensemble
using the block maxima approach with 1-year blocks (Coles, 2001) and
apply extreme-value analysis to estimate their frequency. For every
grid point i in the target region, the annual maxima of daily mean
discharge between 1999-2024 are extracted from each surrogate series
and pooled into a single array. This procedure yields, respectively,
a set of 3900 extremes for 6-month surrogates (6 merging combina-
tions x 25 ensemble members x 26 years), 2600 extremes for 4-month
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surrogates (4 merging combinations x 25 members x 26 years) and
1950 extremes for 3-month surrogates (3 merging combinations x 25
members x 26 years). Even with the most conservative surrogate
construction method, pooling of EFAS reforecasts drastically increases
the sample size of data extremes relative to the historical series, which
only provides 26 annual maxima for the study period.

According to extreme value theory (Fisher and Tippett, 1928), in-
dependent block maxima asymptotically follow a Generalized Extreme
Value (GEV) distribution, defined as:
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where (—0 < 4 < ®© ), 6 (> 0) and (-0 < & < oo ) represent the
location, scale and shape parameters of the distribution, respectively.
We fit the GEV distribution to the pooled ensemble of annual maxima
using maximum likelihood estimation (MLE). To reduce instability of
the GEV shape parameter and avoid implausible tail behaviours, we
use Bayesian inference with a uniform bounded prior for —0.3 < ¢ <
0.3 (e.g., Martins and Stedinger, 2000; Renard and Lang, 2007). The
return period T, of simulated events can then be calculated from the
cumulative density function F,, of the fitted GEV distribution (Coles,
2001) as:

T(x) = 1/(1 - F(x)) (2)

Extending this analysis to every grid point i, we obtain a gridded
dataset of the return period of the surrogate events, T, ,. We note that
modelling flood events with extreme value analysis involves a degree of
uncertainty related to the stability of the GEV fit, due to high sensitivity
to the few largest events in the distribution. However, return periods
can be estimated fairly accurately with large data samples thanks to
improved estimates of tail behaviour parameters (e.g., van der Wiel
et al., 2019; Macdonald et al., 2025).

2.4.2. Hazard footprint computation

We consider the buffering effect of local flood protection measures
based on the FLOod PROtection Standards database (FLOPROS; Scus-
solini et al. 2016). FLOPROS provides modelled estimates of the return
period associated with local flood defence measures. We use the local
threshold value T(r;opros) to mask out grid points where T, <
Trropros)- Hence, only the locations with return periods that would
cause damage in the target region are retained. The hazard intensity,
i.e. inundation height, of each UNSEEN discharge extreme is computed
using flood hazard maps from the European Commission Joint Research
Center (JRC, Dottori et al. 2021). The maps are produced with the
LISFLOOD-FP flood inundation model (Bates and De Roo, 2000) and
provide 100m-resolution flood inundation scenarios for nine reference
return periods (from 1 in 10 years to 1 in 500 years) for all European
river basins with an area greater than 500 km?. Following Riedel
et al. (2024), we first regrid the return period dataset onto the high-
resolution grid of the flood hazard maps using the Python xESMF
module (DOI: https://doi.org/10.5281/zenodo.4294774) with bilinear
remapping. Secondly, we derive a gridded dataset of hazard intensity
by linearly interpolating flood inundation heights from the JRC hazard
maps, using the return period dimension of the two input datasets. As
in Riedel et al. (2024), we introduce a capping value for the maximum
flood height, assuming that this cannot exceed the local value associ-
ated with the maximum return period of 500 years in the JRC hazard
maps. We note that the computation of flood hazard footprints from
GIoFAS (the global counterpart of EFAS, Alfieri et al. 2013) is currently
implemented in CLIMADA’s GloFAS River Flood Module (Riedel et al.,
2024). The module employs precomputed parameters for extreme-
value analysis and return period interpolation. However, the current
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configuration is not optimized for use with EFAS seasonal forecast data
and lacks calibration for small to medium-sized watersheds. As a result,
a manual adaptation of the workflow was adopted for our analysis.

2.4.3. Impact modelling

In the impact model CLIMADA, the core components of risk mod-
elling — hazard, exposure and impact — are implemented as object-
oriented classes within the software architecture. The hazard class
is organized into specialized subclasses or modules representing dis-
tinct natural hazard types. The exposure and impact classes incor-
porate modular elements to adapt to region-specific assets and vul-
nerabilities. We derive economic asset exposure data from the LitPop
dataset (Eberenz et al., 2021). LitPop produces gridded asset exposure
data at a resolution of 30 arcseconds for 224 countries by combining
population counts from NASA SEDAC’s Gridded Population of the
World v4.10 (GPWv4) with nightlight intensity data from NASA’s Black
Marble (Roman et al., 2018). The core methodology of LitPop is based
on the spatial disaggregation of national totals of economic indicators
in proportion to population and nightlight intensity data (GDP «
Lit™ % Pop"). LitPop is available as a built-in class in CLIMADA with
user-defined attributes that determine the indicator to use as the total
asset value for disaggregation. For our analysis, we consider grid-
ded physical asset value derived from the disaggregation of national
produced capital, using the most recent available year as reference.
Produced capital stock (World Bank, 2019) has been extensively used
as an indicator of the value of manufactured and built assets exposed
to natural disasters (Eberenz et al., 2021). The impact calculation
functions in CLIMADA first align the hazard intensity data with the cor-
responding exposure coordinates. Then, flood footprints are converted
to a damage factor derived from continental depth-damage functions
provided by the JRC (Huizinga et al., 2017). The damage functions
are available at the continental scale, but they serve as guidelines for
damage assessments at the national level for countries where stage-
damage curves are not available (e.g., Carisi et al., 2018). We obtain the
estimated economic damage (EED) of each UNSEEN event as the total
direct economic loss in the target basin, allowing a comparative ranking
of events by impact. The EED-ranked UNSEEN events are labelled with
a unique identifier that combines their surrogate initialization month
and ensemble member. For instance, the event occurring on October
5, 2007 simulated by the ensemble member 03 of the surrogate series
starting in July, will have event ID S:Jul-m3-2007-10-05.

2.5. Module 3: Creation of the UNSEEN event catalogue

We narrow down the set of UNSEEN flood events to those with the
greatest direct economic impact by selecting the 100 events with the
highest EED. To assess the synoptic conditions associated with high
impact events, we examine the mean sea level pressure (MSLP) and
geopotential height at 500hPa (Z500) from SEASS5 simulations. Because
SEASS is used to force EFAS reforecasts, the two products align in terms
of ensemble members, initialization dates, and temporal coverage; this
enables the construction of SEASS5 surrogate series following the same
procedure adopted for EFAS (Section 2.3.2). Using the event identifiers,
we match the 100 high impact UNSEEN events with the corresponding
7500 and MSLP fields from the daily SEASS5 surrogate series. However,
because daily discharge in EFAS is defined as the discharge accumu-
lated in the last 24 h, we shift their timestamps backwards by one
day when identifying the matching MSLP/Z500 fields. The final set of
events represents the UNSEEN event catalogue for the target region,
storing information on (i) river discharge at target locations along
the river, or mean/maximum discharge across the basin, (ii) the flood
footprint or hazard intensity, (iii) the estimated economic damage in
the river basin, and (iv) the MSLP and Z500 fields on the day of each
event. In Section 3, we show how the UNSEEN event catalogue can
be further analysed to anticipate historical flood events at the regional
level.
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Fig. 2. The Panaro watershed in Emilia-Romagna, Italy. Contours indicate
EFAS river discharge on the day of maximum discharge recorded between
1999-2024 (17 November 2019). The magenta basin outline is derived from
the HydroBASINS dataset; the red dot marks the location of Bomporto hydro-
metric station.

3. Case study

The northern Italian region of Emilia-Romagna, located in the east-
ern sector of the Po Valley, is frequently exposed to river flooding
and storm surge events. River flooding in Emilia-Romagna is typically
the result of isolated storms or mesoscale organized convection (Shah
et al., 2023). The region experienced exceptional flooding in May 2023
as a result of short but heavy rainfall events linked to three distinct
Mediterranean cyclones (Barnes et al., 2023; Cremonini et al., 2024;
Dorrington et al., 2024). The combination of floods and landslides
caused the displacement of thousands of residents, casualties and severe
economic damage over €9 billion. In some locations, the severity of
these events was estimated to correspond to return periods exceeding
500 years, underscoring the urgent need to reassess existing flood
defence strategies (Brath et al., 2023).

We illustrate the case study of the Panaro river (Fig. 2), a medium-
sized river (drainage basin ~ 1775 km?2) that serves as the final right-
hand tributary of the Po river. Despite its modest scale, the Panaro is
prone to severe flooding due to the combined effects of high-flow events
and riverbank instability (e.g., Dazzi et al., 2022). Record-breaking
floods occurred in November 2019 as part of a broader pattern of
extreme weather events affecting the region (ARPAE Emilia-Romagna,
2019) and in December 2020 as a result of intense rainfall combined
with snow melt (ARPAE Emilia-Romagna, 2021). A more recent episode
of flooding occurred in 2024 as a result of the Mediterranean cyclone
“Boris” (September 16-19, 2024), which stalled over northern Italy due
to a blocking anticyclone over Northern Europe, leading to intense and
prolonged rainfall across Emilia-Romagna (Foraci et al., 2024). Recent
risk assessments have attributed a “Medium-High to High” risk score
to a large number of municipalities surrounding the Panaro river, due
to elevated exposure and vulnerability levels. The basin area has also
been selected as one of the Open Air Laboratories (OALs) where flood
risk could be successfully mitigated with nature-based solutions (Shah
et al.,, 2023) as part of the OPERANDUM H2020 Project. Our focus
on a medium-sized basin is not only motivated by the scientific and
societal relevance of recent extreme events, but also by the fact that the
UNSEEN methodology and most impact assessments studies have so far
concentrated on larger national-scale systems, whereas medium-sized
basins are typically studied with traditional hydrological models.

3.1. Reforecast validation
Following the methodology described in Section 2.3, we first vali-

date EFAS reforecasts by assessing whether the 25-member ensemble
is sufficiently independent and statistically consistent with historical
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Fig. 3. Ensemble independence scores of EFAS seasonal reforecasts as a
function of number of discarded lead times (i.e., number of days since forecast
initialization) for the closest grid point to the Bomporto station. Independence
scores are calculated as the average pairwise Spearman correlation among
the 25 ensemble members for each initialization month. Vertical dashed lines
highlight correlation levels of 0.1 and 0.2. The mean and median ensemble
correlation across the 12 initialization months are marked with a white dot
and a black line, respectively.

data. Fig. 3 presents ensemble independence scores as a function of
discarded lead times (i.e., the number of days after the forecast ini-
tialization date), where box-and-whisker plots indicate the distribution
of the average pairwise Spearman correlation coefficients across the
12 initialization months. Independence scores are calculated for river
discharge at a representative location corresponding to the nearest
grid point to the hydrometric station at Bomporto, located mid-river
course (44.72°N, 11.04°E) and used hereafter as reference grid point
for the basin. When discarding more than 30 lead days, independence
scores are consistently below the correlation threshold of 0.2, with
interquartile ranges less than 0.1, indicating a satisfactory degree of
ensemble independence. Given that blocks of 3, 4, or 6 months can
be concatenated to form a full year from the original 215-day (~7-
month) forecasts, we identify 90 days as the optimal number of lead
times to discard from the original forecasts. The pairwise correlations
of individual initialization months with this configuration are shown
in Figure S2 in the Supplementary Material. Our 90-day cutoff is
broadly consistent with Klehmet et al. (2024), who assume ensemble
independence after the first 4 months of forecast in a pan-European
study. After removing the initial 90-day period from each forecast, the
remaining 4-month forecast blocks from three initialization dates are
concatenated to form a full year, i.e. a 4-month surrogate series. Using
each initialization date once, we generate four surrogate ensembles
with 25 members each, yielding a total of 100 surrogate time series
covering the period 1999-2024.

The results of the fidelity test are shown in Fig. 4, where the higher
statistical moments of annual maximum discharge in the surrogate and
historical series are compared, both with and without bias correction.
In the unadjusted distribution, model bias results in underestimation
of the mean and standard deviation relative to the historical series
(227.7 and 93.9 m?s~!, respectively — vertical dashed lines in Fig.
4a-b), while skewness and kurtosis are consistent (Fig. 4c-d). The
biased low river discharge in the surrogate data is compatible with
SEAS5’s limited rainfall predictability over land, in part associated
with its relatively coarse (~36 km) resolution (Johnson et al., 2019).
However, bias correction with linear multiplicative scaling is sufficient
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Fig. 4. Fidelity test assessing the consistency between EFAS reforecast and historical discharge for the Panaro river at the grid point closest to Bomporto station.
The mean, standard deviation, skewness and kurtosis of each EFAS surrogate series of annual maxima is computed along the time dimension and compared with
the historical time series (black dashed line). Grey distributions indicate the unadjusted surrogate data; blue distributions show bias corrected surrogates via
extreme-value scaling. Thin blue dashed lines mark the 95% confidence intervals of the surrogate distributions.

to adjust the mean and variance of the reforecast ensemble when
applied directly to the annual maxima. With this method, the surrogate
distribution is scaled by a factor defined as the ratio between the
mean historical and reforecast annual maxima, directly targeting the
relative quantile. The statistical moments of historical data fall within
the 95% confidence intervals of the surrogate distribution, indicating
good agreement between the datasets. Alternative approaches for bias
correction have been explored: linear multiplicative scaling based on all
daily data fails to adjust the mean and variance relative to the historical
data (Figure S3a), while quantile mapping exhibits tendencies towards
overfitting and artificial distortion of the tail of the distribution (not
shown); therefore, its application is excluded. As in Fig. 3, the results
of the fidelity test in Fig. 4 reflect a representative grid point nearest
Bomporto station, but we find consistent results when applying the test
to different locations along the river course (not shown).

3.2. Identifying unrealized extremes

Fig. 5a shows the distributions of unadjusted and bias corrected
annual maxima of daily discharge. When pooling together all annual
maxima from the surrogate series, we obtain a sample of 2600 extremes
(100 series x 26 years), exactly 100 times larger than the historical
extreme sample. The extreme-value fits and empirical return periods
of the historical and simulated annual maxima, estimated with the
Weibull plotting position formula, are presented in Fig. 5b. Due to their

small number, historical annual maxima are modelled with a Gumbel fit
(that is, a GEV with & = 0), with 95% confidence intervals extracted via
bootstrap resampling (grey shading in Fig. 5b). The large uncertainty
bands of the Gumbel fit and the relatively poor alignment between the-
oretical and empirical return levels highlight that inferences based on
historical extremes are imprecise given the scarcity of events. Surrogate
extremes, on the other hand, are fitted with a GEV distribution since
the shape parameter is generally estimated with better accuracy from
a large ensemble size. Applying the GEV fit to the gridded discharge
data yields values of ¢ between —0.2 and 0.2 and centred around
0 (-0.026), suggesting that discharge extremes in the Panaro river
follow a light-tailed GEV distribution. The bias corrected time series
of UNSEEN annual maxima is displayed in Fig. 6 alongside historical
annual maxima. The record-breaking historical event of November
2019, with a peak discharge of 488.3 m?s~! at Bomporto, is exceeded
by 40 UNSEEN events from the bias-corrected distribution (Fig. 6) and
3 UNSEEN events from the unadjusted distribution (not shown).

3.3. Synoptic event catalogue

Following the procedure described in Section 2.4-Section 2.5, we
generate a catalogue of the 100 flood events with the highest EED as
computed with CLIMADA. Flood defence measures for the Panaro river
are designed to provide protection against events with a return period
of 50 years (Scussolini et al., 2016). Therefore, the calculated EED
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Fig. 6. Historical (black) and bias-corrected UNSEEN (blue) annual maximum
daily mean discharge at Bomporto. The horizontal dashed line marks the
historical record-breaking peak in November 2019 (488.3 m® s1).

of UNSEEN events in this region reflects the total damage associated
with hazard footprints that exceed this level of protection (Scussolini
et al., 2016). The highest EED (~591.0 million USD) is attributed to
the event on 06-10-2007 simulated by member 3 of the surrogate
series starting in July (event ID: S:Jul-m3-2007-10-06). Fig. 7a shows
the MSLP and Z500 fields associated with the record-breaking event
of 17 November 2019 (488 m’s~! at Bomporto) and the eight top-
ranking UNSEEN events by EED (Fig. 7b-i). Note that Z500 and MSLP
fields for the historical event in Fig. 7a are taken from the ERA5S
reanalysis. The UNSEEN events shown in Fig. 7b-i generally exhibit
levels of discharge that exceed the November 2019 event, with peaks
at gridpoint equivalent to Bomporto ranging from 486 m?s~! (Fig. 7(e)
to 676 m3s~! (Fig. 7(b). The three UNSEEN events with the highest
discharge at Bomporto (945, 840 and 794 m?s~!, respectively; Fig. 6)

were not assigned a hazard footprint or damage label as their return
periods exceed the imposed capping value of T = 500 years used in
the hazard footprint computation ( Section 2.4.2), consistent with the
upper bound of flood hazard maps, Dottori et al., 2021). For all other
UNSEEN events, a clear coupling emerges between elevated discharge
and high EED (Figure S4).

Recurrent synoptic patterns in the 100-event catalogue are identi-
fied with multivariate k-means clustering (Hartigan and Wong, 1979).
Daily Z500 and MSLP fields are de-seasonalized and detrended by
removing a daily climatological mean and the 1999-2024 linear trend.
The anomaly fields of each event are then concatenated and standard-
ized into a combined Z500/MSLP feature input. The k-means analysis is
performed in the region bounded by latitudes between 30°N-70°N and
longitudes between 20°W-20°E to focus on the large-scale circulation.
We identify the optimal number of clusters centroids as k = 2 based
on the Silhouette, Davidson-Bouldin, and Calinski-Harabasz evaluation
criteria for k-means classification (Silhouette = 0.183, CH = 25.7, DB
= 1.879; Figure S5). The dominant patterns of atmospheric circulation
anomalies associated with high impact floods in the Panaro basin are
shown in Fig. 8a-b, with the events in Fig. 8c-d representing particularly
extreme examples of each configuration in terms of EED. Consistent
with Fig. 7, the clustered patterns in Fig. 8 suggest that a deep cyclone
over central-western Italy or a deep trough over western Europe with an
eastern flank over Italy are favourable synoptic conditions for flooding
in Emilia-Romagna. These circulation types are broadly consistent with
two of the four weather patterns causing precipitation extremes in the
Emilia Romagna region (Iacomino et al., 2025). We find no substantial
differences in applying the clustering analysis to catalogues with fewer
or more events. Consistent synoptic patterns to those shown in Fig. 8a-b
emerge after clustering the top 50 or top 200 highest-ranking events by
EED (not shown).

We finally demonstrate that the UNSEEN event catalogue can be
used to anticipate noteworthy historical extremes. We identify circula-
tion analogues for the November 2019 and December 2020 flood events
— the largest and second largest historical discharge events at Bomporto,
respectively — among the 100 high-impact events included in the UN-
SEEN catalogue. We select the most suitable analogue by maximizing
the pointwise Spearman correlation coefficient (p) between the Z500
and MSLP raw fields of each UNSEEN event and the corresponding field



E. Bianco et al.

- Q@station: 676.8
| Q@city: 670.1 m?s~

Q@station: 488.3
Q@city: 458.8 m>s™

30°W 20°W 10°W 0° 10°E 20°E 30°E

(d) S:Jun_m17_2010-10-01 - 582.1 mil USD

: Q@station: 486.3
¢ Q@city: 517.9 m3s?

. Q@station: 638.0
| Q@city: 688.5 m*s™!

W,

60°N
50°N 50°N

40°N 40°N

30°W 20°W 10°W 0° 10°E 20°E 30°E

(9) S:Jun_m23_2020-06-07 - 578.2 mil USD

, Q@station: 551.8
Q@city: 544.8 m3s~!

et
Q@city: 599.0 m3s~!
60°N

50°N

40°N

30°W 20°W 10°W 0°

10°E 20°E 30°E

] ] 1 1 1 1
960 970 980 990 1000

(b) S:Jul_m3_2007-10-06 - 591.0 mil USD

30°W 20°W 10°W 0°

(e) S:Apr_m3_2010-09-16 - 580.8 mil USD

30°W 20°W 10°W ©0°

(h) S:Jun_m20_2022-10-27 - 573.9 mil USD

30°W 20°W 10°W ©0°

1010

Climate Services 42 (2026) 100636

(c) S:Jun_m12_2002-10-20 - 584.4 mil USD

Y S

, Q@station: 554.5
Q@city: 561.7 m?s~!

60°N
50°N

40°N

10°E 20°E 30°E 30°W 20°W 10°W 0° 10°E 20°E 30°E
(f) S:Jul_m24_2018-12-17 - 580.0 mil USD
| Q@station: 649.2
Q@city: 626.2 m3s~!
60°N

50°N 22

40°N

10°E 20°E 30°E

(i) S:Jul_m8_2011-10-12 - 573.5 mil USD
— | Qestation: 623.1

Q@city: 573.5 m3s~?
60°N

10°E 20°E 30°E 30°W 20°W 10°W 0° 10°E 20°E 30°E

- g
i I
1040 1050

1 1
1020 1030

MSLP (hPa)

Fig. 7. Mean sea level pressure (colour shading) and geopotential height at 500hPa (black contours) associated with the record-breaking historical event by
river discharge at Bomporto (a) and the eight UNSEEN events with the largest estimated economic damage (EED, expressed in million USD in b-i). MSLP and

Z500 fields are taken from ERAS5 in (a) and SEAS5 in (b-i). Annotations show bias

corrected EFAS discharge at the grid point corresponding to Bomporto station

(Q@station) and in proximity of the largest city, Modena (Q@city). UNSEEN events in (b-i) are plotted in descending order of EED. The red dot in each panel

marks the location of the target region.

in the historical event, after flattening and concatenating the two fields.
The 2019 and 2020 historical extremes and their closest analogues
are presented in Fig. 9. In both cases, the atmospheric circulation of
historical floods can be paired to a high impact UNSEEN counterpart
simulated in the autumn of previous years (October 2015, p = 0.834
and October 2007, p = 0.825, respectively). Remarkably, the most
suitable analogue for the December 2020 historical flood corresponds
to the UNSEEN event with the highest impact in the entire 2600-event
surrogate ensemble (ID: S:Jul-m3-2007-10-06), with an of 591.0 million
USD and a simulated discharge of 676.8 m?s~! at Bomporto.

4. Concluding remarks

We have presented a customizable framework to generate a cat-
alogue of unprecedented high impact flood events in European river
catchments using the EFAS and SEAS5 ensemble prediction systems.
The framework builds on existing methodologies for ensemble refore-
cast pooling and validation (e.g., Thompson et al., 2017; Kelder et al.,
2022a) as well as hazard computation for impact modelling (Riedel
et al., 2024). Motivated by the notion that rare meteorological events
do not necessarily cause high socio-economic impact (e.g., van der Wiel
et al., 2019) and vice versa, we leveraged the probabilistic risk model
CLIMADA to identify flood events with high impact potential. The final
event set provides a physically-based foundation for detecting severe
events that may occur in the near-term but have few, if any, historical
precedents.

The case study of the Panaro river in Emilia-Romagna demonstrates
that the framework can be successfully applied to medium-sized river

basins, provided that the validation tests yield successful outcomes
(Section 2.3). In our case study, we found that the 25-member ensemble
of EFAS seasonal reforecast is sufficiently independent after 90 days
from the initialization date. This enabled the construction of 100 inde-
pendent surrogate time series of river discharge for the 26-year period
between 1999-2024, equivalent to 2600 synthetic annual maxima. We
have shown that the statistical characteristics of the surrogate series
align well with the EFAS historical data, except for a tendency of the
modelled data to underestimate the mean discharge of extreme events,
which can be corrected with linear scaling. The pooled distribution
of synthetic annual maxima is effectively captured by the GEV fit, as
indicated by the close agreement between theoretical and empirical
return levels (Fig. 5). Furthermore, despite the relatively small region
size, the hazard footprint of UNSEEN events could be linearly inter-
polated from flood hazard maps (Dottori et al., 2021), owing to the
fine spatial resolution of this product. Crucially, the Panaro case study
underscores the added value of using a catalogue of UNSEEN high
impact events to anticipate record-breaking historical floods. Analogue
analysis revealed that the synoptic circulation pattern associated with
the historical event of December 2020 closely resembles that of the
UNSEEN event simulated in October 2007, with a 38.7% increase in
river discharge at the Bomporto river gauge and an estimated damage
of 591.0 million USD, the highest in the event ensemble. We note that
our definition of an event catalogue differs from that used in previous
work. For example, Paprotny et al. (2024a) developed a comprehensive
modelling chain to support a factual reconstruction of past coastal
and riverine flood events that caused significant socio-economic losses,
using the ERA5 and ERA5-Land reanalyzes along with the HANZE
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Fig. 8. (a-b) K-means clusters of mean sea level pressure anomalies (colour shading) and 500hPa geopotential height anomalies (black contours - dashes indicate
negative values) associated with the top 100 UNSEEN events by EED (n,, = 100). (c-d) Highest-impact event in each cluster. MSLP and Z500 daily fields are
de-seasonalized and detrended by removing a daily climatological mean and the 1999-2024 linear trend. As in Fig. 7, annotations show bias corrected discharge

values at Bomporto station (Q@station) and nearest the city of Modena (Q@city).

impact dataset (Paprotny et al.,, 2024b). In contrast, our event set
represents a collection of plausible alternative realizations of the recent
historical period and their relative estimated impacts. In this sense, the
catalogue can be used to inform decisions under uncertainty and help
local operational services evaluate potential response strategies.

The methodology presents some challenges and limitations that re-
quire careful evaluation of the input data characteristics for the specific
region under study. First, the simulated river discharge extremes are
sensitive to errors and approximations propagating from the physical
model simulations. While systematic biases can be corrected using his-
torical or observed data as a benchmark, statistical adjustments to the
modelled distribution may introduce spurious or unrealistic extremes.
Additionally, certain properties of the pooled event distribution can
affect the stability of the extreme value fit, potentially undermining
the robustness of the return period estimation. A tailored approach
may be required to suit the size and specific characteristics of the data
distribution. For example, different approaches to sampling extremes,
such as increasing the length of the sampling blocks to 5 or 10 years,
may be necessary to achieve asymptotic convergence of the block
maxima distribution to the GEV limit (Ben Alaya et al., 2020). Further
uncertainties stem from the flood height interpolation described in Sec-
tion 2.4.2. Although JRC maps represent the most comprehensive flood
hazard dataset available, validation tests (Dottori et al., 2021) indicate
low model skill for high- to medium-probability events, resulting in
significant hazard overestimation. The interpolation accuracy is also
affected by the coarse resolution of the return periods, which provides
only nine steps. We also note that nominal (i.e., policy-defined) struc-
tural defence standards included in the FLOPROS dataset have been
shown to be overestimated (Paprotny et al., 2025). However, this bias
is unlikely to affect our results, given that the framework is designed
for the largest events, i.e., with much higher return periods. Finally,
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the limited availability of empirical damage data — currently relying on
spatial disaggregation techniques and continental-scale damage func-
tions — requires caution when interpreting estimated economic damage
for UNSEEN events. The assessment of damage is further complicated
by the spatio-temporal misalignment between the meteorological event
and the socio-economic impact, a known challenge in extreme event
research (Philip et al., 2020; Perkins-Kirkpatrick et al.,
2022; Van Oldenborgh et al., 2021). Despite these uncertainties, the
extensive volume of data incorporated in the modelling chain and
the physical robustness of ensemble simulations represent important
advantages over conventional methods that rely solely on historical
data. With continued advances in computational power and capacity,
climate services such as EPS provide an invaluable tool to improve the
prediction of extreme events and promote risk preparedness. Although
the framework we have described is not directly applicable to other
hazard types, it can be easily adapted to accommodate weather-related
extremes for which ensemble seasonal reforecasts are available, espe-
cially tropical cyclones and wildfires as these are already included in
CLIMADA.

attribution

An in-depth assessment of the physical drivers of high-impact flood
events was beyond the scope of our analysis. However, the severity
of flood damage depends on many factors, such as the persistence of
cyclones and cutoffs (e.g., Yamamoto et al., 2024; Thompson et al.,
2025), soil saturation (e.g., Tramblay et al., 2023) and flow veloc-
ity (e.g., Amadio et al.,, 2019). These factors are crucial in distin-
guishing disastrous events from other events with similarly favourable
meteorological drivers. Future work could address this aspect by intro-
ducing additional criteria for UNSEEN event selection, to analyse how
impacts may change in response to specific preconditioning processes.
Recent literature has highlighted the added value of using causal
networks (Shepherd, 2019; Rodrigues and Shepherd, 2022) to explore
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Fig. 9. (a-b) Z500 (black contours) and MSLP (colour shading) associated with the record-breaking historical event by discharge at Bomporto (November 2019
- a) and its closest analogue in the UNSEEN catalogue (b). (c-d) as in (a-b), but showing the second largest historical event (December 2020 - ¢) and its closest

UNSEEN analogue (d).

the links between drivers, impacts and feedbacks, where causes and
counterfactuals are examined through conditional hypotheses (Pearl,
2009). Reducing the uncertainty associated with the cause-effect rela-
tionships of high-impact events is integral for promoting a transition
from reactive adaptation (i.e., in response to disasters) to incremental,
long-term adaptation (Kelder et al., 2025). By placing emphasis on the
plausibility range of events, record-breaking extremes in the future will
be unprecedented, but not unexplored.
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Data availability

The published catalogue of high-impact UNSEEN events for the
Panaro river can be found on Zenodo at https://zenodo.org/records/
18260378 (DOL: 10.5281/zenodo.18260378). River discharge data from
the European Flood Awareness System can be accessed from the Coper-
nicus Emergency Management Service (CEMS) Early Warning Data
Store at https://ewds.climate.copernicus.eu/datasets/efas-historical?ta
b=download. Ensemble seasonal reforecasts are also available from
CEMS at https://ewds.climate.copernicus.eu/datasets/efas-reforecast?
tab=download. Seasonal reforecasts of meteorological variables from
ECMWF SEAS5 can be downloaded from the Copernicus Climate Data
Store (CDS) at https://cds.climate.copernicus.eu/datasets/seasonal-ori
ginal-single-levels?tab=downloadfor single-level variables and at https:
//cds.climate.copernicus.eu/datasets/seasonal-original-pressure-levels?
tab=download for pressure-level variables. The ECMWF ERAS reanaly-
sis is available at https://www.ecmwf.int/en/forecasts/dataset/ecmwf-
reanalysis-v5. Users can find information on how to install and run
CLIMADA at https://climada-python.readthedocs.io/en/stable/.
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HydroBASINS vectorized polygon layers providing basin boundaries
can be found at https://www.hydrosheds.org/products/hydrobasins.
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