POLITECNICO DI TORINO
Repository ISTITUZIONALE

The effects of rising temperatures on flood quantiles in the Italian Alps can be amplified by different
catchment morphologies

Original

The effects of rising temperatures on flood quantiles in the Italian Alps can be amplified by different catchment
morphologies / Evangelista, G., Monforte, I., Claps, P.. - In: JOURNAL OF HYDROLOGY. - ISSN 0022-1694. -
662:(2025). [10.1016/j.jhydrol.2025.134014]

Availability:
This version is available at: 11583/3002373 since: 2025-08-08T12:20:29Z

Publisher:
Elsevier

Published
DOI:10.1016/j.jhydrol.2025.134014

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

18 June 2026



Journal of Hydrology 662 (2025) 134014

Contents lists available at ScienceDirect

Journal of Hydrology

journal homepage: www.elsevier.com/locate/jhydrol

ELSEVIER

Research papers
The effects of rising temperatures on flood quantiles in the Italian Alps can
be amplified by different catchment morphologies

Giulia Evangelista ®, Irene Monforte, Pierluigi Claps

Department of Environment, Land and Infrastructure Engineering, Politecnico di Torino, Torino, Italy

ARTICLE INFO ABSTRACT

This manuscript was handled by Dr. A. Bar-
dossy, Editor-in-Chief, with the assistance of
Svenja Fischer, Associate Editor

This study quantifies potential rates of change in flood quantiles for Alpine basins in Italy under rising tem-
peratures, focusing on the influence of catchment elevation and morphology on natural processes leading to the
maximum annual flood. The approach undertaken develops the concepts presented in a previous methodology,
that allows to build flood frequency curves by accounting for seasonal variations in the snow-covered portion of

szyw ords: the catchment area. We have significantly refined the original methodology by improving the analytical rep-
Mgzmain resentation of the basin hypsometric curve. This enhanced formulation provides a more accurate characterization
Climate change of the elevation distribution within catchments, addressing the limitations of the simplified function originally
Flood risk used. This revised approach, named here FloodAlp, allows us to systematically assess, for the first time, the role of
Elevation the basin’s hypsometric properties on the sensitivity of current 10-year and 100-year floods to gradual changes of

the snowline elevation over a large scale, i.e. the entire Alpine chain of Italy.

Our findings indicate that basins above 2000 m a.s.l. exhibit a pronounced sensitivity to temperature in-
creases, with potential increments of up to 18.5 % and 21 % in the 10-year and 100-year floods, respectively, for
a 2 °Crise. A 4 °C increase is found to raise these values by 35 % and 43 %, respectively. A paired-catchment
analysis reveals that flood increases due to temperature rise strongly depend on the shape of the elevation
distribution: even slight variations in the sinuosity of the hypsometric curve can lead to differences of up to 50 %
in the 100-year flood, a finding that would have been missed using the original formulation of the methodology.
Given the pronounced morphological heterogeneity of basins in the Italian Alps, the results of this study allow to
significantly differentiate, over large areas, flood sensitivity to global warming in mountain basins.

1. Introduction

Flood hazard assessment for hydrological design has traditionally
relied on methods that assume a stationary probabilistic analysis of the
design flood, based on historical records and regional analyses. In recent
years, however, several studies have investigated whether the flood
frequency curve of a watershed can undergo changes over time due to
climate change, in which case the design procedure should be modified
(Francois et al., 2019). In fact, climate change stands out as a key driver
of substantial alterations in flood frequency (Bloschl, 2022). The accu-
mulation of greenhouse gases in the atmosphere has unequivocally
caused global warming, with global surface temperature reaching 1.1 °C
above 1850-1900 in 2011-2020 (IPCC, 2023). Rising temperatures
emerge as a major concern for the vulnerability of mountain regions to
the impact of climate change (Wilhelm et al., 2022) as also clearly stated
in the IPCC Assessment Report 6 (Adler et al., 2022). Global-scale
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analyses comparing observations at lower and higher elevations sug-
gest a remarkable enhancement of warming typically occurring above
500 m above sea level (e.g. Qixiang et al., 2018). Temperature trend
analyses reveal that the Alpine region has experienced pronounced
warming, averaging an increase of about 2 °C over the period from 1961
to 2020 (Bongiovanni, 2025).

Several studies have highlighted the effects of global warming on
mountain hydrology, focusing particularly on the earlier snow melting
and shifts in runoff seasonality (e.g. Bavay et al., 2013, Schneeberger
et al., 2015, Blahusiakova et al., 2020, Hanus et al., 2021, Rottler et al.,
2021), variations in the magnitude of winter and summer runoff (e.g.
Etter et al., 2017, Moraga et al., 2021, Zexia et al., 2022), as well as
changes in the relative contribution of different flood-generating
mechanisms (e.g. Chegwidden et al., 2020, Kemter et al., 2020, Tar-
asova et al., 2023). Additionally, it has been shown that the complex
interplay of glacier retreat and permafrost degradation further
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complicates the hydrological dynamics, influencing water availability
and flood patterns in mountain basins (Sommer et al., 2020). Therefore,
in high-elevation regions, the flood vulnerability might extend beyond
areas currently recognized at high risk, and municipalities which were
previously subject to “once-in-a-lifetime” events should be aware of the
possibility of more recurrent flooding. Castellarin and Pistocchi (2012)
observed that the 100-year flood, as estimated from historical hydro-
logical records in Swiss basins, corresponds to a return period of
approximately 10 to 30 years when assessed with more recent data. A
similar finding was reported by Allamano et al. (2009b) for Switzerland.

The Alps actually deserve special attention, as millions of people live
at their foothills and an important fraction of the Italian GDP is produced
in this region. In addition, the Alps host about 40 % of Italy’s large dams
(Evangelista et al., 2023), i.e. those higher than 15 m or with a storage
volume bigger than one million cubic meters. So far, much of the
existing research on the effects of climate change on streamflow in high-
elevation catchments within the Alps, defined here as catchments with
average elevations higher than 1000 m above sea level, has primarily
focused on basins in Switzerland (e.g., Koplin et al., 2012, Bavay et al.,
2013, Etter et al., 2017, Ragettli et al., 2019, Moraga et al., 2021, Wil-
helm et al., 2022) and, to a smaller extent, in Austria (e.g., Meil}l et al.,
2016, Brunner et al., 2019, Hanus et al., 2021). More fragmented
research has focused on the Italian Alps: existing studies cover only
relatively small parts of the Italian Alpine basins (e.g., Confortola et al.,
2014, Mallucci et al., 2019, Wilhelm et al., 2022, Garcia-Valdecasas
Ojeda et al., 2022). Furthermore, not all of the studies cited above
investigate the effects of climate change on flood extremes. A compre-
hensive assessment targeted to floods, that encompasses the entire
Italian Alpine chain, is therefore still lacking.

The methodologies employed in the studies cited above predomi-
nantly rely on the application of hydrological models, which are often
coupled with climate models or integrated with energy budget models to
simulate hydrological processes under varying climate conditions.
However, these approaches generally require continuous, high-
temporal-resolution rainfall data, as well as input variables that are
often not easily accessible and may lack reliability, such as solar radia-
tion, wind speed, and cloud cover. Such models, while offering an ac-
curate representation of hydrological processes, need a thorough
calibration, which can be particularly challenging in high-elevation
catchments and would require stochastic generation of long time se-
ries of variables to allow an analysis of extremes.

To try to assess potential effects of global warming on floods across
the entire Italian Alpine region using a spatially homogeneous data set
and knowledge base, we carry out a simplified, yet comprehensive,
analysis of likely rates of change in small and large floods (corre-
sponding to different flood quantiles), with a focus on the role of
catchment morphology in modulating these effects. Such an analysis can
be of scientific interest while also addressing the practical needs of
practitioners concerning engineering design adjustments for climate
change. Taking into account the need to increase financial resources to
support flood prevention measures (Kundzewicz, 2018), there is a clear
need of approaches that can effectively identify the most hazardous sites
within a wide area framework. In mountain regions, where elevation
and topography strongly influence hydrological processes and where
many dams operate from several decades, prioritization can be partic-
ularly important.

In our procedure, a simple morpho-climatic conceptual approach is
used, i.e. the one developed by Allamano et al. (2009a), and imple-
mented in a model that we name FloodAlp here; this model consists in a
“derived distribution” for flood frequency (see e.g. Diaz-Granados et al.,
1984) and considers the effects of the intra-annual variability of the
catchment area covered by snow. The derived distribution model in-
corporates basic descriptions of the seasonal variation in the freezing
elevation, as intersected with the catchment hypsographic curve. Once
obtained a baseline frequency curve, future distributions can be gener-
ated, for instance, by raising the snowline elevation, allowing for
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comparisons between current and future flood quantiles.

Despite Allamano et al. (2009b) applied the methodology to a set of
catchments in the Swiss Alps, no validation against current flood fre-
quency curves was performed. While attempting this validation, we
have also considered that the original formulation proposed by Alla-
mano et al. (2009a) may in some cases oversimplify the representation
of the basin’s elevation distribution, which is a critical element of the
methodology. To overcome this limitation, we propose here an alter-
native formulation of the approach, by implementing an improved
parametrization of the area-elevation distribution (hypsometry),
thereby improving the representation of diverse hypsometries within
such a heterogeneous region.

The key goals of this work are then summarized as follows:

i. to provide a systematic assessment of how 10-year and 100-year
flood quantiles may change with rising temperatures across nearly
200 gauged Alpine watersheds in the Italian Alps, covering a much
broader spatial scale than previous studies;

ii. to investigate the role of basin elevation characteristics and their
hypsometric curves on the alteration of flood quantile magnitudes
under global warming. To the best of our knowledge, the only study
that explicitly examines the influence of basin hypsometry is that of
Shea et al. (2021), which primarily focuses on snowpack dynamics
rather than directly addressing flood hazard. Moreover, the sample
of basins used here has quite distinct characteristics and covers a
much wider range of elevations than that investigated in Shea et al.
(2021). Later in the paper, further discussion and comparison with
the work of Shea et al. (2021) will be presented.

2. Methods

The FloodAlp model (from Allamano et al., 2009a) produces flood
frequency curves based on a simplified derived distribution methodol-
ogy, designed to reduce as much as possible the parameters that play a
role in the flood-forming conditions in mountain basins. FloodAlp re-
produces the formation of the maximum annual flood by modeling the
complex interactions between the basin elevation distribution, the
temperature seasonality and the flood contributing areas, i.e. those
subjected to liquid precipitation in each season, where precipitation
follows a Poisson-exponential stochastic process. In other words, during
a precipitation event, only a portion of the basin is considered “active”,
as it lies below the freezing elevation and receives liquid precipitation.
In average terms, the freezing elevation ZT(t) varies seasonally, as it
follows the thermal regime of an area, reaching its peak in summer and
its lowest value in winter. A linear symmetric curve is used to describe
the variability of ZT(t) over time (see Fig. 1 in Allamano et al. (2009a)).
Because of this variability, the ratio between the flood contributing area
and the total basin area varies over time, in a way that depends on the
basin hypsometric curve. Here resides the influence of topography in the
flood generation mechanism. Runoff is therefore modeled as the sum of
two components: direct runoff from net rainfall over the active portion
of the basin and snowmelt contribution during the warm season (see Eq.
(1) in Allamano et al. (2009a)). Snowmelt is assumed to vary depending
on the day of the year and, therefore, on the temperature regime.

To substantially improve the representation of basin hypsometric
curves, we have introduced a two-parameter Strahler function, along
with an assessment of an effective estimation method. This modification
introduces a new parameter into FloodAlp’s very limited set of param-
eters. Given the prompt availability of detailed digital elevation model
data, we do not perceive any drawback to this addition. Advantages are
instead presented in section 2.1.

The rainfall duration considered here is one day. To preserve the
units, the modeled discharge q is a specific daily average discharge,
evaluated in mm/d. Model application described in section 3 will better
delineate the terms and hypotheses used.
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Fig. 1. Simplified representation of a hypsometric curve (a), (b). Empirical hypsometric curves for the sample of 192 basins analyzed (c). Greenish and purple curves
correspond to values of the hypsometric integral smaller or larger than 0.4, respectively, according to the Strahler’s classification (Strahler, 1952). H = elevation;
Hpin = minimum basin elevation; Rejevarion = relative elevation; Rgr, = relative area; HI = hypsometric integral.

2.1. An improved parametrization of the hypsometric curve

As mentioned in the previous section, the watershed hypsometry
plays a primary role in the way the FloodAlp model works. The shape of
the hypsometric curve influences the extent of the area that directly
contributes to flood formation for a given reference temperature (see
Allamano et al. (2009a) for further details). In its original formulation,
the methodology underlying the FloodAlp model entails parametrizing
the hypsometric curve using a simplified one-parameter function:

H-— Hmin f c(t)

Retevation = Hyoe — Hn 1+ E(1 —f£.(b) @

where the left hand side term represents the normalized watershed
elevation; f.(t) is the normalized contributing area, i.e. the ratio between
the portion of the basin that contributes to surface runoff in a given time
and the total basin area; ¢ controls the flexure of the hypsometric curve
and assumes only values greater than —1. A graphical representation of
Releyation is given in Fig. 1a and 1b. The area under the curve, which
represents the hypsometric integral, would yield the same value whether
calculated using the 1-parameter representation of the empirical hyp-
sometric curve given in Eq. (1) or derived from a digital elevation model
(see Pike and Wilson, 1971). However, the 1-parameter fitting curve and
the empirical one may differ substantially in terms of shape: Fig. 1c
shows the variability of the empirical hypsometric curves for the sample
of 192 basins analyzed in this study. A first category of basins (purple
curves) exhibits concavity in the summit portion and convexity in the
end portion (double curvature) and a hypsometric integral HI > 0.4
(Strahler, 1952). On the other hand, a second family of curves (greenish
curves) shows a general upward concavity (single curvature) and
reduced values of the hypsometric integral. Notably, 126 basins have an
HI value above 0.4, with 28 of them exceeding 0.5.

Only the second shape category can be adequately represented by a
single-parameter function. Therefore, we looked for an alternative
parameterization of the hypsometric curve that would be able to capture
even the double curvature shapes. We then evaluated the improvements
gained by including an additional parameter in the procedure. The
function adopted and implemented in the model is the one proposed by
Strahler (Strahler, 1952):

1-x \*
y= (mxo) 2

where xp and z control the HI value and the degree of sinuosity of the
curve, respectively. Specifically, so-called “S-shaped” curves are char-
acterized by z values < 1; z values > 1, on the other hand, identify curves
with a single upward concavity. xp and z are estimated iteratively by
nonlinear least squares optimization. The relative differences between
the empirical hypsometric integral and that estimated from the curve
modeled using Eq. (2) are very small, with a median value of —0.048 %
and a mean value of —0.045 %. In our analysis, we also explored a 3-
parameter hypsometric curve formulation based on Strahler’s function
(e.g. Bajracharya and Jain, 2021) that enables a more precise alignment
of the function with the initial and final curvature of the hypsometric
curve. Of course, this model offers an even closer fit to the empirical
curve. Nevertheless, we decided that the two-parameter formulation
struck a well-balanced compromise between approximation accuracy
and the simplicity of parameter estimation. The results of adopting the
two different formulations (i.e. 1-parameter and 2-parameter) for two
example basins, the Chisone at Fenestrelle (HI = 0.48) and the Galambra
at presa centrale Chiomonte (HI = 0.58), are shown in Fig. 2. Fig. 2a and
2b show the goodness of interpolation of the empirical quantiles of the
hypsometric curve by the one- (in red) and two-parameter (in blue)
formulations.

Different parametrizations of the hypsometric curve directly affect
the behavior of the f.(t) factor and, consequently, influence the flood
frequency curve generated by the model. For instance, one can notice
from Fig. 2c that, in the case of the Chisone at Fenestrelle basin, the two-
parameter formulation yields a higher percentage of contributing area
during the warm season, and a reduction during the winter. These dif-
ferences become negligible when the double curvature assumed by the
hypsometric curve is lost (Fig. 2d). Moving on to the model outcomes,
the two-parameter hypsometric function yields higher specific discharge
values for the same return period compared to those derived from the
simplified one-parameter formulation, i.e. the new formulation adopted
is found to be safety-oriented. Consistently with what observed in Fig. 2¢
and 2d, the frequency curves obtained from the two configurations
exhibit a pronounced difference in the case of the Chisone at Fenestrelle
basin (Fig. 2e), whereas they completely overlap for the Galambra at
presa centrale Chiomonte basin (Fig. 2f).

2.2. Model validation

The FloodAlp model allows to derive a flood frequency curve (FFC)
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Fig. 2. Differences between the original hypsometric curve formulation (in red) and the two-parameter formulation (in blue) in terms of: goodness of interpolation of
the empirical quantiles of the hypsometric curves (a), (b); temporal evolution of the normalized contributing area (c), (d); flood frequency curves (e), (f). Figures in
the first line refer to the Chisone at Fenestrelle basin, those in the second line to the Galambra at presa centrale Chiomonte basin. Rejeyarion = relative elevation; Ryreq
= relative area; f.(t) = normalized contributing area; t = time; T = return period; ¢ = specific daily average discharge.

analytically from a rainfall frequency curve (RFC). As mentioned in the
Introduction, the model is explicitly implemented here, for the first time,
over different river basins to generate FFCs. The quality of fitting is then
quantitatively assessed. As illustrated in Fig. 3, which shows the model
application for an example basin, FloodAlp reproduces the shape of the
FFC, apart from a scaling factor, represented by the runoff coefficient C
in Eq. (1) of Allamano et al. (2009a). In Fig. 3, the dotted blue curve is
first obtained using C = 1. By multiplying the dotted curve by a C # 1,
one obtains the solid blue curve. The runoff coefficient C can be then
regarded as an indicator of the extent of the adjustment needed by the
model’s curve to match the observed q values: the smaller the C value,
the greater the adjustment required. A second interpretation can also be
considered: the dotted blue curve in Fig. 3 represents the FFC which
derives from the RFC only after accounting for the partial contributing
area effect due to snow accumulation. The solid blue curve, on the other
hand, incorporates a further reduction, caused by infiltration losses,
through the proportional coefficient C.

To test the effects deriving from snow accumulation and melting on
the FFC, one can quantify the extent of deviation between a given pre-
cipitation quantile and the corresponding flood quantile recorded on the
curve built with C = 1 (hereinafter Aq;). In the same way, the distance
between the flood quantiles measured on the C = 1 and C # 1 curves for
the same return period (hereinafter Aq,) can be calculated. Considering
a reference return period T, one can then define:

Aql = 4T rainfall — 4T flood,C=1 (3)
and
Aq2 = Grflood,.c=1 — qTflood C£1 4)

To use a C # 1, its value has to be calibrated somehow. One possible
approach is to search for a value that ensures that the flood frequency
curve produced by the model crosses the point corresponding to the
maximum observed specific discharge. Alternatively, calibration could
be performed by forcing the C = 1 FFC to pass through a set of n
randomly selected points on the empirical curve.

Since this study does not aim to estimate flood quantiles for specific
return periods, but rather to assess the magnitude of their variation
induced by global warming, all analyses are carried out by using C = 1
for all the watersheds. Setting C = 1 essentially means we are treating
the specific discharge q as a basin inflow, before it undergoes the con-
version into runoff. This allows us to focus exclusively on temperature-
driven effects on flood quantiles. Within the model framework, this
assumption does not affect the magnitude of changes in flood quantile
values due to global warming: variations in the FFC due to climatic
perturbations remain independent of C and its association with the
rainfall-runoff conversion process, as C works solely as a scaling factor.
Investigations on the variability of the runoff coefficient are therefore
postponed to future developments.

However, to give the reader an indication of the model’s perfor-
mance in reproducing the shape of the empirical FFCs, C values cali-
brated by adjusting the model so that the FFC produced crosses the point
corresponding to the maximum observed specific discharge are reported
in section 5.1. To quantitatively investigate the model’s accuracy in
reproducing the form of the empirical flood frequency distributions, the
Kolmogorov-Smirnov distance (KSy) is used. KS4 is computed as follows:

KSq = max|F(x;) — ®(x;) | 5)

where F(x) and &(x;) represent the simulated cumulative
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Fig. 3. Example of flood mitigation induced by snow modeled with FloodAlp for
an example basin in the Italian Alps. Dotted and solid blue lines show flood
frequency curves (FFCs) obtained using a runoff coefficient C = 1 or C # 1,
respectively. Curves are compared to the annual maxima of daily discharges
observed at the same station. The dashed black line is the Gumbel rainfall
frequency curve (RFC), obtained as the annual maximum of the Poisson-
exponential process.

probability and the empirical one computed at the observed sample
value x;, respectively.

2.3. Introduction of climate variations

According to the model framework, one can recognize that an in-
crease in temperature over time would distort the FFC of a mountain
basin, causing a shift in its slope (see Allamano (2008)). The magnitude
of a specific flood quantile, as determined from the “future” curve, will
differ from the same quantile under present conditions in a measure that
depends on the distance between the two curves. To investigate this
effect and to evaluate whether warming differentially impacts small and
large floods, we analyze two reference quantiles associated with return
periods of 10 and 100 years, hereafter referred to as qip and qjoo,
respectively. q;go has been chosen as it represents a standard metric used
for infrastructure design.

To figure out the range of potential changes in the current 10-year
and 100-year flood quantiles in the Alpine basins of Italy, we assume
a generalized temperature increase by rigidly shifting the thermal
regime in the model by an amount AZT. The temperature lapse rate
within the Alps typically varies between 5 °C and 7 °C per 1000 m of
elevation (e.g. Rolland, 2003, Scherrer et al., 2021, Avanzi et al., 2023).
A constant in time and uniform in space lapse rate of 6.5 °C/1000 m is
adopted in this study, following standard practice in the literature. By
considering gradually more severe increments in the average annual
temperature, from + 1.5 °C to + 4°C (consistent with those identified by
the Intergovernmental Panel on Climate Change), the snowline regime
curve is gradually shifted upward of about 150 m for each 1 °C increase.

The rate of change of the current estimate of the two selected
quantiles has been then computed as:

A(ho — qufuture - q10,current % 100 (6)

q10,cuﬂent
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and

Aq100 _ qloo.future - q100,cuﬂent x 100 (7)

quO,curTent

where q10,fuure and 9100 future are computed by considering temperature
increments of 1.5 °C, 2 °C, 3 °C and 4 °C. It is important to clarify that
these increments should be regarded as referring to the time frame in
which the model parameters have been estimated.

2.4. Investigation of the role of the basin’s hypsometric properties

In order to assess the impact of the basin’s hypsometric character-
istics on its sensitivity to rising temperatures, the concept of paired-
catchment approach (e.g. Folton et al., 2015, Ochoa-Tocachi et al.,
2016, Kreibich et al., 2017) is used. Catchment pairs are created and
sorted to identify cases which are as similar as possible in selected key
catchment attributes, but rather different in their rate of increase of
flood magnitudes. For all possible pairs of catchments, the n-dimen-
sional Euclidian distance between their main features is calculated
(dautrivutes, see Eq. (8)), as well as the absolute value of the difference
between their rate of increase of q (dag, see Eq. (9)):

n

dattributes = Z (ri - si)z @)

i=1

dsg = |Aq(r) — Aq(s)| ©)

where r and s are the two catchments in the pair and i denotes a
generic catchment feature. The paired-catchment approach is adopted to
try to highlight disparities between basins in terms of their hypsometric
features, i.e. z and xy. Therefore, the following attributes have been
selected to compute dggripuees: 1) basin area, ii) minimum and mean basin
elevations, and iii) catchment-averaged mean total precipitation per
year, while a temperature increase scenario of 2 °C is used to calculate
dag. To identify which catchment pairs to investigate among all the
possibilities, we sort the basin pairs based on the ratio dugriputes/dag, from
smallest to largest. This process returns pairs that exhibit similarity in
their catchment attributes but display considerable variations in their
rate of increase of q.

3. Study area and data

The study area includes the Italian Alpine region and encompasses a
total of 192 watersheds for which hydrologic data are available. The
overall area is shown in Fig. 4. Watersheds were selected based on two
criteria:

a) the mean elevation must exceed 1000 m a.s.l.;

b) a minimum of 10 years of recorded annual maxima of daily dis-
charges must be available. The choice to use daily discharges lies in
the greater availability of this type of data with respect to peak flow
data; additionally, they are aligned with the rainfall data (elaborated
from Pavan et al., 2019) adopted for building the flood frequency
curves. Furthermore, working with daily rainfall and discharge data
allows us to avoid defining a critical duration for each catchment,
something that couldn’t remain constant but would need to be
adjusted day by day according to the changing extent of the
contributing area. This would considerably increase the model’s
complexity.

Discharge data, updated to 2022, are collected in the Catalogo delle
Piene dei Corsi d’acqua Italiani (Claps et al., 2025), the most recent sys-
tematic collection of extreme floods in Italy.

The area we investigate spans over 20,000 square kilometers and
extends approximately 500 km horizontally, exhibiting substantial
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Fig. 4. Elevation of the study area and basin boundaries, grouped by geographical regions.

variability in basin characteristics. Based on just geography, the study
area can be classified into three geographical regions: western Alps
(encompassing 114 basins), central Alps (encompassing 35 basins) and
eastern Alps (encompassing 43 basins), as depicted in Fig. 4. While not
directly based on a cluster analysis, the adopted subdivision can be
useful for recognizing variations in catchment characteristics across
such a broad region. The dataset exhibits a wide range of geo-
morphoclimatic features: as shown in Table 1, small and high in eleva-
tion basins are more prevalent in the western region. The largest basins,
with the lowest elevation outlets, are located in the central Alps, within
the regions of the Adda, Po, and Ticino rivers. Furthermore, notable
differences exist in rainfall regimes, as the mean value of the total
amount of precipitation per year ranges from about 1000 mm to 1700
mm.

The parameters used to systematically apply the model over the
whole dataset are as follows: i) the freezing-curve boundaries ZTp,q, and
ZTmin, i.€. the range within which the thermal regime varies, on average,
in one year; ii) the parameters of the fitted hypsometric curve, together
with the maximum and minimum basin elevations; iii) the mean total
annual precipitation, spatially averaged over the basin; iv) the
catchment-averaged values of the a and 1 parameters of the Poisson-
exponential model of precipitation: a is the average of the annual
maximum rainfall intensity (mm/d) and 1 is the average rate of storm
occurrences per year (y ). As rainfall events are Poisson-exponentially
distributed, the CDF (cumulative distribution function) of precipita-
tion follows a Gumbel distribution (e.g., Madsen et al., 1997) and @ and 4

Table 1

25th, 50th, and 75th quantile values of basin areas, characteristic elevations and
catchment-averaged mean total annual precipitation for the western, central,
and eastern Alps. Area = catchment area; H,;;; = minimum basin elevation; H;;,
= maximum basin elevation; H,.., = mean basin elevation; MAP = catchment-
averaged mean total annual precipitation.

Region Quantile Area Hpin Hpax Hpean MAP
(%) (km?) (m a.s. (m a.s. (m a.s. (mm)
1) 1) L)

Western 25 77 385 2698 1508 953
Alps 50 180 703 3304 1896 1078
75 576 1204 3756 2259 1211
Central 25 77 198 2990 1292 1297
Alps 50 395 255 3337 1673 1435
75 1681 930 3886 2122 1662

Eastern 25 127 313 3077 1624 954
Alps 50 282 792 3180 1834 1102
75 895 1058 3437 1935 1276

are analytically related to the distribution parameters.

The freezing elevation has been assumed to range between 0 and
3000 m a.s.l, based on the thermometric regimes of 300 stations
belonging to the database used by Claps et al. (2008). The mean annual
precipitation has been averaged within each basin by processing
monthly mean rainfall maps from 1951 to 2021, produced by Braca et al.
(2021).

To compute catchment-averaged values for the rainfall parameters a
and A of the Poisson-exponential model, a gridded database of daily
rainfall depths throughout the Alps was needed. To this end, daily
gridded rainfall depths at a 5-km resolution (Pavan et al., 2019) have
been used. These data were built using time series of daily precipitation
measured from 1961 to 2015 by a climatological monitoring network
held by Regional Meteorological Services and/or Regional Functional
Centers of the political regions involved, as Piemonte, Lombardy, Ven-
eto, Trentino Alto Adige and Friuli Venezia Giulia. Starting from the
maps produced by Pavan et al. (2019), which are available in netCDF
format, we have extracted maps of daily annual maxima of rainfall
depths and computed the average values of @ and A.

4. Results

4.1. Relative changes in the 10-year and 100-year flood quantiles under
rising temperatures

Current and potential future FFCs have been produced with the
model FloodAlp for various temperature scenarios, on the whole set of
192 basins in the Italian Alps. In particular, future FFCs have been built
by running the model with ZT(t) curves shifted according to the ex-
pected temperature increments.

Given the coverage of the entire Alpine chain in Italy, we have
examined the spatial patterns of variability of Aq;p and Aq;¢p values to
possibly recognize the influence of macroscopic morphological features
on the results. The outcomes, presented in Fig. 5, are organized ac-
cording to the main catchments within the study area, as illustrated in
Fig. 5a. Boxplots with gray borders represent results from the least se-
vere scenario (+1.5 °C), while the black line boxplots refer to those
deriving from the most severe scenario (+4°C). For both scenarios, Aq;¢
values (Fig. 5b) are consistently greater than zero, with the sole
exception of the Stura di Vii1 at Lago della Rossa catchment, within the
Stura di Lanzo river basin. A consistent increase in 100-year return
period flood quantile values due to increased temperature can be found
everywhere. Both Aq;¢ and Aq¢p values increase with the severity of the
scenario considered. Overall, the growth rate of Aqjpp remains
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Fig. 5. Model results. 192 basins investigated grouped by main catchments (a); percentage increase in flood quantiles with 10-year return period (4q;) for a
temperature increase of 1.5 (gray line boxplots) or 4 degrees (black line boxplots) (b); percentage increase in flood quantiles with 100-year return period (4q10) for a
temperature increase of 1.5 (gray line boxplots) or 4 degrees (black line boxplots) (c); Numbers in brackets indicate how many basins are included in each
main catchment.
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consistent across the different scenarios with increasing severity, as we
move to AT = 4°C. Looking at Fig. 5b and 5c, exceptions are found
within the Orco and the Pellice-Chisone catchments, where wider gaps
between Aq.; 5¢c and Aq, 4¢ values are noticed.

A pronounced spatial variability is observed in both Aq;¢ and Aqigp
values, with some geographical coherence. For a 4 °C rise, Aq;g ranges
from 7 % to 35 % in the western Alps, while the maximum increase in
the eastern Alps is 19 %. Similarly, Aq;gp varies from 5 % to 43 % in the
western Alps, with the maximum increase in the eastern Alps reaching
17 % under the same temperature scenario.

The rate of increase in the 10-year flood for each scenario is generally
higher compared to the 100-year flood. A few exceptions can be found
within the Dora Baltea, Stura di Lanzo and Toce main catchments, in the
western and central Alps. Further detailed analysis of these exceptions
will be presented in the Discussion section.

As an example, in the Supplementary Material (Figs. S1 to S19) the
reader can find plotted bundles of current and future FFCs (for a + 2°C
scenario), grouped by main catchments.

4.2. Primary factors affecting changes in flood quantiles

To further investigate the spatial variability of Aq;p and Aqjpo,
Spearman’s rank correlation coefficients have been computed between
these flood quantile changes and basin morphological, hypsometric, and
climatic characteristics. In Fig. 6, the correlation matrices for the vari-
ables listed in section 3 are shown for the three geographical regions
identified. For the sake of clarity, only results for Aq;¢ are represented in
Fig. 6, but similar results are found also for Aq;¢p.

Overall, mean basin elevation stands out as the primary factor
influencing the increase in flood magnitude, in line with findings from
previous studies (e.g. Koplin et al., 2012, Muelchi et al., 2021). In fact, as
basin elevation rises, the time interval during which precipitation falls
as snow increases. Slightly less pronounced, also minimum basin
elevation proves to be a significant predictor variable in the western
Alps.

In the case of the western Alps (Fig. 6a), the parameter that controls
the shape of the hypsometric curve (z) shows to contribute to explain
some of the spatial variability in Aqj¢ across all scenarios. Notably, a
negative correlation is observed with rising temperatures. This means
that as z decreases, i.e., as the portion of the area at higher elevations
increases, the change in the 10-year flood quantile becomes more sig-
nificant. This relationship and its implications will be explored in detail
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in the following sections.

Hypsometry does not seem to exert such a significant influence in the
central and eastern Alps (Fig. 6b and 6¢), where mean and maximum
elevations remain the dominant morphological factors. To ensure that
this result is not affected by differences in the data sample characteris-
tics across the three sectors (see Table 1), we carried out analyses to
examine how pairs of morphological parameters (xp and ) are distrib-
uted across basins in the western and eastern sectors of the Alps. The
results indicate that these parameter pairs exhibit considerably greater
variability in the western Alps compared to the eastern sector.
Furthermore, we found that the xp — 2 values are independent of basin
size. This finding supports the idea that the significance of the hypso-
metric curve on the Aq values observed in the western Alps is driven by
morphological differences between these basins and those in the eastern
sector, regardless of their generally smaller size.

Interestingly, while minimum basin elevation appears to be a
reasonably reliable predictor for changes in flood quantiles in the
western Alps, its correlation is definitively weaker in other regions. This
difference may be attributed to the generally lower elevations of basin
outlets in the central and eastern Alps compared to those in the western
region (see Table 1).

Fig. 7 shows the relationship between Aqjpp and the basin mean
elevation for a scenario of 2 °C temperature increase. Triangles identify
catchments upstream of large dams. Looking at Fig. 7, it can first be seen
that several basins upstream of dams are among those experiencing the
largest increases in the 100-year flood quantile. This can be well un-
derstood if considering that dams are typically located at very high el-
evations. This evidence draws attention to the need to account for the
role of snow in hydrological modeling of basins in the presence of res-
ervoirs in the Italian Alps. Evaluating the potential for increased flood
peaks due to temperature increases is likely to be crucial to keep hy-
drological safety assessments of dams up-to-date.

Starting from mean elevations higher than about 2000 m a.s.l., the
variability of Aqjpp for similar catchments looks more pronounced
compared to lower elevations. As an example, one can consider the
Chisone at Fenestrelle (basin ID = 39) and Galambra at presa centrale
Chiomonte (basin ID = 75) basins, previously used as examples in Fig. 2.
Although they share very similar features (see Table 2 in the following
section), their Aq;gp values differ by a factor of two, with values of 8 %
for Chisone at Fenestrelle and 17 % for Galambra at presa centrale
Chiomonte. A deeper investigation of the impact of hypsometric char-
acteristics using a paired-catchment analysis is described in the

Western Alps Central Alps Eastern Alps
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o correlation coefficient ) a correlation coefficient P a correlation coefficient % @
z M X X X z -;5 % % R zm X @ X
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Fig. 6. Spearman’s correlation coefficients between the percentage increase in flood quantiles with 10-year return period (4q;0) and the influencing factors for
western (a), central (b) and eastern (c) Alps. Crosses refer to non-significant correlations at the 5 % level. Correlation coefficients between different Aq;o values are
not reported numerically (gray points in the lower left corners of the correlation matrices). Area = catchment area; Hpeq;, = mean basin elevation; Hy,q, = maximum
basin elevation; H,;;; = minimum basin elevation; HI = hypsometric integral; xo = Strahler function coefficient; z = Strahler function exponent; « = catchment-
averaged average daily extreme rainfall; 1 = catchment-averaged rate of storm occurrences per year.
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Fig. 7. Percentage increase in flood quantiles with 100-year return period
(Aq100) as function of mean basin elevation (Hpeqn) due to a 2 °C temperature
increase. Triangles indicate basins upstream of large dams. Main catchments
are color-coded as in Fig. 5a. Chisone at Fenestrelle (ID = 39) and Galambra at
presa centrale Chiomonte (ID = 75) basins are highlighted.

following section.

4.3. Influence of the basin’s hypsometric properties

q100 is considered first to compute the ratio dauriputes/dag, following
the procedure described in section 2.4. Among all the identified pairs of
most similar basins, five of them are further selected to highlight the
local influence of hypsometric characteristics. Their results are pre-
sented in Fig. 8, and their main features are given in Table 2. Consis-
tently with what was observed in Fig. 6, four out of the five relevant case
studies are located within the western Alps. Only one, that encompass-
ing the Toce basins (pair n.5), is located within the central Alps, very
close to the boundary with the western Alps, while no relevant cases
have been identified in the eastern Alps. All these basins have a mean
elevation higher than 2000 m a.s.l., confirming that hypsometric fea-
tures exert a growing influence as elevation increases.

Among the five selected cases, three main categories emerge.

Table 2
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Category A encompasses basins characterized by nearly parallel hyp-
sometric curves. Despite exhibiting the same degree of sinuosity, these
curves differ in the value of the hypsometric integral (i.e., the area under
the curve). Basins of pairs number 2 (ID = 133 and ID = 141) and
number 3 (ID = 52 and ID = 60) fall into this class. On the other hand,
basins belonging to category B (for instance, basins with ID = 29 and ID
= 36 in pair number 4) exhibit hypsometric curves with very similar
values of the subtended areas, but different degrees of sinuosity. It is
important to note that in this second case the original formulation of the
methodology adopted, which involves 1-parameter hypsometric curve
modeling (see Eq. (1)), would not have been able to detect any differ-
ence between the watersheds. Differences in terms of the hypsometric
integral alone, on the other hand, would have been identified even using
the original 1-parameter formulation.

Finally, intermediate situations (category C) are represented by the
basins in the remaining pairs. In particular, in the cases number 1 and 5,
there exists a discrepancy not only in the value of the hypsometric in-
tegral and the level of sinuosity, but also in the double-concavity curve
versus a single-concavity upward (pair number 5) or downward (pair
number 1) curve.

Table 2 reveals that the most substantial disparities in the rate of
change of qjpp are reached among pairs defined as category B. This
observation underscores the relevance of the degree of sinuosity as a
more informative factor than the value of the hypsometric integral
alone. Changes in the shape of the hypsometric curve directly affect a
watershed’s snow accumulation capacity; basins with a high percentage
of high elevation areas, associated with upward-convex curves (and low
z values), would experience the largest changes due to warmer tem-
peratures. Watersheds belonging to pairs 1, 3 and 4 clearly confirm this
behavior, as those with higher Aq;gp also have a greater percentage of
high elevation areas (see Fig. 8 and Table 2). Although pair 5 may seem
to contradict this pattern, it is important to note that the two curves
cross each other, exactly at the highest elevations. While this detail is not
immediately evident from Fig. 8, the curve for basin 180 lies above that
of basin 183 for high values of Rejeyarion, before reversing for lower ele-
vations. This explains why the larger Aqjgp is observed for basin 180.
Separate considerations are needed for pair number 2, whose basins
exhibit hypsometric curves with absolutely comparable degrees of sin-
uosity. The difference in the Aqjgp values they reach can likely be
attributed to the difference in their maximum elevations, which is about
500 m.

The most interesting pairs identified (i.e. those having the lowest
values of dygriputes/daq) Temain as such also when looking at the relative
changes in the qi9 quantile. Additional pairs emerge as potentially
interesting in this case; however, these new pairs involve catchments
identified as exceptions in section 4.1, which will be examined in detail
in the following section.

Key characteristics of the selected paired catchments. Basin IDs are given in Table S1 in the Supplementary Material. HI = hypsometric integral; MAP = mean value of
the catchment-averaged total annual precipitation; Aq;gp = percentage increase in flood quantiles with 100-year return period.

Pair N° Category Basin ID Area (km?) Mean elevation (m a.s.l.) Minimum elevation Maximum elevation Empirical HI (-) MAP (mm) Aqi00 (%)
(m a.s.l.) (m a.s.l.)

1 C 39 153.5 2155 1152 3232 0.48 844 8
75 15.8 2346 994 3321 0.58 908 17

2 A 133 41.2 2608 1610 3447 0.54 962 13
141 81.1 2696 1644 4006 0.44 952 17

3 A 52 92.8 2613 1697 3694 0.46 928 12
60 70 2663 1713 3565 0.51 974 17

4 B 29 27.7 2449 1785 3083 0.51 1182 11
36 22.7 2483 1777 3213 0.49 1202 7

5 C 180 5.2 2527 2217 3508 0.24 1395 12
183 11.8 2512 2151 3184 0.34 1419 7
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Fig. 8. Location and hypsometric curves of selected paired catchments. Dashed and solid curves represent the empirical hypsometric curves and those modeled with
Strahler’s function, respectively. Basin IDs are given in Table S1 in the Supplementary Material. Rejeyanon = relative elevation; Ry, = relative area.

5. Discussion have been calculated using a runoff coefficient C = 1 for all catchments.

However, this section presents a calibration example of the C values to
evaluate the model’s ability in reproducing empirical FFCs for high-
elevation basins.

The calibration example provided here has been performed by

5.1. Reference flood frequency curves

As explained earlier, the rates of increase in current flood quantiles
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Fig. 9. Relationship between calibrated runoff coefficient (C) values and catchment areas and average values of daily extreme rainfall « (a); flood attenuation due to
snow contribution (b) and infiltration losses (c) as functions of the minimum basin elevation Hp,;,. Aq; is the distance between a 100-year return period rainfall

quantile and the corresponding flood quantile recorded on the curve built with “uncalibrated” C; Aq; is the distance between the flood quantiles measured on the
“calibrated” and “uncalibrated” curves for the same 100-year return period.
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forcing curves to match only one point, specifically the most extreme
flood in the record. The variability of C values calibrated as described
above on the 192 basins is depicted in Fig. 9a, in relation to the basin
area and to the average rainfall intensity a. The values obtained are
found to be plausible and somewhat consistent with the characteristics
of the basins considered, since lower runoff coefficients are generally
observed as the basin area increases and the average rainfall intensity
decreases (this is described e.g. by Norbiato et al., 2009; Merz and
Bl6schl, 2009).

The values of Aq; and Aq> for 192 basins, computed according to Egs.
(3) and (4) for a return period of 100 years, are depicted as a function of
the basin minimum elevation in Fig. 9b and 9c, respectively. The
magnitude of flood attenuation due to the snow contribution (4q;) in-
creases as the minimum basin elevation increases, while an opposite
pattern is observed in the case of attenuation related to the effect of the
runoff coefficient (4qz). This observation suggests that basins at higher
elevations tend to exhibit more pronounced deviations in the shape of
rainfall and flood frequency curves, confirming what was found by Claps
and Laio (2004). Increasing values of Aq; with increasing minimum
basin elevations confirm the larger impact of snow at higher elevations,
which underscore the validity of FloodAlp as a tool for FFC estimation in
mountain basins. The shape of the empirical FFC is, in fact, reasonably
replicated in approximately 80 % of the catchments analyzed.

To quantify the model’s accuracy in reproducing the shape of the
empirical FFCs, the Kolmogorov-Smirnov distance (KSq) is used. We
calculate two KSg4 values: one using the uncalibrated model curve and
one using a calibrated curve, with the adjustment of C. The distribution
of both KS, values is depicted in Fig. 10a. Of course, the prediction ac-
curacy improves considerably after calibrating the scaling factor,
resulting in a much higher number of basins with smaller KSy values.
However, one can notice from Fig. 10b that the KS distance measured on
the uncalibrated curve decreases for increasing minimum basin eleva-
tion for the majority of the catchments. These findings further support
previous assessments of the model’s suitability for applications in
mountain regions.

5.2. Basin vulnerability to rising temperatures driven by elevation and
hypsometry

Our study provides clear evidence that watershed elevation, partic-
ularly mean elevation, together with minimum elevation in the western
Alps and maximum elevation in the eastern Alps, plays a crucial role in
modulating the effects of global warming on both the 10-year and the
100-year floods in Alpine basins in Italy. This finding underscores the
well-established understanding in the literature that watershed

1.004
a
G 0.501
L
0.25+
0.00 1 . . . ]
o o 1° AP
KSy

(a)

Journal of Hydrology 662 (2025) 134014

elevation is a key factor in determining potential changes in flood
magnitudes (e.g., Koplin et al., 2012; Fatichi et al., 2015; Chegwidden
et al., 2020; Hanus et al., 2021; Moraga et al., 2021). Moreover, even if
simplified assumptions are introduced in our analysis, FloodAlp pro-
duces results that are comparable to those from previous, more complex,
studies (e.g. Koplin et al., 2012; Brunner et al., 2021).

Our findings also reveal different magnitudes of the rate of increase
in small (10-year) vs. large (100-year) floods due to rising temperatures.
With very few exceptions, Aqjg is consistently larger than Aq;gp across
the analyzed catchments for a given temperature scenario. This finding
aligns well with the observation that extreme floods in the Alps typically
occur during summer (Hall and Bloschl, 2018), when the active runoft-
contributing area is already at or near its maximum extent. Conse-
quently, for the 100-year flood, any further expansion of the contrib-
uting area due to warming appears to have a limited effect, whereas
smaller floods remain more sensitive to temperature increases. Only a
very small number of catchments within the Dora Baltea, Stura di Lanzo
and Toce river basins, in the western and central Alps, exhibit an
opposite behavior, with one of them showing negative Aq;( values (see
Fig. 5b). These watersheds are all characterized by very high minimum
elevations, exceeding 2500 m a.s.l., which means they remain almost
always above the freezing level. As small floods do not exclusively occur
during summer, but can also happen during colder periods of the year,
when temperatures are still low, warming does not necessarily result in
increased runoff.

Our research goes beyond the investigation of the role of watershed
elevation, by demonstrating that, even at similar elevations, basin
hypsometry is a key factor in determining the impacts of warming:
apparently very similar watersheds, but having differing hypsometric
features, exhibit quite different sensitivities to rising temperatures (see
Fig. 8 and Table 2).

The influence of morphological characteristics on basin sensitivity to
a snowline elevation increase, represented here using the hypsometric
curve, is quite heterogeneous across the investigated areas. In the
western Alps, the shape of the hypsometric curve plays a more signifi-
cant role in affecting flood magnitude changes compared to other re-
gions, where mean elevation is the main controlling factor. Our analysis
reveals that the degree of sinuosity of the hypsometric curve can be a
more robust predictor of both the 10-year and the 100-year flood
sensitivity to rising temperatures than the hypsometric integral value,
which represents the area under the curve.

This result further highlights the importance of the structural im-
provements made to the modeled hypsometric curve. Without these
modifications, the substantial hypsometric differences between basins,
such as those in pair n. 1, would have remained undetected, as
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Fig. 10. Model’s accuracy in reproducing empirical flood frequency curves. Empirical cumulative distribution functions (ECDF) of Kolmogorov-Smirnov distances
(KSy) measured both before and after calibration of the runoff coefficient (a); relationship between the Kolmogorov-Smirnov distance measured on the uncalibrated

curve (KSquncatibrated) and the minimum basin elevation (Hy,,) (b).
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illustrated in Fig. 2. These differences are crucial for understanding how
the Alpine catchments respond to temperature changes. The paired-
catchment analysis that we have performed can therefore contribute
to a larger-scale perspective, specifically highlighting the different
vulnerability of the western Alps in comparison to the eastern Alps. This
difference aligns with the evidence that the eastern Alps are character-
ized by the presence of carbonate rocks, mainly limestones and dolo-
mites, which are highly susceptible to surface erosion (Gradwohl et al.,
2024). This is likely to result in different hypsometric characteristics
between the two compartments.

While the influence of catchment elevation is acknowledged in the
literature, the role of the hypsometric curve has largely remained un-
explored in the context of climate change-induced flood hazard. To the
best of our knowledge, the only study where this characteristic is
explicitly explored is that of Shea et al. (2021). However, our research
extends their work by exploring this aspect further. We find that as the
portion of the area at higher elevations increases (i.e. as the z parameter
decreases), the change in the 100-year flood becomes more significant
(see Fig. 6a). This finding represents a step forward from the previous
study of Shea et al. (2021), who found that “bottom-heavy” basins (i.e.
basins with a larger proportion of their area at low elevations, and with
high z values, according to our scheme) are the most vulnerable to
climate change in terms of snowpack volumes and melting timing. Some
considerations are needed to understand what may appear as a contra-
dictory finding. First, basins in southern Canada and northern USA,
investigated by Shea et al. (2021), have average elevations not
exceeding 1800 m a.s.l., and are typically covered by snow year-round.
In contrast, the basins we considered in the Alps do not experience year-
round snow cover. Second, different research objectives should be
recognized between the two studies. The analysis performed by Shea
et al. (2021) aims at estimating water resource availability, associated
with areas that accumulate snow. Consequently, “bottom-heavy” basins
are identified as the most vulnerable to rising temperatures in their
work, as the snow accumulation would occur at low (and warmer) ele-
vations. In contrast, our study focuses on the relevance of the opposite
spatial domain, i.e. the basin area currently exposed to solid precipita-
tion throughout the year, which makes basins with a high percentage of
high elevation areas the ones that would experience the largest changes
due to warmer temperatures.

Due to the complex heterogeneity and the current limitations in
technical and scientific understanding of the processes involved, per-
forming such a parsimonious analysis of the effects of climate change on
natural hazards over large areas of the Alpine region could be perceived
as overly simplistic. However, we do not consider this to be a significant
limitation, as our aim is not to mandate precise instructions regarding
the rate of increase in design flow rates. We also refrain from suggesting
state-of-the-art methods for estimating design floods in a changing
climate, for which additional research is still required. Our objective is
to offer simple, yet clear, indications of mechanisms underlying poten-
tial changes in flood quantiles, focusing on the effects of rising tem-
peratures, and describe the regions where the effects can be worse, to
better inform decision-making about flood prevention and mitigation
strategies.

If, with our arguments, we can agree with other authors in raising
concern about the increasing flood hazard in high-elevation basins, our
findings could help orientate land planners in prioritizing flood pre-
vention measures based on the altitude and morphological characteris-
tics of watersheds. Late spring and summer rainstorms in the Alps are
already causing growing damages. However, mitigation strategies
would benefit from a more differentiated approach, with the indications
provided here, to prevent catastrophic (unprecedented) losses in envi-
ronments with particularly vulnerable morphologies.

6. Conclusions

This research originates from the need to investigate which variables
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have more influence on the natural processes that lead to floods from
high elevation basins, and to figure out the potential effects caused by
future variations in climatic conditions on the flood frequency regimes
in mountain environments. The main contributions of this work are
outlined as follows:

i. a geomorphoclimatic methodology developed in 2009 has been
considerably upgraded and implemented in a model named here
FloodAlp. We managed to build conditions for a systematic
application of the model over the entire Italian Alpine chain,
which provides an unprecedented wide-area scenario of effects.
To reproduce the basin hypsometric features, we introduce and
assess the effectiveness of a two-parameter Strahler function, that
yields results substantially different from those that would have
been produced by the approach behind FloodAlp in its original
form. These differences are stronger for basins with an empirical
hypsometric curve exhibiting a pronounced double curvature;

ii. we showed that the enhanced FloodAlp model can effectively
serve diagnostic purposes by assessing the behavior of different
types of high-elevation basins. To this end, the increase in the
magnitude of “originary” 10-year and 100-year floods, has been
obtained from the model as a result of projected gradual increases
in the snowline elevation. Although not shown here, the model
would also allow to simulate the effects of changes in the daily
extreme rainfall or in the average number of rainfall events per
year. Our approach is much simpler and parsimonious than
existing studies, with no parameters to be fitted on recorded
discharges to assess flood quantile changes. This makes our work
more accessible and practical for the purpose of comparing the
effects in different basins;

we found a pronounced responsiveness to rising temperatures

above 2000 m a.s.l., with a potential increase of the current 10-

year and 100-year floods of up to 18.5 % and 21 %, respec-

tively, as a result of a 2 °C temperature rise. For a 4 °C increase in
temperature, potential increases of 35 % and 43 % are found for
the current g7 and g0, respectively;

our analysis reveals that, particularly in the western Italian Alps,

basin response to global warming is strongly controlled by the

distribution of elevation within the basin, confirming the findings
obtained in a previous study, where a more complex energy-
balance model was used. Here, however, the relevant influence
of local elevation conditions has been proved for a category of
basins not previously investigated. Using a paired-catchment
approach, we have shown how small variations in the degree of
sinuosity of the basin’s hypsometric curve can lead to more than
50 % variations in the increase of the 100-year flood quantiles.
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