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ARTICLE INFO ABSTRACT

This manuscript was handled by Marco Borga, The event runoff coefficient (i.e. the ratio between event runoff and precipitation that originated the runoff) is a

Editor-in-Chief. key factor for understanding basin response to precipitation events. Runoff coefficient depends on precipitation

MSC: intensity and duration but also on specific basin geohydrology attributes (including soil type, geology, land

49027 cover, topography) and last but not least, antecedent (or pre-storm) conditions (i.e., the amount of water
stored in the different hydrological compartments, like the river, groundwater, soil and snowpack). The relation

Ilfleyu:i ords: between runoff coefficient and basin pre-storm conditions is critical for flood forecasting, yet, the understanding

oods

of where, when and how much basin pre-storm conditions control runoff coefficients is still an open question.

Here, we tested the control of basin pre-storm conditions on runoff coefficient for 60620 flood events
across 284 basins in Europe. To do so, we derived basin pre-storm conditions from different proxies, namely:
antecedent precipitation; surface and root zone soil moisture from hydrological models, reanalyses and land
surface models also ingesting satellite observations; pre-storm river discharge, and pre-storm total water storage
anomalies. We evaluated the coupling strength between runoff coefficient and pre-storm conditions proxies in
relation to five classes of European basins, defined based on land use and soil type (as indexed by the Soil
Conservation Service curve number CN), topography, hydrology and long-term climate and tested their ability
to explain stormflow volume variability.

We found that precipitation explains relatively well the stormflow volumes for both small and large events
but not very well the peak discharge, especially for large floods. The runoff coefficient of events shows different
distributions for the five different classes and correlates well with deep soil storages (such as root-zone soil
moisture and pre-storm total water storage anomalies), pre-storm river discharge, and pre-storm snow water
equivalent. Overall, these correlations depend on the class. Poor correlations are found against antecedent
precipitation index despite its wide use in the hydrological community. Seasonal and interannual climate
variability exert a key role on the coupling strength between runoff coefficient and pre-storm conditions by
inducing sharp changes in the correlation with season and climate.

These results increase our understanding of the coupling between pre-storm conditions and runoff coeffi-
cients. This will aid flood forecasting, hydrological and land surface model calibration, and data assimilation.
Furthermore, these findings can help us to better interpret future flood projections in Europe based on expected
changes in long and short-term climatic drivers.

Runoff coefficient
Precipitation
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1. Introduction

In addition to its exceptional total rainfall, the devastating flood that
impacted Germany, Belgium, Luxembourg and other neighboring coun-
tries in July 2021 and Emilia Romagna (Italy) in 2023 was amplified
by abundant precipitation during the weeks preceding the event. This
brought the pre-storm soil moisture conditions of the affected basins
very close to saturation, and actively contributed to the extreme river
discharges and flood volume observed at many sites (https://www.
eumetsat.int/devastating-floods-western-europe, https://en.wikipedia.
org/wiki/2023_Emilia-Romagna_floods). Indeed, “extreme” precipita-
tion intensity and amount are not necessarily the sole cause of extreme
flooding (Ivancic and Shaw, 2015; Sharma et al., 2018; Wasko et al.,
2020) as basin pre-storm conditions modulate the basin response to
precipitation (Tramblay et al., 2010). Climate change is expected to
increase the magnitude of extreme precipitation events (Griindemann
et al., 2022) and, at the same time, alter the interplay between wet
and dry spells (Vaittinada Ayar and Mailhot, 2021; Zolina et al., 2013).
It will, therefore, modify soil moisture conditions in complex ways. A
correct representation of the link between pre-storm conditions and
basin response by models is therefore critical for future flood and flood-
risk projections (Chen et al., 2011; Sharma et al., 2018). However, the
actual limits of models to represent soil moisture and the link between
pre-storm soil moisture and runoff challenges our ability to predict the
streamflow generated by future precipitation events (Crow et al., 2019).

Runoff coefficient (RC), defined as the ratio between the stormflow
volume (i.e., stormflow) and the rainfall that produced the flood,
quantifies the amount of precipitation that is transformed into runoff.
RC, thus, it depends both upon the water stored in the soil, river,
and groundwater prior to the rainfall event (i.e., pre-storm wetness
conditions or simply “pre-storm conditions” hereinafter), and on a
number of factors including land cover, topography, soil type, and spe-
cific basin hydrology (normally described by hydrological signatures).
Therefore, accurately characterizing and anticipating RC is crucial in
flood forecasting. As the actual RC can only be computed after a
flood has occurred, flood forecasting and early-warning systems need to
understand how the above-mentioned variables (that are usually known
before the flood event) are linked to the RC of the subsequent event
(that is only known after the event).

Given its dependence upon multiple factors, RC is characterized by
high variability in both space and time (Viglione et al., 2009; Norbiato
et al., 2009; Merz and Bloschl, 2009; Penna et al., 2013; Wu et al.,
2021). Evidence suggests that pre-storm conditions, and soil saturation
in particular, exert a key role in determining the land-surface response
to extreme precipitation at different basin scales (Norbiato et al., 2009;
Merz and Bloschl, 2009; Marchi et al., 2010; Penna et al., 2011, 2016;
Berghuijs et al., 2019; Bertola et al., 2021). In particular, Berghuijs
et al. (2019) found that floods in Europe are almost exclusively driven
by soil moisture excess and thus high antecedent soil moisture values
may result in a more severe response to precipitation. The importance
of this generation process was found by the same authors to exceed
that of the other processes like snowmelt and extreme precipitation
combined.

The important role of antecedent conditions as a dominant control
on the spatiotemporal variability of event runoff coefficients was shown
by Merz and Bloschl (2009), who investigated how RC varies as a
function of climate forcing, geology, soil types and land use over a large
set of Austrian basins. Similarly, Guastini et al. (2019) illustrated how
RC varies as a function of the basin scale (0.14-109 km?). Tarasova
et al. (2018) also indicated that, unlike antecedent soil moisture and
pre-event baseflow, antecedent precipitation indices do not accurately
represent the wetness state of German basins. Storm-to-storm variations
in pre-storm soil moisture (i.e., pre-storm soil moisture change from
event to event) was also found to be a good proxy for RC across the
Mediterranean area and beyond (see Brocca et al., 2009; Tramblay
et al., 2010, and references therein).
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Soil moisture is normally derived from hydrological and land sur-
face models, satellite observations or in situ measurement networks and
then can significantly vary in terms of its vertical and spatial support
as well as in its dynamic. For instance, soil moisture information
is available from different soil parameterizations found within land
surface and hydrological models (Zhao et al., 2019). Satellite surface
soil moisture observations depend on the type of sensors (Kim et al.,
2019) and, depending on the retrieval band, they can be representative
of different depths. Alternatively, pre-storm conditions can be obtained
from river discharge and antecedent precipitation indices (API Ponce
and Hawkins, 1996), which can be used as a soil moisture index. These
pre-storm condition proxies are used in many operational applications.

At the time of writing, the increased availability of soil moisture in-
dices of varying vertical supports (i.e., representing different soil depth
and thus different soil storages) offer additional alternatives to support
flood forecasting. These include satellite estimates of surface soil mois-
ture (Bauer-Marschallinger et al., 2019; Entekhabi et al., 2010; Kerr
et al., 2001), root-zone soil moisture derived from a combination of
models and satellite observations (Manfreda et al., 2014; Martens et al.,
2017; Reichle et al., 2017) and relatively new terrestrial water storage
anomaly estimates obtained from satellite gravimetric missions (Tapley
et al., 2004). This information can be utilized, for instance, via data
assimilation into land surface and hydrological models (Kumar et al.,
2009; Mao et al., 2020; De Santis et al., 2021; Lievens et al., 2015), ini-
tialization of event-based rainfall-runoff models (Massari et al., 2014;
Mahdi El Khalki et al., 2020), flood forecasting via machine learning
approaches (Rasheed et al., 2022), or by the direct integration of these
products into operational applications, e.g., the flash flood guidance
system operated by NOAA https://www.weather.gov/serfc/ffg.

The success of the use of these products in flood forecasting, how-
ever, eventually depends on how strongly antecedent conditions are
coupled with runoff response, and thus on how much these products
are able to represent the link between antecedent conditions and RC.
In other words, it depends on the extent to which they can predict
how much precipitation will be transformed into stormflow. This not
only depends on their relative accuracy or representativeness but also
on basin characteristics and climate as underlined above. Nonetheless,
the coupling strength between antecedent conditions and RC is critical
in data assimilation experiments for improving streamflow predic-
tions (Chen et al., 2011; Massari et al.,, 2014; Lievens et al., 2015;
Baugh et al., 2020; Mao et al., 2020; Betchold et al., 2023), in data
calibration and initialization of rainfall-runoff model (Shahrban et al.,
2018; Mahdi El Khalki et al., 2020), and for understanding the potential
of future floods (Reager and Famiglietti, 2009; Sharma et al., 2018).
For instance, in large data assimilation studies aiming at improving
streamflow simulations, diverse attempts to ingest satellite surface soil
moisture retrievals (Chen et al., 2011; Kumar et al., 2009; De Santis
et al.,, 2021) led to inconclusive results. De Santis et al. (2021), for
example, showed that the assimilation of surface soil moisture satellite
observations over cold and humid climate did not bring any added
benefit and, in fact, partially deteriorated the ability of the models to
predict runoff under certain conditions.

Therefore, understanding the degree to which specific pre-storm
condition proxies are coupled to RC, and the impact of basin character-
istics (i.e., climate, season, location, topography, land cover and basin
specific hydrology) on such coupling, is crucial in flood research and
applications. The answer to this specific question has been explored
often for individual basins or at a local/regional level (see references
above), but — to our knowledge — has never been examined using
an integrated approach considering multiple basins spanning different
climates and basin characteristics.

In this study, we analyze the role of pre-strom proxies in modulating
RC and explain stormflow volume variability. To do so, we compare
different basin pre-storm indices (e.g., API, pre-storm river discharge,
surface and root-zone soil moisture, as well as total water storage
anomalies, TWSA, coming from hydrological models, reanalysis data
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and land surface models ingesting satellite soil moisture observations)
to explain observed RC variability across historical European floods.
We consider the impact of climate, season, land cover, topography,
and the hydrological signatures of the basins and use correlation and
regression analyses and datasets of precipitation and river discharge
observations (1980-2015) from 284 basins across Europe, from which
we extracted more than 60000 flood events. This work goes beyond
the analysis of Crow et al. (2017) and Massari and Camici (2020) as
it considers the effect of the climate and basin type on the coupling
strength between these variables and RC. Furthermore, it uses longer
time records of precipitation and river discharge — which allow us to
focus on an adequate sample of “true” flood events.

2. Study area and dataset
2.1. Study area and basin characteristics

The examined 284 basins result from the stringent screening pro-
cess of more than 3900 stations across Europe (see below) and range
between 507 and 19920 km? in size (see Figure SI 2). This is a range of
areas similar to the one used by other studies (Merz and Bloschl, 2009)
and guarantees relatively small uncertainty due to the spatial interpo-
lation of rainfall (for smaller basins) and the small spatial variability of
RC (for larger basins). The basin selection was carried out with the aim
of maximizing the geographical coverage and the long-term availability
of daily streamflow records (i.e., from 1980 to 2015 at least) col-
lected from the Global Runoff Data Center (GRDC, https://www.bafg.
de/GRDC/EN/01_GRDC/grdc_node.html). The selected basins passed
a careful quality control aimed at excluding stations with unreliable
time series due to human regulations (e.g., unrealistically constant
flows), inhomogeneity, or problems in the low-flow range (as suggested
in Kundzewicz and Robson (2004).

2.2. Precipitation, soil moisture, evaporation products and ancillary data-
sets

Precipitation, temperature, and snow water equivalent (SWE) data
used in this study were obtained from the ERA5 reanalysis dataset
(Hersbach et al., 2020). ERA5 is particularly suitable for this study
due to its homogeneity, demonstrably good performance over Eu-
rope (Bandhauer et al.,, 2021), and permissive usage license (Anon,
2020). We acquired ERAS5 data from 1979-2019 at a 0.25° (about 30
km) resolution for an hourly time step and summed them to obtain
daily estimates.

Soil moisture data were obtained from the following reanalysis,
hydrological models, and remote sensing observations:

1. ERAS reanalysis (1979-2019, 0.25°) over three soil layers: 0—
7 c¢cm, 7-28 cm and 28-100 cm. These data were acquired at
an hourly timestep and averaged to obtain daily data. In an
evaluation study using 25 soil moisture networks including those
in Europe, ERA5 was shown to be superior to other reanalysis
datasets (Li et al., 2020).

2. Sacramento hydrological Model (SAC) surface and root zone soil
moisture obtained via the calibration of the SAC model against
observed streamflow time series. We used ERAS precipitation
and temperature for calculating potential evaporation via the
Haymon formulation (Lu et al., 2005). SAC model has been
used extensively for operational stream flow forecasting within
medium-sized (about 1000 km?) river basins (Burnash, 1995).
Soil moisture accounting in the model is based on the estima-
tion of different soil water states: upper-zone free water con-
tent (UZ FW C), upper-zone tension water content (UZTW C),
lower-zone tension water content (LZTW C), lower-zone free
primary water content (LZ F PC), and lower-zone free supple-
mental water content (LZ F.SC) which we combined to obtain
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basin-scale surface and root zone soil moisture (SSMg, - =
UZFWC+UZTWC,RZg,c = LZFPC+LZTWC+LZFSC).
Details related to the calibration and application of the SAC
model to the basins are reported in the supplementary mate-
rial. We found comparable river discharge simulation perfor-
mance to other model studies in Europe based on similar forcing
datasets (Camici et al., 2018; De Santis et al., 2021). Note that,
being a conceptual model, SAC does not assign specific surface
and root zone specific depths to its soil moisture states.

3. The Global Land Evaporation Amsterdam Model (GLEAM,
Martens et al., 2017). This is a suite of algorithms that separately
estimate different components of the terrestrial evaporation
by using data from satellite observations and atmospheric re-
analyses. The model uses the Priestley and Taylor equation to
estimate potential evaporation, and combines global satellite
observations — mostly derived from microwave observations —
to estimate different evaporation components via an evaporative
stress factor. Surface and root-zone soil moisture are calculated
using a multi-layer running water balance model that uses ob-
served precipitation as an input and the assimilation of satellite
soil moisture observations. Here we used the GLEAM version
3.5a which ingests ESA-CCI soil moisture observations to obtain
basin-scale daily evaporation, surface (0-10 cm, SSMg;pan)
and root-zone (10-100 cm, RZ;; g4p) S0il moisture estimates.
Despite being based on a combination of model and remote
sensing information, GLEAM is based on satellite observations
and is therefore assumed here to be representative of satellite
soil moisture datasets such as the SMAP Level 2 and 3 products
— with quasi-daily temporal resolution that only cover the
period after 2015 (note that CCI soil moisture is available since
1979, but it is not usable here due to its noticeable number of
missing values prior to 2001).

Other ancillary data were collected to describe the relatively static
basin attributes (Fig. 1):

1. Land cover and soil texture as indexed by the curve number
(CN). CN was estimated by using the dataset of Hong et al.
(2007) extracted from the MODIS land cover classification and
the hydrological soil group map are used to estimate the CN by
indexing in the standard lookup tables of the Natural Resources
Conservation Service Ponce and Hawkins, 1996.

2. Topography. Topographic complexity (tc) and elevation (elev)
were calculated on GTOPO30 digital elevation model. In partic-
ular, tc was quantified by the standard deviation of DEM cells
contained in the basin.

3. Aridity index (AI) calculated as the ratio between long-term
mean annual potential evaporation and mean annual precipita-
tion both from ERA5 data.

4. Hydrological behavior via hydrological signatures. Three dif-
ferent hydrological signatures were considered and computed
using the Gnann et al. (2021) toolbox: (i) the Base Flow index
(bfi), that is the ratio between baseflow (volume) and total
streamflow (volume), (ii) the Richard-Baker Flashiness index
(fD, that quantifies the response time of runoff after the onset
of a rainfall event and the subsequent return to base flow condi-
tions (Baker et al., 2004) and (iii) the Variability Index (vi), that
is the standard deviation of the common logarithms of discharge
determined at 10% intervals from 10% to 90% of the cumulative
frequency distribution.

Fig. 1 reveals a clear climate pattern with more water limited basins
(AI > 1) located in central and eastern Spain and more energy lim-
ited ones over northern latitudes and across the mountainous regions.
Basins in the transition between fully water limited and fully energy
limited are located over the Western Iberia peninsula, Southern France,
Eastern Europe, and Southern UK. From the figure, basins located in
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o
e = 5

Fig. 1. Static attributes characterizing basins. (a) land cover as indexed by curve number (CN), (b) Aridity Index (AI = PET/precipitation) derived from long term potential
evapotranspiration and precipitation, (c) baseflow index (bfi) based on the Lyne and Hollick baseflow separation method, (d) flashiness (), (e) elevation, (f) topographic complexity

(tc), (g) variability (vi). For each feature, the median value is given in the title of the figures.
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Southern Europe are also characterized by higher elevation and more
complex topography. There is not a clear pattern between CN, bfi
and fL.

3. Methods
3.1. Flood event extraction

Flood event extraction was carried out by the following steps:

1. We separated the stormflow from the baseflow using the method
of Hewlett and Hibbert (1967) also credited by McDonnell
(2009). In this method, the flood extraction is done using an
algorithm that relies on two parameters: the area of the catch-
ment Ab and a parameter k that controls the slope of the
dividing line, that is, the slope that defines when event water
separates from the baseflow. k was set equal to 0.000546 m?
s~1 km=2 d~! as suggested by McDonnell (2009) which provided
the most reasonable flood event separation (visually). This was
further confirmed by carrying out the analysis with different &
values (using for k values equal to O'Oonﬁ with n = [-10,+10]
excluding zero. k = 0.000546 was the one providing the best
agreement (i.e., Pearson correlation coefficient) between event
runoff coefficients and antecedent condition proxies. The tests
with different k values showed a low sensitivity to the magnitude
of k itself. The source code of the function to separate event
water from runoff is freely distributed via https://hydrograph-
py.readthedocs.io/en/latest/index.html.

2. To distinguish between two close flood events we calculated
for each basin the concentration time Tc as: Tc = L/0.6 with
L = 1.19A4%33 representing the lag time for the basin and Ab the
basin area as proposed by Melone et al. (2002). The coefficient
(1/0.6) was derived from the formulation of the concentration
time as proposed by Simas (1996), that can be assumed valid for
natural basin conditions given an approximately uniform spatial
distribution of runoff.

3. To select the onset of the event (when precipitation that pro-
duces the flood begins) we used the precipitation accumulated
in the previous Tc days (API;.). In particular, starting from
the presence of stormflow in the river identified at point 1
we considered N time steps backward until API;, was found
lower than 2 mm. The satisfaction of this condition marks the
beginning of the flood event. The event was considered to end
when the stormflow was equal to zero.

4. Events with RC larger than 2 were excluded to remove potential
errors in the data (these events were less than 0.1%, though, so
they did not impact the analysis).

The so applied flood event extraction resulted in 60620 separate
flood events. An example of the event separation is reported in the
supplementary material in Figure SI 1 along with the percentage of
flood events with RC larger than one for the different seasons and
different classes (see Figures SI 3 and SI 4) that resulted in about 2.5%
at maximum.

3.2. Pre-storm condition proxies

We considered several proxies for the pre-storm conditions:

1. The five days antecedent precipitation index (API5, Kohler,
1951, API from here onward), which aims at reproducing the
saturation state of the basin prior to the event by calculating the
cumulative rainfall of previous five days. Due to its presence in
the SCS-CN method (Ponce and Hawkins, 1996) for calculating
antecedent basin conditions, this is index is widely used by
hydrologists,
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2. The logarithm of the discharge on the day before the flood event
(preQ), as suggested by Brocca et al. (2009).

3. Soil moisture prior to the events from ERA5, representative of
two different depths (i.e., 0-7 cm SMlgg, and 28-100 cm
SM35p4).

4. Surface and root-zone soil moisture estimates obtained from
GLEAM (which combines modeled and remotely sensed soil
moisture from CCI) that are representative of 10 cm
(SSMgrean) and 90 cm (RZg; g ap) soil depths.

5. Modeled surface (SSMg ) and root zone (RZg,¢) soil mois-
ture estimates obtained from the continuous SAC-SMA hydrolog-
ical model.

6. Pre-storm snow water equivalent (SWE) values obtained from
ERAS.

7. Total water storage (TWS) at the beginning of the event
(preTWS) calculated as residual of the water balance between
time t and t-120 days: preTW S(t) = Z;_IZO(P(t) — E@) — R(?))
where P was calculated from ERAS precipitation, E is the
evaporation derived from GLEAM and R is the total runoff (in
mm) calculated from daily river discharge observations using
basin areas. The accumulation over 120 days was selected to
remove short-term scale changes of TW S and to isolate seasonal
and inter-annual components of the TW S signal.

3.3. Basin classification

The selected basins cover many parts of Europe and are classified
by their different land cover, climate, soil type, and hydrological sig-
natures. As a result, systematically examining the influence of each
individual factor on the coupling strength between RC and the dif-
ferent pre-storm condition proxies is challenging. To overcome this
issue, we performed a basin classification using the k-means clustering
algorithm (Lloyd, 1982).

This algorithm is among the oldest and most classical unsupervised
learning algorithms used to partition datasets. It aims at portioning
observations into K clusters defined by centroids, where K is chosen a
priori. The algorithm has been applied in many fields due to its intuitive
basis, high efficiency, and easy implementation (Chong, 2021). The
partitioning is based on iteratively finding clusters (i.e., groups of
basins) that minimize the sum of squared distance between the points
of the cluster (within-cluster sum of square WCSS) and its centroid,
and simultaneously maximize the distance between cluster centroids.
As unsupervised learning, the algorithm detects patterns in the dataset
using predefined distances such as Euclidian and exploits them.

In order to find an optimal number of clusters, we used the concept
of Silhouette score (Rousseeuw, 1987). In the method of (Rousseeuw,
1987), each cluster is represented by a so-called silhouette (see Fig-
ure SI 8 in the supplement) which shows tightness and separation
of each cluster for different number of clusters. The silhouette score
is a measure of how similar an object is to its own cluster (cohe-
sion) compared to other clusters (separation) (see supplementary ma-
terial Section Supplementary Information 1.3 for further details on the
method).

3.4. Regression analysis

The main objective of this section is to understand to what ex-
tent the different pre-strom proxies are able to explain the stormflow
volume variability on top of precipitation. This was done by using
Multi-Linear Regression (MLR) and Random Forest Regression (RFR).
As predictors of stormflow volumes we selected, in addition to pre-
cipitation, the most highly correlated proxies with the RC (based on
the correlation analysis in Fig. 5) as well as commonly used pre-storm
proxies. These selected predictors are: P, RZg; papn» PreQ, API, SWE
and SSMg; pam (the latter was used only for RFR given its potential
collinearity with root zone observations).
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For each basin we randomly selected 66% of events in calibration
and the rest for validation. All presented results below are based solely
on this validation period. To test the prediction capability of the differ-
ent pre-storm proxies we carried out two different experiments: (1) we
used only precipitation and antecedent precipitation index to predict
stormflow volumes, and, (2) we used precipitation in addition to the
pre-storm proxies mentioned above. RFR was also used to understand
the feature importance of the different predictors.

Note that we are not so much interested in ML-based estimation of
the stormflow volume in this manuscript, rather we leverage ML-based
tools to rank the importance of different pre-storm proxies on top of
precipitation.

3.4.1. Multi-linear regression

Multi-Linear Regression (MLR) is a statistical technique that em-
ploys several explanatory variables and one dependent variable, which
in the present study is stormflow volume. In the MLR model, the
dependent variable y is assumed to be a function of k independent
variables x,. The general form of the equation is computed as follows:

yi=by+bixi+ ...+ bx+e 1)

where b, and b; are fitting constants; x; is the i-th observation of each
of the explanatory variables, y is the prediction of stormflow volume,
and e is a random error term representing the remaining effects of
variables on y, which are not covered by the model (residuals). The
least squares criterion for the minimum sum of squares of error terms
is usually applied to determine the fitting constants. We applied this
approach here via the scikit-learn python package (Pedregosa et al.,
2011). The main limitation of the MLR is that it requires the predictors
to be mutually independent.

3.4.2. Random forest regression and feature importance

Random Forest Regression (RFR) modeling is an ensemble machine
learning method for regression that operates by constructing a multi-
tude of decision trees (Breiman, 2001). RFR modeling is appropriate
for modeling the nonlinear effect of variables. RFR consists in building
a forest of uncorrelated trees. Each individual tree is grown using a
randomized subset of predictor variables to the largest extent possible
without pruning and are aggregated via averaging. Since the individual
trees cannot be examined separately, RFR does not calculate regression
coefficients or confidence intervals (Cutler et al., 2007). Nevertheless,
it allows for the computation of variable importance measures that
can be compared to other regression techniques (Gromping, 2009).
RFR can handle complex interactions among variables, and is not
affected by multi-collinearity (Breiman, 2001). It can assess the effects
of all explanatory variables simultaneously, and automatically ranks
the importance of these variables in descending order (Rodriguez-
Galiano et al., 2012). However, the main limitation of RFR is its
inability to extrapolate values beyond the range of the training dataset,
which makes it inappropriate for capturing hydrological extremes. For
a detailed description of the mathematical formulation for the RFR
model, the reader is referred to Breiman (2001), Liaw and Wiener
(2002).

In this study, the open source scikit-learn RandomForestRegressor
function was used https://scikitlearn.org/stable/modules/generated/
sklearn.ensemble.RandomForestRegressor.html

To run the RFR model, it was necessary to first define a priori
different RFR parameters (i.e., hypermaparameters). In the case of a
random forest, hyperparameters include the number of decision trees
in the forest and the number of features considered by each tree when
splitting a node. These parameters control the way each tree is split
during training. The best hyperparameters are usually impossible to
determine in advance, so a trial and error procedure is necessary, which
is based on a random search across a wide range of values for each
hyperparameters. These parameters are in the case of the scikit-learn
RandomForestRegressor the following ones:
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number of decision trees in the forest (n,;maiors)
max number of features considered for splitting a node
(maxfearures)

max number of levels in each decision tree (max ;)

minimum number of data points placed in a node before the node
is Split (mi”samplessplit)

min number of data points allowed in a leaf node (min

samplesleaf)

method for sampling data points (bootstrap) (with or without
replacement)

Normally, the most important settings are the number of trees in the
forest (n,yimarors) and the number of features considered for splitting at
each leaf node (max ;). To determine the above mentioned param-
eters we ran a grid search function using the GridSearchCV function of
the same scikit-learn package (https://scikit-learn.org/stable/modules/
generated/sklearn.model selection.GridSearchCV.html) by letting the
Heostimators VATying between 1000 and 5000 with steps of 100 and the
number of features to vary between 1 and 10 with steps of 1. The
logic to start from 1000 for the n,;,.q.0rs 1S Decause (Rodriguez-Galiano
et al., 2014) demonstrated that the error was minimum and stable when
considering at least 1000 trees, while, for the number of features the
values were selected based on the recommendation of Breiman (2001)
who suggested using m - where m equals the number of predictors (six in
this case) divided by 3. The optimal number of these two parameters
was then found based on the minimum mean squared error obtained
in the validation sets of each basin. On top of regression analysis RFR
allows one to estimate the variable importance of predictors in the
explanatory model. This is done by the mean and standard deviation
of accumulation of the impurity decrease within each tree calculated
via the Gini index (which measures the quality of a split for each
variable in a tree, that is the node impurity or lack of information of
the explanatory factors, see again Breiman (see again 2001, for further
details).

4. Results and discussion

4.1. Runoff coefficient variability, flood seasonality and relation between
precipitation, event peak discharge and stormflow volume

The event extraction resulted in a distribution of RCs that shows
smaller values and much larger variability (quantified using the coef-
ficient of variation, CV = mean/standard deviation) over the Mediter-
ranean area and Eastern UK while larger RCs less variable are seen over
central Europe and Northern and Western Iberia Peninsula (see Fig. 2).
This is consistent with results in Merz and Bloschl (2009) in Austria
and Norbiato et al. (2009) in Northern Italy, who reported that mean
RCs are strongly correlated to indicators representing climate such as
mean annual precipitation.

For the majority of the basins, the extracted flood events occurred in
wintertime, especially in central Europe, while 30%-50% of events in
southern Europe occurred during the fall. Percentages below 30%-40%
are observed elsewhere during the spring (Fig. 3). A high frequency of
flood events during the summer is seen only over the Alps.

To identify the strength of the relationship between flood and pre-
cipitation, we plotted in Fig. 4 the box plots of the intra-basin Spearman
correlation obtained between event-based precipitation volumes and:
(i) event-based peak discharge of all extracted flood events (cor-peak),
(ii) event flow maximum annual peak discharge (cor-peak-max), (iii)
event-based stormflow volumes (cor-vol), and (iv) maximum annual
stormflow volume (cor-vol-max). From the figure it can be seen that
peak discharge is in general less related to precipitation with respect
to stormflow volumes particularly for large flood events — a result in
general expected (see Berghuijs et al., 2019; Stein et al., 2021; Do et al.,
2020). On the contrary, flood volumes seems well correlated with the
precipitation and not particularly impacted by the relative magnitudes
of the events.
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Fig. 2. Spatial distribution of the median RC(RC). The size of the dot is proportional to the coefficient of variation (CV) of RC across the selected flood events.

Note, however, that box plots in Fig. 4 are highly scattered sug-
gesting other potential mechanisms controlling the response in terms of
both volume and discharge beyond precipitation like for instance an-
tecedent conditions (see Section 4.4). This is particularly true for peak
discharge being it dependent also on residence times. RC modulates
the relationship between precipitation and both peak discharge and
stormflow volumes as shown in Figure SI 5 of the supplement, where
the Spearman correlation coefficient between precipitation and the two
variables is plotted for five equi-populated bins of RC. As expected,
correlations tend to increase for events characterized by larger RC
(with a tendency to decrease for RCs larger than one when considering
stormflow volume). This emphasizes the enhanced role of low RC
in modulating the response of the basins to precipitation. Additional
potential elements inducing this relatively large spread are the quality
and the spatial resolution of the data used in this analysis. Nonetheless
the analysis in terms of peak discharge remains difficult at the daily
time scale being river discharge not conservative unlike volumes.

4.1.1. Overall relation between runoff coefficients and pre-storm condition
proxies

Fig. 5 shows box plots of the Spearman correlation coefficient
computed between the RC of recorded flood events and different pre-
storm condition proxies for each of the 284 basins. Although the
correlation coefficients have large variability, a consistent increase in
the correlation for pre-storm proxies related to deeper (darker colors)
soil storages emerges (e.8., RZgpams> SM3pra and preTW .S show
higher median correlations). Note that being representative of root
zone RZgrpaps SM3gpr, are essentially more mutually correlated
with respect to the other proxies (see Figure SI 6 in the supplement)
while preTW S also depends on snow and other storages in the basin
so its mutual correlation is lower than between the previous two (see
also Section 4.3). Relatively higher correlations with RC are also found
for pre-storm river discharge and pre-storm snow water equivalent.
Shallow storages like SSMg; paps SM1 g4 show worse results while
for both API and hydrological model states (SSMg, - and RZg,¢)
correlations are weaker. The poor performance of the SAC states model
can be attributed to the overall relatively low performance of the model
(median KGE below 0.6, see Figure SI 7 in the supplementary material)
while the very low correlations of API are not expected a priori. Note
that we cannot extrapolate the result of SAC-SMA to hydrological

models in general as we only considered one model and one calibration
technique; however, it should also be mentioned that, as opposed to
the other proxies, the SAC model is directly calibrated against the river
discharge observations. Although we used state-of-the-art calibration
techniques, such calibration entails some levels of subjectivity, so that
no general conclusions should be drawn for this particular result.

The correlations in Fig. 5 are in any case generally low. This is not
surprising since we examined a wide spectrum of basins characterized
by different topography, climate, land cover and hydrological behaviors
(see Section 2.1 and Fig. 1) and because we did not separate between
seasons (and therefore main flood generation mechanisms). On top of
that, uncertainties in this analysis arise from the quality of precipitation
and river discharge datasets, as well as the use of daily data — that
can limit the identification of the exact timing of the flood peaks and
thus the correct identification of precipitation and pre-storm proxies.
Nonetheless, inherent uncertainty of the used proxies might play also
an important role. A final remark is related to the flood occurrence
which is concentrated mostly during the winter season, when the
storage variability of the basins is expected to be lower than in the
other seasons (see Section 4.3).

4.2. Basin classification

Figs. 5 helps us understand the overall relation between pre-storm
proxies with RC. However, it also reveals a large spread and modest
correlations that may hide the role of the basin in influencing the
response to precipitation. Therefore, we grouped basins with similar
attributes to clarify the coupling strength between pre-storm conditions
and RC by categorizing different types of basins using an unsupervised
clustering algorithm (see Section 3.3) based on land cover (CN), climate
(AI), topography (elev and tc), and hydrological signature (bfi, fl and vi)
(see Fig. 1). The partitioning was performed by k-means by choosing the
Euclidean distance as a metric with a number of clusters found equal to
5 following the Silhouette criterion (see Figure SI 8 in the supplement
and Section 3.3). Note that, relative to the work of Kuentz et al. (2017),
our experiment is much simpler — as we only used static features to
define the classes, and we performed the classification on only 284
basins.

Fig. 6 shows the distribution of the different basins descriptors as a
function of the class while Fig. 7 their geographical distribution. Based
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Fig. 3. Percentage of flood events occurred in the winter (December-January-February) (a), spring (March-April-May) (b), summer (June-July-August) (c) and fall

(September—October-November) during the period 1980-2016.

on the distribution of the predictors the characteristics of the classes
are summarized below:

1. Class 1: typically mountainous basins characterized by complex
topography, high elevations and energy limited climate. Low
permeability, low flashiness, and high baseflow index. These are
snow dominated basins belonging to the alpine range, Pyrenees,
and other mountainous chains of the Iberia Peninsula.

2. Class 2: hilly to mountainous basins with relatively warm cli-
mate (mainly water limited). They are characterized by low
bfi, higher variability, and flashiness. These basins are almost
exclusively concentrated in the Mediterranean area.

3. Class 3: flat cold basins, with high bfi and small variability
and flashiness typical of northern latitude flat basins where
groundwater and infiltration seems to dominate. These basins
are located mainly over flat lands around the Baltic and Northern
Sea.

4. Class 4: flat basins in transition between the energy limited
and water limited regions (likely subjected to annual alternation
between these two regimes) characterized by low bfi, medium
hydrological variability (i.e., vi) (although less than Class 2) and
high flashiness (the contribution of groundwater is expected to
be lower than Class 3). What distinguishes Class 3 from Class 4

is the contrasting hydrological behavior and the warmer climate
for the seconds. Class 4 basins are much more responsive than
Class 3 basins thanks to the larger fraction of impervious surfaces
suggested by CN (Fig. 6).

5. Class 5: hilly and cold basins with a large fraction of pervious
surfaces with medium flashiness and medium bfi. These basins
do not show a clear geographical pattern (see below).

It should be noted that the aridity index (AI) plays an important
role in the distinction among the classes, as also found by Kuentz
et al. (2017). In fact, AI sets sharp separation between classes 1, 3,
4 and 5 (placed across energy limited regions) with Class 2 (e.g., the
Mediterranean area). For the energy limited regions the distinction
between Class 3 from Class 4 is mainly based on the basin response,
with the first being characterized by low flashiness and high baseflow,
and the second by flashy behavior and low baseflow, where ground-
water contribution is expected to be lower. Finally, Class 5 is the
most uncertain one providing average values in terms of hydrological
response in relation to Class 3 and Class 4. However, it is interesting to
note that basins of Class 5 reflect the climate organization of temperate
humid with cool summer (i.e., Cfc, according to K6ppen-Geiger) as also
seen in Beck et al. (2018). Basins belonging to Class 5 are different
from the ones in Class 3 and Class 4 from the fact that basins belonging
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Fig. 5. Spearman correlation coefficient between RCs and basin pre-storm condition proxies: pre-storm river discharge (preQ), Antecedent Precipitation Index (API), Antecedent
Snow Water Equivalent (SW E), the surface (SSM) and root zone (RZ) soil moisture simulated by Sacramento Hydrological model (SAC), GLEAM and ERA5 (SM 1.z, and SM3zp,),
and the calculated pre-storm total water storage anomalies (preTWS) and pre-strom snow water equivalent (SWE). Darker color reflects deeper storage representations except for

preQ, API and SWE.

to it are placed on hilly terrains (versus flat) and have a much higher
percentage of pervious surfaces as indexed by their CN distribution. For
the energy limited regions the distinction between Class 3 from Class 4
is mainly based on the basin response, with the first being characterized
by low flashiness and high baseflow, and the second by flashy behavior
and low baseflow, where groundwater contribution is expected to be
lower. Finally, Class 5 is the most uncertain one providing average
values in terms of hydrological response in relation to Class 3 and Class
4. However, it is interesting to note that basins of Class 5 reflect the
climate organization of temperate humid with cool summer (i.e., Cfc,
according to Koppen—Geiger) as also seen in Beck et al. (2018). Basins

belonging to Class 5, differently from the ones in Class 3 and Class 4,
are placed on hilly terrains (versus flat) and have a higher percentage
of pervious surfaces, as indexed by their CN distribution.

To understand any possible relation between RC distribution and
the specific class, we plotted in Fig. 8 the different distribution of runoff
coefficients corresponding to each class. It can be seen that the largest
RC variability is observed for Class 2, which also shows the largest
fraction of events with small RC value. This is likely due to the warm
climate and normally dry conditions, that let precipitation infiltrate
more easily. Conversely, cold basins as those in mountainous areas and
northern regions (Class 1 and Class 5) show a large fraction of high RCs,
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potentially due to snowmelt process and saturated soils. Finally Class 3
and Class 4 (flat basins with contrasting hydrological regimes) show
some differences in the distributions, with Class 4 showing a larger
fraction of high RCs probably favored by lower permeability of the
surfaces (see CN in Fig. 6¢), and Class 3 characterized by very flat
terrain and larger infiltration capacity (as demonstrated by the large
bfi in Fig. 6d).

Fig. 8 can be considered a sort of cross validation of the clustering,
as no information on RC has been used to identify the clusters. Fur-
thermore, it shows consistent results with literature by demonstrating
the link between RC and basin attributes and therefore, potentially, be-
tween precipitation and related flood magnitudes (Komma et al., 2007;
Berghuijs et al., 2016; Breiman, 2001; Slater and Villarini, 2016; Breinl
et al.,, 2021). The interplay of these factors determines the specific
behavior of the basins in response to precipitation. For example, over
cold and wet basins event RCs tend to be higher due more constant
saturated soil conditions and snowmelt contribution, thus strengthen-
ing the relation between flood and precipitation frequencies (Borga
et al.,, 2007). Across warmer basins, where also other factors might
play a role like infiltration-excess (Yair and Klein, 1973), soil moisture
is more seasonally variable than in more humid basins, and weaker
relationships between precipitation and floods are expected (Sivapalan
et al., 2005; Merz and Bloschl, 2009).
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4.3. Relation between runoff coefficient and pre-storm proxies as a function
of type of basin, season and climate

Fig. 9 displays the intra-basin Spearman correlation coefficient be-
tween RC and different pre-storm proxies for the five classes. The figure
reflects in general the results obtained in Section 4.1.1, with relatively
low correlations for API and SAC model states, medium low ones for
surface soil moisture proxies, and higher for deep water storages, pre-
storm river discharge and snow water equivalent. The last three, in
particular, show different behaviors depending on the class.

In Class 1 (typically mountainous basins) pre-strom SWE shows the
highest correlation, suggesting that RCs here are mainly driven by
snowmelt. The latter is followed by pre-strom deep water storage in
particular by RZ;; g4, and preTWS. All the other proxies seem to have
a poor relation with RC.

Class 2, which contains basins located in warmer climates, shows
a larger importance of deep pre-strom proxies and pre-storm river
discharge, with medium-to-low correlations for surface soil moisture,
although higher than in Class 1 (see the SM 1z, in particular). This
is consistent with earlier results from Tramblay et al. (2010), Brocca
et al. (2009), who found a strong relation between soil moisture and
RC over the Mediterranean area. In general in Class 1 and Class 2, that
are the classes characterized by more complex topography and higher
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Fig. 9. Same as Fig. 5, organized by class.

elevations (see Fig. 6), the overall agreement of pre-storm proxies with
RC is lower than in the other classes. This is likely due to the effect of
the slopes and other factors controlling RC variability (Tarasova et al.,
2018).

Class 3 contains flat cold basins with high bfi. Here, the situation
seems to mirror Class 2, but with one important exception related to the
larger importance of pre-storm SWE. Also here, deep soil storage pre-
strom proxies are generally characterized by higher correlations with
respect to the other proxies (more than in Class 1 and Class 2). Here,
the root zone SAC model state (i.e., RZg ) shows higher correlations
with respect to the other classes, likely due to the better performance of
the model across higher latitudes (see Figure SI 7 in the supplement).

For Class 4, which contains basins generally warmer than Class 3
and characterized by an opposite hydrological behavior (high flashiness
and variability and much lower bfi similar to the one in Class 2), pre-
strom river discharge shows the highest correlation with RC, depicting
its relatively high importance in flood forecasting. In these basins,
snowmelt seems much less important than in Class 3 (as expected
from the AI distribution). At the same time, pre-storm soil storages
are also better correlated with RC and show an interesting inversion
of the scores of the RZg;; pap and SM3pg,, with the latter better
than RZg; p4p in Class 4 with respect to Class 2, and vice versa. The
reasons for this are not clear but reflect patterns of assimilation results
of De Santis et al. (2021), who found, over southern European latitudes,
better performance of satellite surface soil moisture observations in
improving river discharge simulations than in northern latitudes. Note
that however that this would require further analyses to be demon-
strated. RZg, reflects the results of Class 3, likely due to the better
performance of the SAC model.

Finally, for Class 5, containing cold basins with pervious surfaces
(mostly natural basins based on the CN distribution), the distributions
of correlations among the proxies is very similar to Class 3, with a
stronger correlation of pre-storm snow water equivalent with RC for
Class 5 (higher with respect to Class 3).

Fig. 10 show the Spearman correlation coefficient obtained by pre-
strom proxies and RC for all the events belonging to a certain class as a
function of the season. To take into account sampling uncertainty, we
used bootstrap with 500 replicates by randomly sampling 70% of the
events for each replicate (error bars on the histogram bars).

It can be seen that Class 1 shows a general poor correlation between
RC and pre-storm proxies during the winter season, when the basins are
normally wet and the cold temperature makes the RCs less variables
due to the lower atmospheric demand. As expected, during spring and
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summer these correlations increase significantly, especially for pre-
strom SWE and preTWS (which likely contains the snow signal in
it). During summer and fall, correlations remain moderate, with an
increase in the correlations of deep soil water storage during fall and
of surface soil moisture during summer.

Class 2 shows similar correlations between winter and spring, and a
drop during summer. The lower agreement between RC and pre-storm
proxies during the summer can be explained by the higher chance of
convective precipitation during this period, which increases the chance
of infiltration-excess runoff generation process. This is in line with the
results of Castillo et al. (2003), who found that in hot semiarid and
arid environments with drier soils, the role of antecedent soil moisture
is generally less important. They attributed this to the controlling
runoff mechanism of infiltration excess overland flow, as opposed to
saturation excess (also confirmed by Zhang et al. (2011). Indeed, during
fall, we observed again a marked increase in correlations for preQ and
deep soil storages (a results generally observed for all classes).

For Classes 3, 4 and 5 the correlations of the proxies with RC during
winter are relatively low, especially for soil water storage (with even
no correlation for Class 5). These correlations tend to increase for pre-
storm SWE during spring, especially for the coldest basins of Class
5. These results only partially confirm the results of Berghuijs et al.
(2019), who found that floods in Europe are almost exclusively driven
by soil moisture excess with minor impact of snowmelt and extreme
rainfall. Conversely, our results suggests that during spring snowmelt
can have an important contribution in runoff generation. During sum-
mer deep pre-storm soil moisture storage correlations increase for both
Class 3 and Class 4, along with surface storages for Class 3 (which is
characterized by a more flashy behavior). Note that during summer
we observe higher correlations also for surface soil moisture proxies
for Class 4, which look equally important to their respective root zone
parts. This could be related to the higher flashiness of these basins
with respect to the other classes, which would cause a larger impact
of surface layers in determining the response to precipitation inputs.
This is confirmed by the poorer correlation of the SAC root zone soil
moisture with respect to its surface counterpart. In fact, the model tends
to use shallower soil moisture states to simulate flashy runoff response.
Finally, during fall, all classes show a marked increase in the correlation
of preQ (probably proxy of groundwater contained in the basins during
these periods) and deep soil storages. Here, the correlation between
RC and pre-storm proxies is generally higher than during the other
seasons, as precipitation tends to replenish soil moisture following
summer evaporation, thus providing a rather direct link between soil
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Fig. 10. As Fig. 8 but stratified for different seasons (DJF: December, January, February, MAM: March, April, June, SON: September, October, November). Each row refers to a
class, namely Class 1 first line, Class 2 second line, Class 3 third line and Class 4 fourth line. Error bars refer to two standard deviations.

moisture and RC. These results reflect results of Berghuijs and Slater
(2023) who found antecedent baseflow and groundwater important for
shaping floods across north American rivers basins.

Fig. 11 shows the Spearman correlation coefficient between the
pre-storm conditions proxies and RC within the different classes as
a function of long-term precipitation anomalies as indexed by the
Standardized Precipitation Index (SPI). To calculate the SPI we used
the exponentiated Weibull distribution, as suggested by Pieper et al.
(2020), and an accumulation period of 12 months (SPI12, McKee et al.,
1993). Values of SPI12 are indexed commonly as: SPI12 <= —1: drier
than normal, —1 < SPI12 < 1: normal and SPI >= 1: wetter than
normal). In the figure, we note generally lower correlations (except for
Class 2) during wet periods, as opposed to medium and dry periods,
for deep soil water storage proxies, especially for soil water storage
proxies and particularly for preTWS. This result is expected for classes
located in energy limited environments because these basins, during
wet periods (SPI >= 1), are generally subjected to constant saturated
soil conditions and lower storage variability (and specifically for TWS).
Conversely, for normal periods and periods drier than normal, the soil
storage variability is expected to be higher because of stronger effect
evaporation. This higher variability translates into a stronger coupling
between RC and the different pre-storm soil storage proxies.

Unlike the other classes, in Class 2 the coupling between RC and
pre-storm proxies for normal periods and periods wetter than normal
remains high. For these basins, mostly located in a water limited-
regime, the stronger influence of evaporative demands with respect
to energy limited basins induces more frequent and intense cycles of
wetting and drying also during normal and wetter than normal periods
(with respect to drier than normal ones). This will likely increase the
coupling between RC and soil storages and so the larger correlations.
This is however not reflected in preTWS (which contains the total water
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contained in the basin, including snow, groundwater and soil water)
as its longer memory and its close relation to the groundwater signal
in these warm basins makes it less impacted by short term climate
variability. This finding related to preTWS is true also for Classes 2,
3 and 4, while the snow influence on preTWS in Class 1 and Class 5
significantly reduces this drop in correlation. For Class 2 it is interesting
to see how preQ changes its relative importance by moving from dry to
wet periods because, in wet periods, it is more related to the water
stored in the basin. In Class 1, pre-storm SWE increases its relation
with RC during humid periods (more snowy as expected), while Class
5 seems basically not impacted by SPIL

For Classes 2, 3 and 4 surface soil moisture estimates (i.e., SM 1z,
and SSMg; ganm) Seem to be more strongly coupled with RC in periods
that are drier than normal, especially for Class 4 (flashier basins) where
SSMg;pam reaches correlation equivalent to root zone soil moisture
products.

4.4. Regression analysis

In this section, we applied regression techniques defined in Sec-
tion 3.4 to understand to what extent the different pre-strom proxies are
able to explain the stormflow volume variability on top of precipitation.

Fig. 12 shows the distribution of the coefficient of determination ob-
tained across the five classes of basins for the two regression techniques
in the two configurations with all predictors (RFR-F and MLR-F) and
with only precipitation and API (RFR-B and MLR-B). It can be seen that
in general both MLR-F and RFR-F provide better scores with respect
to MLR-B and RFR-B (except for class 1 for RFR). This points to the
importance of the pre-storm proxies in the generation of flood volumes
for all classes. In particular, MLR outperforms RFR, likely due to the
worse ability of the latter to extrapolate across magnitudes not present
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Fig. 11. As Fig. 11 but stratified per climate periods (i.e., drier than normal in the first column, normal in the second column and wetter than normal in the third column).

in the training dataset (despite the lower number of predictors used in
MLR).

As RFR-F provides a way to calculate the importance of the differ-
ent predictors, we displayed in Fig. 13 the rank of their importance
obtained by comparing the mean of the feature importance obtained
across the five classes. As expected, precipitation is the most important
predictor while pre-storm SWE plays a key role (it ranks second among
the six predictors) in Class 1, 3 and 5 which are characterized by
relatively cold climates. In Class 2 and Class 4 river discharge seems to
play also an important role, followed by root zone soil moisture in Class
2 and SWE in class 4. The importance of root zone soil moisture ranks
third or second in many cases, indicating an overall high importance —
as also suggested by Fig. 5. Finally, surface soil moisture and antecedent
precipitation index seem to play a minor role in all classes. These results
corroborate the correlation analysis done in Fig. 5 and can thus be
considered further proofs of the behavior of the basins we described
in the previous sections.

Given that these results refer to all periods and all events, it is
likely that the relative rank can change based on seasons/climatic
periods, as shown in Section 4.3. Furthermore, despite the pattern of
improvements obtained by RFR reflects that of MLR, and thus the
calculation of the feature importance can be considered reliable, the
performance of the RFR-F experiments are not excellent. This makes
the derived ranks inherently uncertain. In this respect, it is important
to note that the regression experiments carried out here do not have
the goal to demonstrate the ability these techniques to forecast flood
volumes but only to show the relative contribution of pre-storm proxies
in the generation of runoff. It is likely that more complex regression
techniques or well calibrated (directly on flood events) hydrological
models can achieve performances far better than the ones obtained
here.
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4.5. Limitations of the study

Our results focus on European basins only, and are limited by
the size of the examined basins and by the resolution of the used
datasets. We call for further large-scale experiments in other parts of
the world and for further investigation at finer scales, for example
with better, more explicit and more controlled consideration of local
factors, such as basin features, hydrological regimes, and anthropogenic
influences. Indeed, the large-scale relationships found in this multi-
basin study may not hold for individual basins, as various underlying
physical processes can impact basin hydrological behavior, such as
specific geological and climatological conditions, anthropogenic influ-
ences, complex hydrological regime, and more local basin processes.
In this respect, our basin classification could be sub-optimal especially
across northern latitudes as also highlighted by Kuentz et al. (2017).
Furthermore, at the scale of the European continent, large-scale gridded
data as those used in this study, provide only a rough approximation of
the occurring precipitation (Hofstra et al., 2009), as the grid cells are
averaged over considerable spatial heterogeneity. The latter, in particu-
lar, introduces additional conditional bias issues determining potential
underestimation of extreme precipitation. As a result, individual rain
storms recorded in the data set will not always reflect local basin
conditions. For example, true maxima may be obscured, challenging
an accurate attribution of flood drivers on an event basis. This also
holds for the large-scale soil moisture and evaporation products used
in this study, which not always accurately represent the event-scale
basin conditions. Finally, the basin size considered in this study and
the daily granularity of the analysis can hide the small-scale temporal
variations of hydrological conditions. In this respect, our analysis could
be strengthened by focusing on a selected sample of basins with higher
temporal- and spatial-resolution data. Nevertheless, the fact that we
found a clear statistical large-scale signal of dominant correlations
between different pre-storm proxies and RCs for different datasets from
different data sources and for a variety of basins with different local
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Fig. 13. Rank of the importance of different predictors in predicting stormflow volumes calculated by taking the median of the feature importance obtained for the basins belonging

to the different classes: 6 refers to maximum importance, 1 to minimum importance.

features, suggests that, at the examined scales, our conclusions are
generally relevant for Europe and its main climate regions.

5. Summary and conclusions

Understanding basin response to precipitation is crucial for flood
forecasting, hydrological data assimilation, hydrological model calibra-
tion, and for better predicting the impact of climate change on future
floods. In this study, we carried out a large-scale analysis considering
284 basins located in different regions of Europe. We extracted more
than 60000 flood events that occurred in the period 1980-2015, and
studied the coupling strength between RC and different proxies of
pre-storm conditions (namely, antecedent precipitation index, surface
and root zone soil moisture derived from hydrological, land surface
model ingesting satellite surface soil moisture observations and re-
analysis, pre-storm river discharge, snow water equivalent, and total
water storage anomalies). We classified the 284 basins into five classes
based on land cover and soil, long term climate, topography, and
hydrological signatures: (i) Class 1, mountainous basins, (ii) Class 2,
typically Mediterranean basins; (iii) Class 3, cold flat basins with high
baseflow, (iv) Class 4, temperate/cold basins characterized by flashier
behavior and impervious surfaces, (v) Class 5, cold basins characterized
by a high fraction of pervious surfaces.

We found that, in Europe, precipitation explains relatively well the
event water volume for both small and large events but not very well
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the event water peak discharge, especially for large flood events. The
five classes of basins show different RC distributions, that generally cor-
relates well with deep soil storages (such as root-zone soil moisture and
pre-storm total water storage anomalies), pre-storm river discharge,
and pre-storm snow water equivalent. In particular, across cold and
mountainous regions, the snow water equivalent prior to the events
plays a key role in controlling RC (see Section 4.3) and stormflow
volume generation (Section 3.4), especially during spring and summer.
Conversely, across warmer and more arid regions, deep pre-storm soil
storages and pre-storm river discharge explain better RC variability.
Poor correlations are found against antecedent precipitation index. This
is a caveat to the hydrological community, that makes large use of this
Proxy.

Seasonal and interannual climate variability exert a key role on
the coupling strength between RC and pre-storm conditions. For in-
stance, unlike all the other classes, warmer basins (Class 2) show
good correlations between pre-storm proxies and runoff coefficient
also during the winter and for relatively wet periods. Conversely,
for all the other classes, during the winter and during wet periods
these correlations tend to decrease and peak during fall and rela-
tively dry periods. While snow exerts an important role during spring
time only for very cold basins, deep pre-storm soil storage are best
correlated with RC especially during fall. Surface soil moisture stor-
ages exhibits stronger importance during summertime than wintertime.
This data-driven multi-basin and multi-climate study examines the
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ability of different pre-storm proxies to predict RC variability across
a set of European basins. These results should be further explored
within a large-scale soil moisture modeling, for example in land surface
schemes, hydrological data assimilation studies, and generally in the
design of flood forecasting systems. Our results indicate a possibly
new evidence of strong climate/seasonal dependency on the coupling
between pre-storm indices and RC, and also provide a new way to
benchmark models and new observations in flood forecasting and
climate studies — with the ultimate goal of improving our ability to
make accurate assessments of future flood risks.

Open access data and code

The precipitation, soil moisture, temperature and snow water
equivalent (SWE) from ERAS data used for the analysis are freely
available via the Copernicus Climate Change Service (C3S) at htt
ps://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5
-single-levels?tab=overview

Discharge observations and shapefiles are obtained from the
Global Runoff Data Center (GRDC, https://www.bafg.de/GRDC/
EN/01_GRDC/grdc_node.html and are available under request htt
ps://www.bafg.de/GRDC/EN/01_GRDC/12 _plcy/data_policy_nod
e.html

The soil moisture and evapotranspiration products of GLEAM 3.5a
are accessible previous registration at https://www.gleam.eu
SAC-SMA and SNOW17 models used for discharge simulations
and soil moisture accounting are freely available https://github.
com/danbroman/NWS_SacSMA_source. Potential evapotranspira-
tion used within the SAC-SMA model was calculated with python
pyet library https://github.com/phydrus/pyet while the routing
functions can be downloaded here: https://github.com/chriscascia/
hydrological_utilities. The calibration code is available via the
pyswarm library here: https://pyswarms.readthedocs.io/en/latest/
The regression analysis has been carried out with sci-kit python
package available here: https://scikit-learn.org/stable/

The code for the event extraction can be downloaded here: https:
//hydrograph-py.readthedocs.io/en/latest/index.html
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