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A B S T R A C T

Alpine glaciers are shrinking at a relentless pace, as an effect of global warming. The impact of these changes
in the European Alps is relevant, given the importance of this territory from both ecological and economic
viewpoints. While the ubiquitous reduction of glaciers’ mass through the Alps has been reported in several
studies, its effect on streamflow is less studied. In the present work, we analyzed the long streamflow time
series, available since 1976, of the Careser Stream, a headwater stream emerging from the Careser Glacier,
in northeastern Italy. A large amount of missing data characterizes the streamflow time series, which we
filled with a high level of confidence by using a Feed Forward Deep Neural Network algorithm. We explored
the influence of climatic drivers on streamflow at monthly and annual time scales. Our analysis highlighted
significant changes in the timing of streamflow due to the combined effect of early snow melting and a
progressive reduction of the glacier’s area. The hydrological regime changed significantly with glacier water
contributing to streamflow proportionally less after a tipping point identified in 1996. Projections performed
by using eight bias-corrected climate models of the EURO-CORDEX collections confirmed this tendency with
the complete transition of the catchment from the glacial to the nival regime by 2045 at the latest. The
Deep Neural Network algorithm was very effective in filling the missing streamflow data and this offers an
encouraging premise for applications in other glaciers of the Alps suffering from the same transformation.
1. Introduction

The relevant role of climate change on hydrological alterations in
snow- and glacial-dominated mountain catchments is widely recog-
nized worldwide (see e.g., Baraer et al., 2012; Huss and Hock, 2018;
Marzeion et al., 2020; Immerzeel et al., 2020; Hugonnet et al., 2021),
and in the European Alps (Beniston, 2003; Barnett et al., 2005; Gobiet
et al., 2014; Majone et al., 2016; Zekollari et al., 2019) in particular,
where summer meltwater from glaciers contributes significantly to the
downstream river flows (Kuhn and Batlogg, 1998; Jansson et al., 2003;
Huss, 2011; Carturan et al., 2019; Mallucci et al., 2019; Bolibar et al.,
2022).

Recent analyses showed that changes in the precipitation pattern
and the contemporaneous rise of air temperature have led to a rapid
melting of glaciers, which is considered a major cause of alteration of
the typical nivo-glacial regime of the Alpine headwaters (Birsan et al.,
2005; Kormann et al., 2015; Hugonnet et al., 2021; Laurent et al.,
2020; Galos et al., 2015; Michel et al., 2020). Alpine glaciers, with
observations dating back to 1850 (Paul et al., 2004), are among those
showing the most negative mass balances of the entire globe (Bliss
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et al., 2014). According to recent estimates (Paul et al., 2011), glaciers
and ice patches of the European Alps shrunk to 1∕3 of the surface they
occupied in the 1970s, resulting in an average area loss rate of about
2% per year. Other studies (Haeberli et al., 2007; Huss, 2012; Carturan
et al., 2016) claimed that current rates of glaciers retreat are of the
order of 1 m of water equivalent per year, well above the long-term
average, thereby indicating that the melting rate is accelerating.

Despite these evidences, catchment scale hydrological alterations
due to changes in glacier mass balance received less attention than
glacier mass loss or global effects due to the melting of large glacierized
areas (Milner et al., 2017; Huss and Hock, 2018; Marzeion et al., 2020;
Immerzeel et al., 2020; Hugonnet et al., 2021). Available studies on
hydrological alterations address specific glacier systems (Jost et al.,
2012; James D. Miller, 2012; Kure et al., 2013; O’Neel et al., 2014;
Nepal, 2016) with an emphasis on assessing future scenarios (see
e.g., Huss et al., 2008; Koboltschnig et al., 2008; Weber et al., 2010;
Farinotti et al., 2012; Bavay et al., 2013). Among these contributions,
those analyzing observational data (Gurnell et al., 1992; Collins, 2006,
2008; Schädler and Weingartner, 2010; Grossi et al., 2013) are less in
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number and often based on relatively short time series. Long-term time
series facilitate the assessment of hydrological alterations, particularly
those caused by climate change, which are difficult to disentangle from
other effects when only short-term time series are available (Bunn
and Arthington, 2002; Poff and Zimmerman, 2010; Jacobsen et al.,
2012; Brown et al., 2015; Milner et al., 2017; Brown et al., 2007).
Unfortunately, long-term streamflow time series are rare, because of
the difficulties in maintaining streamflow gauges at high elevations.

To explore the hydrological changes occurring in a representative
glacier of the Southern Alps, we analyzed the long-term streamflow
time series of the stream emerging from the Careser Glacier and bearing
the same name. With monitoring activities documented since the end of
the 19th century, this glacier is one of the most extensively monitored
in the southern Alps (Zanon, 1992; Carturan and Seppi, 2007; Carturan
et al., 2013a,b, 2016; RGI Consortium, 2017), and therefore it repre-
sents an important source of information to study the effects of climate
change in Alpine glaciers. Mass balance has been performed annually
since 1967 and for this reason, the Careser has been classified as one of
the reference glaciers by the World Glacier Monitoring Service (Zemp
et al., 2015).

We investigated the ongoing changes in the glacier hydrological
regime by performing a comprehensive analysis of multiscale varia-
tions of precipitation, temperature, flow rate, and glacier mass. In the
analysis, we complemented available meteorological data with spatial
geostatistical models of air temperature and precipitation, with the pa-
rameters inferred by minimizing the model’s error at a meteorological
station close to, but at a lower elevation than the glacier. In addition,
we reliably reconstructed the discontinuous streamflow measurements
with a Deep Dense feed-forward Neural Network (DNN) model trained
on the available data. This model was also effective in evaluating the
near future evolution of the glacier by using the simulations of eight
Climate change models as input. We showed that these approaches
are valuable tools for the hydrological modeling of mountain glaciers,
where data are often scarce and discontinuous.

2. Study area

The Careser Glacier (Fig. 1) is located on the south-eastern reach of
the Ortles-Cevedale group, in the upper Pejo valley (Val di Pejo), north-
west of the city of Trento, Italy. In 2015, the glacier was occupying a
portion (1.39 km2) of a large, south-facing, circle between 2910 and
275m a.s.l. and it was composed of a main ice body and five smaller
atches of varying extensions (see Fig. 1) (Carturan et al., 2013a,b;
GMS, 2017).
The current aspect of the glacier is the result of dramatic changes

hat occurred chiefly in the last three decades. At the beginning of
he 20th century, the glacier covered an area of about 5.4 km2 with

its tongue reaching the Careser reservoir, which has been in operation
since 1934, more than 2 km downstream of the actual position (Car-
turan et al., 2013a). By 1958, the glacier lost its southern offshoot,
and in 1959 its area diminished to 4.74 km2 (see Figure 6 and Table
2 in Carturan et al. (2013a) and Fig. 1). In the following three decades
the glacier was relatively stable and reached an extension of 4.57 km2 in
987 (Carturan et al., 2013a) before experiencing a dramatic decline of
ts surface to 1.39 km2 in 2015, with a loss of 70% of its 1987 extension
Fig. 1).

Snow accumulates on the glacier chiefly in winter by direct precip-
tation and wind-drifted snow. In the late spring and summer seasons,
eltwater feeds the Careser Stream, which after about 2 km enters the
areser reservoir with a drainage area of 8.5 km2. Consequently, the
lacier occupied 57% of the catchment in 1958 and only 16% in 2015.

. Data

.1. Meteorological and hydrological data

The Careser Stream was monitored since 1920, to obtain the data
eeded, initially for the design of the Malga Mare hydropower system,
2

nd later for supporting the production strategies of the company. p
The Malga Mare hydropower system is fed by the Careser reservoir
located about 2 km downstream of the actual glacier snout. During
the construction of the hydropower system, completed in 1934, a
meteorological station was installed near the dam at the elevation of
2600m a.s.l. (T0065, 46◦ 25′ 30.4ε N, 10◦ 41′ 57.5ε E in WGS 84, here-
after indicated with the commonly used local name of Careser Diga).
Regular measurements of daily maximum (𝑇𝑚𝑎𝑥) and minimum (𝑇𝑚𝑖𝑛)
air temperatures are available at the Careser Diga station since 1939
and from 1990 air temperature was measured at 15-minute time steps.
On September 2, 2011, MeteoTrentino installed a new meteorological
station in the area occupied by the glacier (T0437, 46◦27′ 04.4ε N,
10◦43′05.5ε E in WGS 84, 3093m a.s.l., Fig. 1). This station recorded
air temperature at a 15-minute time step, as the Careser Diga station.
Daily precipitation measurements started in 1929 at the Careser Diga
and since 1990 they have been recorded at a 15-minute time step.

A stream gauge was installed at the location called Careser Baia,
just upstream of the reservoir at the elevation of 2642m a.s.l. and later
equipped with an automatic water stage sensor (T0308, 46◦ 25′ 44.4ε

, 10◦42′ 19.2ε E in WGS 84). Because of the prevailing freezing con-
itions, this gauging station operates only from May to October, with
tarting and ending dates changing due to interannual climate variabil-
ty. From 1976 to 2002 water stage was recorded every 15 min and
uccessively every 5 min.

The time series of the gauging station T0308 was obtained from Me-
eoTrentino (2023). In addition, air temperature and precipitation at
tation T0065 and 32 neighborhood stations were obtained from Me-
eoTrentino (2023, In: ‘‘Dati e Osservazioni → DATI STORICI → Elenco
tazioni’’) and Weather South Tyrol (2023). These meteorological sta-
ions were selected as described in Appendix A and were used for gap
illing of the Careser Diga station (T0065) time series and modeling the
aily temperatures at the glacier.

Future projections were obtained as described in Section 4.2 by
sing precipitation and temperatures extracted from eight climate mod-
ls of the EURO-CORDEX ensemble. The projections were performed
nder the scenarios RCP 4.5 and RCP 8.5 adopted by the Intergov-
rnmental Panel on Climate Change (IPCC) and corresponding to the
ntermediate and pessimistic scenarios, respectively. The four Gen-
ral Climate Models employed are the following, with the respec-
ive combined four Regional Climate Models indicated within brack-
ts: CNRM-CM5 (CCLM4-8-17), EC-EARTH (CCLM4-8-17, HIRHAM5,
ACMO22E), HadGEM2-ES (CCLM4-8-17, RACMO22E), MPI-ESM-LR
CCLM4-8-17, REMO2009).

.2. Glaciological and topography data

Long-term (1967–2020) observations of winter accumulation (𝐶𝑤,
mmw.e.]), summer ablation (𝐴𝑠, [mmw.e.]) and net mass balance (𝐵𝑛,
mmw.e.]) together with the Equilibrium Line Altitude (ELA) of the
areser Glacier, were provided by MeteoTrentino (2023, In: ‘‘Neve
ghiacci → DATI GLACIOLOGICI (Bilanci di Massa)’’). These data

tem from analyses of measurements at ranging rods, placed between
900𝑚𝑎.𝑠.𝑙. and 3200𝑚𝑎.𝑠.𝑙., performed by the University of Padova, for
he period 1967–2001 (Zanon, 1992), and by the University of Padova
n collaboration with MeteoTrentino for the following years (see e.g.
arturan and Seppi, 2007, for a description of the activities performed
nd the data collected).

Digital Terrain Models (DTMs), of the years 1994, 2003, and 2007,
rthophotos of the years 1980, 1987, 1990, 2000, 2003, 2006, and
015, and georadar measurements performed in 2007 and 2008 were
sed to determine the evolution of the glacier extension (see Sec-
ion 6 and Appendix C). DTMs and orthophotos were provided by Me-
eoTrentino (2023) and georadar measurements were presented in

revious works (see Martinelli et al., 2010; Carturan et al., 2013b).
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Fig. 1. Time evolution of the Careser Glacier. Coordinates are in the system UTM-WGS 84 (zone 32N) and surface topography is indicated with contour lines with elevations
expressed in ma.s.l.. The positions of the Careser Diga (T0065) and glacier (T0473) meteorological stations as well as the Careser Baia stream gauge station (T0308) and the
reservoir are also indicated.
4. Methods

4.1. Reconstruction and modeling of missing data

Meteorological and streamflow time series, collected as described
in Section 3, were incomplete with gaps of varying extension due to
temporary malfunctioning of the sensors and inactivity of the stream
gauging station in the winter season from about the middle of Octo-
ber to May–June. In addition, very few measurements are available
at the glacier. The percentage of available daily values of the time
series between 1976 and 2020 are shown in Fig. 2. At station T0065,
temperatures show relatively few gaps at the daily scale (between 7%
and 8%) and similarly the daily precipitations (7.83%). The situation is
more problematic for the streamflow at station T0308 with 58% of daily
flow rates that are missing in the summer period from May to October.
Therefore, before performing any analysis of the available data the time
series were gap-filled as specified below. In addition, the temperatures
at the glacier were modeled by using the geostatistical model described
in Section 4.1.1.

4.1.1. Kriging with external drift
The Kriging with External drift (KED) model was employed for gap-

filling the daily air temperatures (𝑇𝑚𝑎𝑥, 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑒𝑎𝑛) and the monthly
precipitation (𝑃 ) at the Careser Diga (T0065) and also for modeling the
spatial mean of the daily temperatures at the glacier. These time series
were successively used for the reconstruction of the daily flow rates at
the gauging station T0308 performed by the DNN algorithm as detailed
in Section 4.1.2

Modeling with KED was performed separately for 𝑃 , 𝑇𝑚𝑎𝑥, 𝑇𝑚𝑖𝑛 and
𝑇𝑚𝑒𝑎𝑛 = (𝑇𝑚𝑎𝑥 + 𝑇𝑚𝑖𝑛)∕2 by using the elevation as secondary exhaustive
information (Goovaerts et al., 1997). KED is described in Appendix A,
3

Fig. 2. Percentage of available daily temperatures, precipitation, and flow rate. For
the flow rate (𝑄), only the summer days (from May 1 to October 31) were considered.

together with the methodology employed for the optimal inference of
the model’s parameters and hyper-parameters obtained by assuming the
station T0065 as reference. Notice that the hyper-parameters were set
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the same for all the modeled variables, while the covariance parameters
were specific for each variable. The resulting KED models were then
used for gap-filling the time series at the Careser Diga (T0065) and
modeling the spatial mean of the daily temperatures at the glacier.
The latter was obtained by averaging the modeled temperatures at the
center of the squared cells, with a size of 150m, of the grid delimited
by the glacier contour in the year 1987. The same model applied to the
smaller domain of the glacier in 2015 led to negligible differences in
the daily temperatures, thereby the former was used for the successive
analysis and the reconstruction of the flow rate at the Careser Baia
station.

4.1.2. Streamflow reconstruction and modeling
Streamflow was available at the Careser Baia gauging station

(T0308, Fig. 1), which includes runoff from both the glacier and the
intermediate non-glacial catchment. At this station the flow rate was
obtained from water stage measurements employing the following
rating curve: 𝑄 = 𝑎 ℎ𝑏, where ℎ is the measured water stage and the
oefficients 𝑎 = 10.7473 and 𝑏 = 1.15787 were computed as described in

Appendix D. A significant amount of gaps were observed in the active
periods from May to October as reported in Fig. 2 and they were filled
as described below. The water stage had been recorded since 1976 at a
time step of 15′ with a sensor that was active between May and October
when environmental conditions were favorable.

Before gap filling, the flow rate was aggregated at the hourly scale,
discarding the intervals with less than 75% sub-hourly measurements,
and successively at the daily scale, with the same criteria, i.e. discarding
intervals with less than 19 hourly values. The resulting gaps in the
daily streamflow time series were filled by using the DNN algorithm.
The reconstruction was extended to the winter period (from November
to April) for the purpose of wavelets analysis, but only the data from
May to October were used in the other analyses. A detailed description
of the DNN algorithm, including the procedure adopted for splitting
the database into training and test sets, as well as the cross-validation
procedure used to obtain the optimal values of the hyper-parameters
(the number of layers and the number of neurons), is provided in the
Appendix B.

The DNN was applied with the following input variables: (i) solid
and liquid daily precipitations at the Careser Diga (T0065), considering
as threshold for separating them a daily mean air temperature of 0 oC;
(ii) spatial mean of daily minimum and maximum air temperatures at
the glacier computed as described above and in the Appendix A; (iii)
the Julian day and finally (iv) the daily ablation volume estimated as
𝑣𝐴 = 𝑉𝐴∕184, where 𝑉𝐴 = 𝐴𝑠 𝐴𝑔 is the volume of summer ablation given
y the product of the summer ablation 𝐴𝑠 [𝐿] and the glacier surface,

𝐴𝑔 [𝐿2]. 𝑣𝐴 was assumed the same for all the days of the summer period
(1 May–31 October), and it was considered equal to zero in the winter
period. The same DNN model fed with the meteorological variables
obtained from the climate models was used in Section 4.2 to obtain
future streamflow scenarios in the ablation period.

4.2. Future projections

The projected future evolution of the Careser Glacier and the as-
sociated streamflow were investigated by using the EURO-CORDEX
ensemble climate models with the future scenarios RCP 4.5 and RCP
8.5. Temperature and precipitation projected by the climate models for
the period 2020–2070 were bias corrected by the Quantile Mapping
method by using the Python library biascorrection (Kumar, 2020). This
method is widely applied in the correction of the biases models (see
e.g. Dobler and Ahrens, 2008; Jakob Themeßl et al., 2011; Piani et al.,
2010). The projected precipitations were considered solid when the
mean daily temperature was ≤ 0 oC and liquid otherwise.

The projections were employed to obtain the future evolution of the
glacier area and the streamflow during the ablation season, as follows.
4

First, the model of summer ablation was obtained by linear regression a
of the measured ablation 𝐴∗
𝑠 in the period 1976–2020 with the mean

summer temperature (𝑇 𝑠𝑢𝑚): 𝐴∗
𝑠 = 512.22 + 1007.7 (𝑇 𝑠𝑢𝑚) (𝑅2 = 0.6214,

nd 𝑝 = 0.0 for both the regression coefficients). This model was used
ith the mean summer temperature of the climate models to project

he future summer ablation, and the ablation volume as well, after
ultiplication by the glacier area. The latter was obtained from the area

ersus thickness graph of Fig. C.1 after updating the glacier thickness
s follows: ℎ𝑔,𝑖 = ℎ𝑔,𝑖−1 − (𝐴𝑠,𝑖 −𝑃𝑤,𝑖), where 𝐴𝑠,𝑖 is the summer ablation
obtained from the temperature with the above regression curve), 𝑃𝑤,𝑖
s the cumulative winter solid precipitation, and 𝑖 indicates the time

step. The resulting evolution in time of the glacier area and the flow
rate are shown in Fig. 14a and 14b, respectively, for the following three
cases: the ablation 𝐴∗

𝑠 predicted by the regression curve (scenario A1 in
Fig. 14) and two additional values 𝐴∗

𝑠 +𝜎 and 𝐴∗
𝑠 −𝜎 (scenarios A2 and

A3, respectively), with 𝜎 =

√

∑𝑁𝑎
1 (𝐴𝑠,𝑖−𝐴∗

𝑠,𝑖)
2

𝑁𝑎
, where 𝑁𝑎 is the number of

easurements used in the regression.

.3. Quality of the models

The accuracy of the KED and DNN models, respectively at Careser
iga (T0065) and at the Careser Baia (T0308), was assessed by the Nash
utcliffe coefficient:

𝑆 = 1 −
∑𝑛

𝑖=1
[

𝑧∗𝑖 − 𝑧𝑖
]2

∑𝑛
𝑖=1

[

𝑧𝑖 − 𝑧
]2

(1)

where 𝑧𝑖 indicates the observed value at the 𝑖−th time step of the refer-
ence time series and 𝑧∗𝑖 the corresponding modeled value. Furthermore,
𝑧 is the mean of the 𝑛 observed values. In doing this the reference
station (T0065) was removed from the pool of neighborhood stations
used in the KED.

4.4. Homogeneity test and trend analysis

Gap-filling at the Careser Diga station was performed by adding to
the measured time series the values provided by the KED model at
the time steps of the missing values. The 𝑁𝑆 values of the modeled
𝑃 (at monthly scale), 𝑇𝑚𝑎𝑥, 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑒𝑎𝑛 (at daily scale) time series
at the Careser Diga, computed with reference to the observed values,
were 0.69, 0.81, 0.90, and 0.92 respectively. These are relatively high
values, ensuring that the values used for gap-filling the time series
have a good (for precipitation) and an excellent (for the temperature)
correspondence with the real (missing) data.

Possible sources of non-homogeneity in the time series are sen-
sor replacements and location changes of the stations, both intro-
ducing bias in the measurements. Climate change is another source
of non-homogeneity that should be identified and, contrary to the
previous ones, retained and analyzed. The location of the stations
remained unchanged since their installation and therefore sources of
non-homogeneity may be either sensor replacement or climate change.
We assume that non-homogeneity due to climate change is character-
ized by a change point followed by a trend, while sensor replacement
is likely characterized by a shift, also starting from a change point.
To identify such sources of non-homogeneity, the Pettitt test (Pettitt,
1979) was first applied to locate the change point, when present.
Successively, the portion of the time series from the change point to
the end was analyzed with the Mann Kendall (MK) test (Conover,
1999); the linear trend, evaluated with the following expression (Sen,
1968): 𝑄𝑖𝑗 = (𝑧𝑗 − 𝑧𝑖)∕(𝑗 − 𝑖), for 𝑗 > 𝑖, was then removed and
he resulting detrended time series analyzed again. The Pettitt and
ann–Kendal tests were performed by using the python packages
yHomogeneity (Hussain, 2020) and pyMannKendall (Hussain, 2023;
ussain and Mahmud, 2019-07-25), respectively.

The Mann–Kendall test assumes that the time series values are
ncorrelated and equally distributed. Unfortunately, these conditions

re seldom fulfilled in geophysical and hydrological time series. For
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this reason in the present work, the MK-test was used with caution, as
described in Section 5, preferring to evaluate changes and tendencies
utilizing moving averages, which smooth local variations, and the
wavelets analysis discussed in Section 5. Therefore, the MK-test was
used only to highlight the presence of a progressive change (trend),
rather than an abrupt one, which is typical of sensor displacement or
replacement.

4.5. Wavelet analysis

The Wavelets Transform (WT) was used to analyze the change in
time of the dominating modes of variability of the flow rate at the
Careser Baia gauging station. WT is a powerful tool, often used to dis-
entangle the dominant scales of variability of non-stationary (in time)
signals and identify their modes of variation (Torrence and Compo,
1998).

The continuous wavelet transform, 𝑊𝑖(𝑠), of a discrete signal
{

𝑧1, 𝑧2,… , 𝑧𝑛
}

, where 𝑠 is the scale of variability, 𝑖 is the time step
index and 𝑛 is the number of elements of the time series, is defined as
the convolution of the signal 𝑧𝑖, 𝑖 = 1,… , 𝑛 with the wavelet function
𝛹 (Torrence and Compo, 1998):

𝑊𝑖(𝑠) =
𝑛−1
∑

𝑖′=0
𝑧𝑖′𝛹

∗
[

(𝑖′ − 𝑖)𝛥𝑡
𝑠

]

, (2)

here 𝛥𝑡 is the sampling time step and the superscript ∗ indicates the
omplex conjugate. The wavelet function 𝛹 (𝜂) = (2𝜋𝑠∕𝛥𝑡)1∕2𝛹0(𝜂), 𝜂 =
(𝑖′−𝑖)𝛥𝑡

𝑠 , is obtained by normalizing the ‘‘mother’’ wavelet function 𝛹0(𝜂).
s mother wavelet, we used the Morlet function, widely employed

n the analysis of geophysical signals and proven to be effective in
etecting oscillations in time series (Torrence and Compo, 1998):

0(𝜂) = 𝜋−1∕4𝑒𝜄 𝜔0 𝜂𝑒−𝜂
2∕2 (3)

here 𝜄 =
√

−1 and according to Torrence and Compo (1998) 𝜔0 was
et equal to 6.

The distribution of energy among the modes of variability (periods)
s described by the wavelet power spectrum (WPS): 𝜎2𝑊 (𝑖, 𝑠) = |

|

𝑊𝑖(𝑠)||
2 =

𝑖(𝑠)𝑊 ∗
𝑖 (𝑠). Relevant information on the nature of the signal can be

btained by analyzing how signal energy, which is proportional to the
mplitude of the fluctuations, varies with time. This can be obtained
y integrating the WPS over the investigated range of scales.

The continuous WT was applied to the daily reconstructed flowrate
ime series by using the python module PyCWT (Krieger et al., 2023)
ased on the routine developed by Torrence and Compo (1998).

. Results

.1. Homogeneity test

The Pettitt test was applied to the reconstructed (gap-filled with the
odeled values) time series of the annual precipitation and the annual
ean of the daily temperatures (𝑇𝑚𝑎𝑥, 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑒𝑎𝑛) at the Careser
iga station. The analyzed time series are shown in Fig. 3 and the

esults of the test are summarized in Table 1. We evaluate the presence
f a change point using the 𝑝− value with a significance level of 95%.
t this significance level, a value of 𝑝 ≤ 0.05 indicates that the deviation

rom the null hypothesis (the time series is homogeneous) is statistically
ignificant and, as a consequence, the evidence is strong in favor of
he presence of a change point (this is indicated with F in the second
olumn of Table 1). On the other hand, when 𝑝 ≥ 0.05, the deviation
rom the null hypothesis is not significant, and therefore it cannot be
ejected (this is evidenced by 𝑇 in the second column of Table 1).

The total annual precipitation time series is homogeneous with no
hange points since the potential change point in 2008 is statistically
ot significant (as demonstrated by the 𝑝 value of 0.35). On the con-
5

rary, change points were detected at the years 1991, 1994, and 1988 in
Table 1
Pettitt test of homogeneity applied to the total annual precipitation (P) and the
annual average of daily air temperatures (𝑇𝑚𝑎𝑥, 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑒𝑎𝑛) at the Careser Diga

eteorological station. The Null Hypothesis is that the time series is homogeneous
nd at 95% significance level a value of 𝑝 ≤ 0.05 indicates strong evidence in favor
f the presence of a change point. For the temperatures, the test was repeated after
etrending from the change point (CP) to the end of the time series with the Sen’s
lope 𝑠𝑙 (◦C 𝑦−1), and the results are shown in the last three rows.
Variable Null Hyp. CP p 𝑠𝑙 (◦C 𝑦−1)

P T 2008 0.35 –
𝑇𝑚𝑎𝑥 F 1991 0.00 0.022
𝑇𝑚𝑖𝑛 F 1994 0.00 0.052
𝑇𝑚𝑒𝑎𝑛 F 1988 0.00 0.046
𝑇𝑚𝑎𝑥 (detrended) T 1960 0.19 –
𝑇𝑚𝑖𝑛 (detrended) T 1971 0.37 –
𝑇𝑚𝑒𝑎𝑛 (detrended) T 1960 0.25 –

Table 2
Pettitt test of the monthly precipitation and the monthly average of the daily
temperatures (𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑒𝑎𝑛). In bold are indicated the 𝑝− values < 0.05, which
dentify statistically significant change points.
Month Precipitation 𝑇𝑚𝑖𝑛 𝑇𝑚𝑎𝑥 𝑇𝑚𝑒𝑎𝑛

CP p CP p CP p CP p

JAN 1969 0.09 1988 0.01 1988 0.00 1988 0.00
FEB 1966 0.65 1987 0.49 1989 0.00 1989 0.04
MAR 1954 0.48 1989 0.10 1989 0.00 1989 0.00
APR 1948 0.99 2002 0.01 1992 0.00 1995 0.00
MAY 1968 0.77 1993 0.00 1992 0.00 1992 0.00
JUN 2007 0.72 1993 0.00 1993 0.00 1993 0.00
JUL 1987 0.16 1982 0.00 1982 0.00 1982 0.00
AUG 1996 0.25 1988 0.00 1990 0.00 1990 0.00
SEP 1991 0.49 2009 0.43 1997 0.15 1997 0.29
OCT 1976 0.21 1967 0.08 1994 0.01 1983 0.03
NOV 1972 0.43 2001 0.08 1991 0.02 2001 0.03
DEC 1977 0.84 1970 0.07 1983 0.00 1970 0.01

the time series of 𝑇𝑚𝑎𝑥, 𝑇𝑚𝑖𝑛 and 𝑇𝑚𝑒𝑎𝑛, respectively. The Mann–Kendall
test was then applied to the last portion of the temperature time series
starting from the change point, obtaining the Sen’s slope coefficients
reported in the last column of Table 1, which were used to remove the
trends. The resulting detrended time series are homogeneous as shown
by the values of 𝑝 > 0.05 reported in the last three rows of Table 1. An
increasing trend is consistent with the effect of global warming, rather
than other exogenous effects, which typically introduce a step change,
and is consistent with observations at the global scale showing an in-
creasing almost linear trend in the global temperature since the middle
of 1980s (IPCC, 2023, Figure 2.1). Changing points vary according to
the sensitivity of the variable to global warming with 𝑇𝑚𝑎𝑥 showing the
largest sensitivity, 𝑇𝑚𝑖𝑛 the smallest, and 𝑇𝑚𝑒𝑎𝑛 intermediate.

The Pettitt test was also applied to the annual time series of the
monthly precipitation and the monthly means of the daily temperatures
with the results summarized in Table 2. In agreement with the previous
analysis, the Pettitt test confirmed the absence of change points in the
monthly precipitations, since all 𝑝 values are larger than 0.05 (third
column of the Table). On the other hand, change points were detected
in the time series of 𝑇𝑚𝑖𝑛 from April to August, and also in January,
with stronger evidence (i.e., smaller p-values) in the summer months.
For 𝑇𝑚𝑎𝑥 change points were detected in all months, except September,
and this shows that global warming has a more prominent effect on the
maximum than on the minimum daily temperatures. This is reflected in
the mean daily temperature, which also shows change points similar to
𝑇𝑚𝑎𝑥. Moreover, change points for the summer months were all located
in the 1990s. The Pettitt test was repeated with the daily temperatures
spatially averaged over the extension of the glacier in 1987 obtaining
responses consistent with the analysis at the Careser Diga.

A similar analysis was conducted for the time series of glacier
winter accumulation 𝐶𝑤 (mmw.e.), summer ablation 𝐴𝑠 (mmw.e.), net

3
mass balance 𝐵𝑛 (mmw.e.) and ablation volume 𝑉𝐴 (m w.e.), the latter
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Fig. 3. Precipitations and temperatures at the Careser Diga meteorological station: (a) Total annual precipitation, (b) Annual average of the maximum, minimum, and mean daily
temperatures. Dashed lines indicate the 9-year moving averages. Gaps in the time series were filled by KED using the measurements at a maximum of 32 neighboring stations, for
precipitations since 1930 at the monthly time scale and for temperature since 1976 at the daily time scale.
Table 3
Pettitt test of the following glaciological variables: winter accumulation
𝐶𝑤, summer ablation 𝐴𝑠, net mass balance 𝐵𝑛 and ablation volume 𝑉𝐴.
The Null Hypothesis is that the time series is homogeneous and at 95%
significance level a value of 𝑝 ≤ 0.05 indicates strong evidence in favor
of the presence of a change point.
Variable Null Hyp. CP p

𝐶𝑤 T 1986 0.490
𝐴𝑠 F 1998 0.000
𝐵𝑛 F 1990 0.000
𝑉𝐴 F 2008 0.001

computed as described in Section 4.1.2 and the others obtained from
MeteoTrentino as described in Section 3.2 (Table 3). The time series
of these variables are shown in Figs. 5a, 5b, 5d and 5c, respectively,
with the dashed line representing the 9-year centered moving average.
Notice that the moving average at a given time step was computed only
when the time windows of 9 years contained more than 5 values.

In line with the precipitation at the Careser Diga station, the winter
glacial accumulation time series is homogeneous (𝑝 = 0.49 ≫ 0.05),
while all the other quantities, including the ablation volume, show
strong evidence of change points (𝑝 < 0.05). A change point in the net
mass balance was identified in 1990, followed by a change point in
summer ablation in 1998 and one in the ablation volume in 2008. Ab-
lation is the dominant component of the summer runoff and it increases
monotonously as an effect of global warming. However, runoff volume
first increases up to the middle of the 1990s and then it decreases
because of the progressive reduction of the glacier area which offsets
the increase of ablation.
6

5.2. Impact of warming on glacier melting

Glacier runoff hinges on the interplay between the ablation and
the hypsometric curve of the glacier area, both changing with time.
As shown by Carturan et al. (2013b), the Careser Glacier is without
accumulation area since the early 1980s, given that its ELA is above
the highest glacier elevation, with only a few exceptions in the colder
years (Carturan and Seppi, 2007; Baroni et al., 2017; Carturan et al.,
2013b). The hypsometric curves of Figs. 4a and 4b show a reduction of
the elevation range with time, which is accompanied by the increase
of the glacier’s minimum elevation of 98 m from 2856m a.s.l. in 1958
to 2954m a.s.l. in 2015, and a reduction of the maximum elevation of
37m (see Table 4). The retreat is particularly evident after 2003 and in
2015 most of the glacier area was above 3000m a.s.l. (the glacier was
composed of a main unit, accounting for 77% of the total area, and
other 5 smaller patches). This rapid retreat is in line with the global
analysis conducted by Paul et al. (2004) and by Jiskoot and Mueller
(2012) regarding glaciers of the upper Columbia River basin.

In accordance with the precipitation at the Careser Diga (Fig. 3a),
no change points were detected in the winter accumulation, 𝐶𝑤, which
shows stationary oscillations of wide amplitude around the 9-year mov-
ing average (Fig. 5a). These two signals are correlated with a Spearman
rank correlation of 𝑟 = 0.58, (𝑝 = 0.0001), which is satisfying considering
the lower elevation of the meteorological station and the disturbing
effect of measurement errors. In a recent study by Grossi et al. (2017)
biases between 15% and 66% were observed in solid precipitations
measured at rain gauges belonging to the same region. On the other
hand, summer ablation 𝐴𝑠 increased steadily with time (i.e., it became
more negative) as shown in Fig. 5b, with smaller oscillations around
the moving average with respect to 𝐶 .
𝑤
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Table 4
Geometrical characteristics of the Careser Glacier. Per. indicates the perimeter of the glacier, Area is its area
and Spec. Per. is the ratio between the perimeter and the area.
Source: The Equilibrium Limit Altitude (ELA) was extracted from Carturan and Seppi (2007) and Baroni
et al. (2017).
Year Per. Area Spec. Per. Mean Alt. Median Alt. Min Alt. Max Alt. ELA

(km) (km2) (km−1) (m a.s.l.) (m a.s.l.) (m a.s.l.) (m a.s.l.) (ma.s.l.)

1958 24.7 4.88 5.07 3066 3070 2856 3316 –
1987 30.2 3.95 7.63 3064 3072 2858 3314 3485
2003 24.0 2.84 8.45 3063 3073 2860 3288 3700
2015 16.9 1.39 12.24 3086 3089 2954 3279 3280
Fig. 4. (a) The portion of the glacier surface at different altitudes; (b) Glacier surface
above a given elevation (Hypsometric curve) of the Careser Glacier.

The annual means of the spatially averaged air temperatures (with
reference to the glacier area in 1987) are shown in Fig. 6 together with
their 9−year moving average. The minimum temperature shows a small
quasi-linear increase of the 9-year moving average from a minimum
value of −7.1 oC in 1976 to a maximum value of −5.8 oC in 2020,
corresponding to an increase of 1.2 oC in 45 years. The moving average
of maximum daily temperature increased by 3.14 oC in 37 years, from
1980 to 2016, with two increasing trends, between 1980 and 1995 and
between 2003 and 2016, and an intermediate period with a slight re-
duction. The moving average of the mean daily temperature increased
from −4.11 oC in 1980 to −1.61 oC in 2016, with an overall increase of
2.5 oC in 37 years.

The impact of the observed rise of the air temperature on the
ablation is better analyzed by considering its cumulative Degree-Days
(𝐷𝐷) between May and September (153 days), corresponding to the
conventional ablation period between the two successive topographic
surveys used to compute the glacier mass balance. This cumulative
7

temperature is a proxy of the energy that the glacier receives during
ablation. Fig. 7 shows that 𝐷𝐷 increased between 1976 and 2020
with significant oscillations around the 9-year moving average, which
increased as well from 198 oC in 1980 to 584 oC in 2016. In the same
period, the mean temperature of the ablation period (i.e. 𝐷𝐷∕153)
increased from 1.3 oC to 3.8 oC, i.e. 2.5 oC in 37 years, in agreement with
what observed for the annual mean of the mean daily temperature.

The cause of the progressive increase of the ablation shown in
Fig. 5b can be identified in the rise of temperature due to global
warming as confirmed by the high Spearman rank correlation (𝑟 =
−0.74, 𝑝 ∼ 0) between the time series of summer ablation and the
summer cumulative temperature.

5.3. Glacier runoff

The modeled time series of the flow rate are compared in Figs. 8a
and 8b with the observed ones at the daily and monthly time scales,
respectively. The good agreement between the measured and modeled
streamflow, suggested by the relatively high 𝑁𝑆 values at both the
daily (𝑁𝑆 = 0.69) and monthly (𝑁𝑆 = 0.89) temporal scales, is con-
firmed by visual inspection of the figures. The second column of Figs. 8a
and 8b show the scatter plots of the modeled against the measured
stream flow at the daily and monthly time scales, respectively. Fig. 9
shows the corresponding summer (May-October) mean streamflow and
its 9-year moving average.

The mean flow rate oscillates around the 9-year moving average,
which first increased from 1.56m3 s−1 in 1979 to 1.96m3 s−1 in 1993,
and successively declined to 1.20m3 s−1 in 2019, resulting in an average
loss rate of 0.03m3 s−1y−1. This pattern agrees with the glacier behavior
discussed in Section 5.2 with the streamflow that mirrors the summer
ablation volume 𝑉𝐴. Both streamflow and 𝑉𝐴 (Fig. 5c) show a tilting
point in the middle of the 1990s while the ablation increases (i.e., its
absolute value increases) at a constant pace (Fig. 5b).

We conducted the wavelets analysis to investigate non-stationary (in
time) dynamics of the streamflow signal. Since this analysis requires
a continuous time series, we assumed zero streamflow in the winter
period, from November to April. The wavelet power spectrum 𝜎2𝑊 (𝑖, 𝑠)
of the daily flow rate, obtained by using the Morlet base wavelets
transform (Torrence and Webster, 1998), is shown in Fig. 10b as a
function of time, indicated by the time step 𝑖, and scale of variability, 𝑠
(period), with a 𝑙𝑜𝑔2 color scale. As expected, 𝜎2𝑊 (𝑖, 𝑠), 𝑖 = 1,… , 𝑛 peaks
at the period of 1 year, as a consequence of the remarkable seasonality
of streamflow (Fig. 10c). No significant attenuation of this peak, as well
as of the energy content in the interval 90–730 days (i.e., 3–24 months)
represented by the mean variance 𝜎2𝑊 (𝑖) = ∫ 𝑠2

𝑠1
|𝑊𝑖(𝑠)|

2𝑑 𝑠∕(𝑠2 − 𝑠1)
with 𝑠1 = 90 and 𝑠2 = 730 days, are observed in Figs. 10b and 10d.
However, the Pettitt test applied to the mean variance signal of Fig. 10d
identified a change point in 1995 (𝑝 = 0.0) and an additional one in
2018 (𝑝 = 0.0), the latter refers to the detrended time series. The former
change point coincides with the tilting point of the mean summer runoff
shown in Fig. 9. The Sen’s slope was 𝑠𝑙 = −3.67 × 10−6 m6 s−2 d−1 after
1995 and was not computed after 2018 because within the cone of
influence and with only two years of data (2018–2019). The energy
contained in the periods 3–24 months (Fig. 10d) decreased only slightly
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Fig. 5. Time evolution of the Careser Glacier; (a) winter accumulation 𝐶𝑤 (mmw.e.), (b) summer ablation 𝐴𝑠 (mmw.e.), (c) summer ablation volume 𝑉𝐴 (10−6 m3 w.e.), and (d) net
mass balance 𝐵𝑛 (mmw.e.). Dashed lines show the 9-year moving average computed with a centered window. The moving average is not computed when less than 5 values fall
within the searching window.

Fig. 6. Annual average of the spatially averaged maximum, minimum, and mean daily temperatures at the Careser Glacier with their 9-year moving average. The spatial average
is computed with reference to the glacier surface area in the year 1987 by using KED with a maximum of 32 neighboring meteorological stations at elevation larger than 1000m
a.s.l.

Fig. 7. Evolution of the cumulative daily mean temperature in the ablation period (153 days from May to September) at the Careser Glacier. The secondary axis shows the mean
temperature over the same period: 𝐷𝐷∕153.
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Fig. 8. Time series of the streamflow at the Careser Baia gauging station at the (a) daily and (b) monthly time scales. Computed and measured flow rates are represented by the
solid line and the red dots, respectively. The monthly mean of the observed flow rate is computed only for months with more than 20 daily data available. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 9. Time evolution of the mean flow rate during the ablation period (May–October) at the Careser Baia gauging station, with the dashed line showing the 9-year moving
average. Gaps in the original daily time series were filled with the DNN model.
with time, thereby suggesting that the observed reduction of the flow
rate (Fig. 9) occurred in similar proportion in the summer season.

The assumption of zero winter streamflow (from November to April)
was a somewhat obligated choice because of the lack of data. However,
measurements performed in 2018 in a small tributary of the Careser
Stream showed that the water temperature was always above freezing
(see Figure S1 of the Supplementary Material and Figure 2 in Lencioni
et al. (2022) for the CR1bis water temperature data), thereby sug-
gesting the presence of running water. To highlight possible spurious
effects introduced by the zero streamflow assumption, we repeated
the wavelets analysis with the winter values provided by the DNN
model. No significant differences are observed in the wavelets spectrum
of the time series, as can be noticed by comparing Figs. 10b-d with
Figures S2b-d of the Supplementary Material. The small to negligible
differences observed in the spectra of the two signals suggest that for
the purpose of our analysis both lead to the same conclusions.

To further investigate the observed reduction of the flow rate we
reported in Fig. 11 the average monthly flow rate, for the ablation
season, evaluated at 10-year intervals starting from the period 1976–
1985 and ending with the period 2016–2019. The color-shadowed areas
9

represent the interquartiles (i.e., the 50% interval of confidence). The
seasonal peak decreases, particularly after the period 1986–1995, but
the same happens for the flow rate from August to October, and these
changes occurred in a way that preserved the amplitude of the seasonal
oscillation. This is in line with what was already observed with the
wavelets analysis. However an important change occurred after 2000:
a progressive increase of the early summer runoff (from May to June),
which is accompanied by the reduction of the peak in July, thereby
suggesting an earlier start of the snow-melting season, which in turn
is in line with the increase of the summer ablation shown in Fig. 5b.
Furthermore, interannual variations increased with time as shown by
the progressive widening of the interquartile range (the shadowed areas
in Fig. 11).

Fig. 12, shows the monthly fraction of the total summer runoff as
a function of time. The result of the Mann–Kendall analysis is reported
in Table 5 and the dashed lines show the Sen’s slope of the statistically
significant linear trend evaluated between 1976 and 2019. Consistently
with the previous analysis, statistically significant trends are observed
in June (increasing), in August, and in September (both decreasing).
The other months showed increasing trends, except October, but all
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Fig. 10. (a) Time series of the flow rate at the Careser Baia gauging station; (b) Morlet-base Wavelet power spectrum; (c) Global power spectrum and d) 90–730 days scale-averaged
wavelets power spectrum. The shadowed areas indicate the cone of influence.
Fig. 11. Mean and interval of confidence (interquartile identified by the shadowed
area) of the monthly flow rate at the Careser Baia for 10-year periods from 1976 to
2019. The last period is of 4 years (2016–2019).

are statistically not significant and therefore were not reported in the
figure. The tendency of an earlier start of the ablation season, already
observed in Fig. 11, is therefore confirmed by the rise of the fraction of
summer runoff occurring in June. In agreement with this behavior, the
amount of solid precipitation in May and June decreases with time,
while the liquid fraction increases. This is shown in Fig. 13, which
includes also the projected precipitations according to the selected
climate models and the RCP 4.5 future scenario that will be discussed
in Section 5.4.
10
Table 5
Mann-Kendall test of the monthly flow rate fraction. The null hypothesis is that the
series has no trend, therefore a statistically significant trend is characterized by 𝑝 values
smaller than 0.05.

Month Type of trend Null Hyp. slope p
𝑦−1 [−]

May no trend T 0.088 0.127
June increasing F 0.178 0.002
July no trend T 0.003 0.927
August decreasing F −0.113 0.019
September decreasing F −0.151 0.004
October no trend T −0.020 0.606

5.4. Future projections

The possible future evolution of the Careser Glacier and the as-
sociated streamflow is investigated here by using the EURO-CORDEX
ensemble climate models with the future scenario RCP 4.5. The scenario
RCP 8.5 produced similar results, after bias correction of temperature
and precipitation, and therefore it is included in the Supplementary
Material (Figures S3 and S4) and not analyzed here.

Temperature and precipitation projected by the climate models for
the period 2020–2070 were bias corrected by the Quantile Mapping
method (successfully employed for corrections of climate models by
Dobler and Ahrens, 2008; Jakob Themeßl et al., 2011; Piani et al.,
2010, for instance). The precipitation was separated between liquid
and solid by assuming 0 oC as a threshold. The annual time series of
the monthly precipitation partitioned into solid and liquid are shown
in Fig. 13, where the vertical dashed line separates the observations
from the projections. The progressive shifting of the precipitation from
solid to liquid, already observed in the first two decades of this century
is confirmed with a further reduction of the solid in favor of the liquid
precipitation, though the variability among the climate models is large,
as shown by the wide interquartile range.
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Fig. 12. Monthly relative contribution to the total runoff at the Caraser Baia. Dashed
ines indicate the Sen’s linear trend when the Mann–Kendall test identified a statistically
ignificant trend.

The Mann–Kendall test confirmed the increase of the liquid precipi-
ation in the summer months (from April to October, except September
n which the trend is not statistically significant) and a contemporane-
us reduction of the solid precipitation.

The DNN model was run with the meteorological signals of the
limate models and the three models of future ablation presented in
ection 4.2. The results are shown in Fig. 14. The shadowed areas
ndicate the interquartile of the eight EURO-CORDEX climatic models.

In all cases, the area occupied by the glacier shrinks with time, pro-
ecting the glacier to disappear in 2041 when the ablation is computed
ith the regression curve and in 2038 and 2045 when it is augmented
r, respectively, reduced by the standard deviation. The interquartile
ange is small in all three cases.

Larger differences are observed for the projections of the flow rate
nd of the respective interquartiles. A general reduction of the flow
ate, with wide oscillations, is confirmed also for the future projections
ith the catchment shifting progressively to the nival regime. In the
rojections, solid precipitations are no longer observed in July and
ugust and are strongly diminished, almost disappearing, in June and
eptember. A remarkable increase in liquid precipitation is observed in
ay and October, accompanied by a decline in solid precipitation. In

ddition, more rainfall occurs in April and November, confirming the
tigmata of climate change already evident in the last decade.

. Discussion

The comparative analysis of available and reconstructed meteo-
ological, glaciological, and hydrological data at the Careser Glacier
11

r

allowed us to identify the two main mechanisms controlling the ob-
served hydrological changes: a remarkable increase of glacier ablation,
driven by the increase of the temperature, that caused the rapid reduc-
tion of the glacier volume with an effect on streamflow that was offset
by the concomitant decline of the glacier area.

The reduction of the glacier volume, widely reported in litera-
ture (Zanon, 1992; Carturan and Seppi, 2007; Carturan et al., 2013a,b)
is shown to be driven by the increase of summer ablation (Fig. 5b),
which occurs without appreciable changes in winter accumulation (see
the 9-year moving average in Fig. 5b). This is in agreement with the
analyses of the climatic drivers, in particular with the increase of the
cumulative temperature in the ablation season (Fig. 7), and with the
precipitation at the Careser Diga without changing points and with
an almost constant moving average over the entire observation period
(1976–2020), as shown in Fig. 3a. The lack of correlation between
streamflow and precipitation during the ablation period (Spearman’s
rank correlation 𝑟 = 0.07), and the significant correlation with min-
imum and maximum daily air temperature (𝑟 = 0.54 and 𝑟 = 0.52,
espectively) reinforce these conclusions. The increase of the air tem-
erature drove the increase of ablation shown in Fig. 5b, which is
ffset by the reduction of the glacier area (Fig. 4), thereby leading
o the reduction of the summer runoff volume starting from 1996
Fig. 9). Moreover, a progressive increase of the liquid precipitation
t the expense of the solid precipitation was observed in the spring
from April to June) and in October, with no appreciable changes in
he accumulation period (November–March), when the precipitation
as predominantly solid, and in summer (July–September) when liquid
recipitation dominates. The distinct fractions of precipitation showed
higher correlation with streamflow (with Spearman’s coefficients of
= 0.34 for the liquid fraction and 𝑟 = 0.31 for the solid fraction),

uggesting again the main role of air temperature in this process. These
orrelations between climatic factors and streamflow can be ascribed to
he substantial impact of air temperature on both the melting process
nd the partitioning between liquid and solid precipitations, thus as-
uming a pivotal role in regulating the flow rate. The prominence of
ir temperature in this context may be further accentuated due to the
outhern exposure of the Careser Glacier, which results more exposed
o the increase of the radiation, as supported by findings of other
tudies (Paul and Haeberli, 2008). Climate models indicate significant
hanges in the partitioning between solid and liquid precipitations.
une and September, which currently are months with a significant
mount of snowfall (though to a lesser extent with respect to the
revious decades), are dominated by rainfall in the climate projections.
oreover, in October, the share of rainfall increases at the expense

f snowfall, which decreases. All these changes indicate a shorter
ccumulation period accompanied by the rise of air temperature, which
eads to higher ablation (Fig. 13).

These changes, which are all in the direction of shifting the Careser
atchment from a glacio-nival to a purely nival regime, have profound
ffects on both the timing of runoff and its annual volume. Starting
rom the beginning of the systematic streamflow observations in 1976,
he summer runoff volume first increased, due to the rise of tem-
erature, reached a maximum in the middle of the 1990s, and then
ecreased at a constant pace in the following years. This behavior was
lready observed in other Alpine glacial environments (see e.g., Huss,
011; Huss and Hock, 2018; Farinotti et al., 2012) and climate projec-
ions confirmed this tendency, with the catchment that is projected to
omplete the shift from the glacio-nival to the nival regime in the next
0 years.

The streamflow timing changed, with runoff that increased in the
arly summer months, driven by the rise of the temperature and
he accompanying increase of the fraction of liquid precipitation, but
iminished in the following months driven by the reduction of the
blation volume, with the larger fraction of liquid precipitation that
as not enough to compensate for the loss. The peak discharge timing
eceded by about 5 days per decade from the reference period 1990 ÷
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Fig. 13. Annual time series of the monthly precipitation partitioned between solid and liquid for the periods 1976–2019 and 2020–2070, the latter extracted from the eight
EURO-CORDEX RCP 4.5 climate models used in the present work and bias-corrected as described in Section 4.2. The bars represent the mean and the whiskers the interquartile
range. The vertical dashed line separates the measurements from the climate projections.
2000, in line with Farinotti et al. (2012) which reported a rate of 4.4±1.7
days per decade for nine Swiss catchments. In relative terms, runoff
increased in June and decreased in August and September, while in the
other months, the observed trends are statistically not significant in the
observational period. Similar monthly statistical trends were observed
in the European Alps by Huss and Hock (2018), who performed a global
evaluation of the hydrological response to the mass loss of the Alpine
glaciers.

Key to the above analysis was the reconstruction of the missing data
in the streamflow time series with the DNN algorithm, which differently
from conceptual or physically based models does not require the defini-
tion of the model’s structure and the number of parameters (including
their spatial and temporal variability) since the system functioning is
learned from the data. This characteristic allows us to unveil complex
and nonlinear relationships between external forcing and observational
data, which may only be partially achieved with a model structure
based on the modeler’s knowledge and experience (Goodfellow et al.,
2016; Shen, 2018). Bayesian model averaging (see e.g., Diks and Vrugt,
2010) or Bayesian model selection (see e.g., Höge et al., 2019) may
be used to inform model structure with the available data, but this
approach is less flexible than ML because constrained to the selected
12
model structures. In other words, they do not allow to capture processes
not envisioned in the models, though reflected in the data. On the
other hand, the main limitation of ML methods is that their capability
to identify system functioning depends on the amount of available
data. Therefore, if less data are available than the minimum needed
to identify the system functioning, conceptual or physically based
methods are expected to provide a better prediction. Despite the high
number of gaps in the daily time series, the available streamflow data
was sufficient to infer system functioning and its temporal changes, as
proven by the good agreement achieved in the training and validation
sets (see Appendix B for a detailed explanation). With the DNN model,
we captured the relevant relationships between drivers and stream-
flow, which provided a satisfactory reconstruction of the streamflow
time series from 1976 to 2021. This is proven by the performance
achieved, with NS reaching 0.69 and 0.89 at the daily and monthly
scales respectively, and the good agreement between training, test and
validation sets. For these reasons, we believe the same approach could
offer valuable insights in similar situations.

In terms of performance, the accuracy of the DNN model prediction
is higher than that commonly accepted in other modeling studies using
conceptual or process-based models. For example, Compagno et al.
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Fig. 14. Evolution of glacier area, (a) and summer mean flow rate, (b) at the Careser Baia in the period 1976–2019 and for the future scenario RCP 4.5. The following three
cases are shown: the summer ablation estimated by linear regression with the mean air temperature (scenario 𝐴1, red curve) and augmented (scenario 𝐴2, blue curve) and reduced
(scenario 𝐴3, green curve) by the standard deviation. These three cases are presented in Section 4.2. The shadowed area represents the variability between the eight EURO-CORDEX
models used in the present work. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
(2021) presented the results of the application of the GloGEMflow
model (Huss and Hock, 2015; Zekollari et al., 2019) to 3927 glaciers
in the Alps, obtaining, for the annual mass balance, a mean squared
correlation coefficient as low as 𝑟2 = 0.29, which increases to 𝑟2 = 0.52
with data aggregated to elevation bands. Another example of the better
performance achieved by the DNN compared to a process-based model
(SWAT) was presented by Rahman et al. (2022), which compared the
two approaches for the simulation of streamflow in different subbasins
in the Upper Indus Basin. They claimed that the reason for the poor
performance of SWAT might be in the choice of the parameters, the
approximations introduced for the physical processes represented, and
the inability of SWAT to detect the peaks of the streamflow. With DNN
they achieved Nash–Sutcliffe values close to 0.9, while SWAT provided
much lower values close to 0.7.

The future evolution of the Careser Glacier was also investigated
by Carturan et al. (2013a), assuming unchanged climatic conditions.
They have foreseen a progressive reduction of the glacier surface (0.65
km2 in 2020, 0.15 km2 in 2040) with the complete disappearance
within 2060. In our work, the averaged value of the area was 0.97 km2

in 2020, while the climatic projections (for the scenarios of ablation A1,
A2, and A3), led to a faster vanishing of the glacier with an averaged
area of 0.15 km2 reached already in 2035 and of 0.07 km2 in 2040. We
depicted a more dramatic scenario, likely as a result of an acceleration
of climate change effects.

In Carturan et al. (2019), data from hydrometric gauging stations in
the upper part of the Noce River catchment were analyzed, including
one site close to Careser dam (Pian Venezia). The Noce River origi-
nates from the confluence of the Careser Stream into the Noce Bianco
downstream of the Careser dam, Fig. 1. Our findings are in agreement
with this work, which showed a shifting of the runoff peak from mid-
to early summer in the 2000s (from August to July) with a progressive
transition from the glacial to the nival regime. These effects are more
13
evident at the Careser Glacier, with the current peak of streamflow in
June. This could be attributed to its south-facing orientation and the
amplifying effect of its diminishing volume.

In summer, the glacier is an important source of water for the
downstream freshwater ecosystems, for a cascade of four hydropower
systems, and ensures suitable conditions for canoe and rafting, at the
professional level, further downstream. In addition, the reduction of
summer streamflow, together with the increase in air temperature has
been the driving force of the remarkable rise of water temperature
in the Careser Stream, immediately downstream of the glacier. The
impact of the changes in the hydrological regime so far experienced
by the Careser Stream on the freshwater ecosystem was investigated
by Lencioni et al. (2022). The conclusions from Lencioni et al. (2022)
and the projections presented here indicate in a relatively near future
the shift of this freshwater environment to conditions more favorable
for species adapted to a warmer climate. In addition, the reduction
of the summer streamflow projected in the coming years will cause
a reduction of hydropower production in the same season, at least
partially compensated by a foreseen increase in spring production due
to the anticipation of the ablation period. However, the optimal use of
the Careser reservoir may contribute to mitigate these changes.

7. Conclusions

We studied streamflow changes of the Careser Stream, a glacial
headwater of the Adige River, in northeastern Italy. The Careser Glacier,
which feeds the stream, losses mass since the early 1970s but in the
last two decades the rate of shrinking increased dramatically causing
remarkable changes in the annual runoff and seasonal streamflow
timing. Hydro-climatic changes driving this behavior were detected
by performing a comprehensive analysis of precipitation, temperature,
flow rate, and glacier mass balance. Successively, the impact of these
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changes on the hydrological system, composed of the glacier and the
non-glacial portion of the catchment, was analyzed by considering the
recorded time series of the glacier budget and streamflow measured
at the Careser Baia gauging station, immediately upstream of the
Careser reservoir with a total contributing area of 8.5 km2. In the early
1970s, slightly over half of this area was covered by the glacier, which
experienced a dramatic reduction in size over the years. Precipitation,
temperatures, and streamflow measurements were supplemented with
geostatistical (for precipitation and temperature) and machine learning
(for streamflow) modeling to reconstruct missing information at the
glacier and the outlet of the investigated catchment.

We found that streamflow alterations were caused chiefly by the
increase in the air temperature in the summer months and the progres-
sive increase of the fraction of liquid precipitation at the expense of
the solid fraction in the same months. At the glacier, the cumulative
summer air temperature, between May and September, increased since
the early 1970s with the 9-year moving average that increased as well
with a rate of 14.85 oCy−1from 198 oC (seasonal mean of 1.3 oC) in
1980 to 584 oCday (seasonal mean of 3.8 oC) in 2016. On the other
and, both winter snow accumulation and winter precipitation, the
atter evaluated at the Careser Diga, were stationary over the entire
bservational period. As an effect of the remarkable increase in the air
emperature, summer ablation increased dramatically resulting in the
apid shrinking of the glacier. This was accompanied by the increase
f the liquid precipitation in spring and autumn chiefly at the expense
f a reduction of the solid precipitation. From a hydrological point
f view, the Careser system experienced an increase in the summer
blation, which produced first a moderate increase of streamflow until
he middle of the 1990s, when the reduction of the glacier area offsets
he increase of summer ablation leading to a decline of the streamflow,
lightly mitigated by the increase of the liquid precipitation, after the
eak reached in 1996. As a consequence of these changes, in the last
wo decades, the catchment shifted progressively from the glacial to the
ival regime, and the investigated climate models project to complete
his transition within 2040.
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Appendix A. Kriging with external drift

According to the general geostatistical model of spatial variability
the unknown value of the Random Space Function (RSF) 𝑧𝑖(𝐱) at the
ocation 𝐱 and time step 𝑖 can be estimated as follows:

∗
𝑖 (𝐱) =

𝑛𝑖
∑

𝑗=1
𝜒𝑗,𝑖(𝐱)𝑧𝑗,𝑖, 𝑖 = 1,… , 𝑛. (A.1)

here 𝜒𝑗,𝑖, 𝑗 = 1,… , 𝑛𝑖 are the kriging weights and 𝑧𝑗,𝑖 are the
bserved values at the 𝑛𝑖 active meteorological stations involved in the
stimation. Notice that the stations included in the linear combination
f Eq. (A.1) may change with the time step 𝑖, thereby leading to a
ifferent set of weights. In other words the weights 𝜒𝑗,𝑖 depend on both
he point of estimation and the time step. The KED algorithm assumes
hat the mean of the SRF 𝑧 is spatially variable and depends linearly

from a secondary variable, chosen here to be the elevation ℎ, which
therefore enters in the system of equations of the weights 𝜒𝑗,𝑖 (see
Goovaerts et al., 1997, ch. 6.1.3 for an exhaustive explanation).

The following exponential covariance function was used to charac-
terize the RSF 𝑧:

𝐶(𝑟1, 𝑟2) =

{

𝜎2𝑒−𝑟′ , for 𝑟 > 0
𝜎20 + 𝜎2, for 𝑟 = 0

(A.2)

here, 𝑟′ =

√

𝑟21
𝜆21

+
𝑟22
𝜆22

and 𝑟𝑖, 𝑖 = 1, 2 is the 𝑖th component of the two-

point separation distance with 𝜆𝑖 being the correlation length along the
same direction. In addition, 𝜎2 is the variance and 𝜎20 is the nugget
effect, which takes into account the variability occurring at spatial
scales smaller than those resolved by the measurements. To reduce
the number of parameters, the covariance function (A.2) was assumed
isotropic, i.e. 𝜆1 = 𝜆2 = 𝜆.

The model (A.1) requires for its application the identification of the
three model’s covariance parameters (𝜆, 𝜎20 and 𝜎2) and two hyper-
parameters. The first hyper-parameter is the maximum number, 𝑛𝑚𝑎𝑥,
of stations used in Eq. (A.1) and chosen with the nearest neighborhood
criteria among those at elevation larger than ℎ𝑧,𝑙𝑖𝑚, which is, therefore,
the second hyper-parameter. This choice is performed by minimizing
the following objective function:

𝑅𝑀𝑆𝐸 = 1
𝑛

𝑛
∑

𝑖=1

[

𝑧∗𝑖 − 𝑧𝑖
]2 (A.3)

valuated at the Careser Diga station (station T0065), which was then
xcluded from the set of 𝑛𝑚𝑎𝑥 stations used in Eq. (A.1). In Eq. (A.3)
𝑧𝑖 is the observed variable at the Careser Diga station at time step
𝑖, since the beginning of the observations, and 𝑧∗𝑖 is the correspond-
ing modeled (kridged) value. To simplify the optimization procedure
several combinations of hyper-parameters were pre-selected and the
RMSE was minimized for each of them by searching the space of the
covariance parameters using the particle swarming algorithm (Eberhart
and Kennedy, 1995; Castagna and Bellin, 2009). The combination of
hyper-parameters that produced the global minimum (i.e. the minimum
of the sum of the optimal (minimum) RMSE of 𝑇𝑚𝑖𝑛, 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑒𝑎𝑛) was
𝑛𝑚𝑎𝑥 = 32 and ℎ𝑧,𝑙𝑖𝑚 = 1000m a.s.l., and they were used in a final search
f the covariance parameters space providing the optimal parameters
or each variable.

https://data.mendeley.com/datasets/z4b439psmn/1
https://data.mendeley.com/datasets/z4b439psmn/1
https://data.mendeley.com/datasets/z4b439psmn/1
http://www.meteotrentino.it
https://meteo.provincia.bz.it
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Table A.6
Optimized parameters of the covariance function (A.2), minimum 𝑛𝑖,𝑚𝑖𝑛 and maximum
𝑛𝑖,𝑚𝑎𝑥 number of stations used in the interpolation.

Variable 𝜎2
0 𝜎2 𝜆 𝑛𝑖,𝑚𝑖𝑛 − 𝑛𝑖,𝑚𝑎𝑥

[◦C]2 or [mm]2 [◦C]2 or [mm]2 [km] [–]

𝑃 49.98 19.55 6.98 10 − 24
𝑇𝑚𝑖𝑛 1.78 18.05 2.94 5 − 23
𝑇𝑚𝑎𝑥 39.02 16.26 5.61 5 − 23
𝑇𝑚𝑒𝑎𝑛 10.92 36.81 3.47 5 − 23

Table A.6 shows the optimal parameters of the covariance function,
he minimum (𝑛𝑖,𝑚𝑖𝑛), and the maximum (𝑛𝑖,𝑚𝑎𝑥) number of stations used
n the models.

The above optimization procedure was repeated for the precipita-
ion aggregated at the monthly scale verifying that the same set of
yper-parameters was optimal also in this case. Notice that KED was
pplied to the precipitation aggregated at the monthly scale because the
odel (A.1) cannot handle intermittency, which characterizes precipi-

ations at the daily and smaller time scales. The meteorological stations
acking the measured value at the time step 𝑖 were excluded from the
um in Eq. (A.1), thereby 𝑛𝑖 changed with the time step 𝑖, such as the

weights 𝜒𝑗,𝑖, and was limited to a maximum value of 𝑛𝑚𝑎𝑥 = 32, when all
the 32 meteorological stations selected with the nearest neighborhood
criteria were active.

Appendix B. Dense deep feed-forward neural network

Streamflow was modeled from 1976 to 2019 by using the Dense
Deep feed-forward Neural Network (DNN) algorithm with dense and
unidirectional connections between the neurons of the hidden layers.
The model was built by training and validating the DNN algorithm with
the available summer streamflow measurements.

The DNN model was developed as follows. The streamflow time
series, in the summer period, was randomly partitioned into training
and test sets, containing 80% and 20% of the data, respectively. Con-
sidering the relatively low amount of data, with respect to the typical
Machine Learning (ML) application, the validation step was performed
directly on the training set with the k-fold cross-validation procedure
as suggested by Raschka (2015). Accordingly, the training set was
subdivided into 𝑘 = 10 groups, and in turn, each one of them was
used as the test set, with the remaining 𝑘 − 1 = 9 groups assuming the
role of the training set, on which the model was trained. For a given
choice of the hyperparameters, training was performed by selecting the
DNN parameters that minimize the RMSE metric (Eq. (A.3)) using the
Adam optimizer (Kingma and Ba, 2014) with the observed streamflow
as reference. The Nash Sutcliffe coefficient 𝑁𝑆 (Eq. (1)) was then
computed on each one of the 𝑘 = 10 groups selected as the test set.
Considering that the 𝑁𝑆 coefficients depend on the hyperparameters,
i.e. the number of hidden layers and neurons and the activation func-
tion, the above procedure was repeated with several combinations of
hyperparameters selecting those that provided the highest NS values.

The resulting DNN model (i.e. the best combination of hyperpa-
rameters and the parameters learned with the training step) was then
verified against the test set not used in the training and validation pro-
cedures (i..e, the 20% of the data not used in the k-fold procedure). The
NS coefficient obtained in this step can be considered representative of
the quality of the model.

The 𝑁𝑆 values of the training and test sets were 0.73 and 0.65
respectively, while in the cross-validation (k-fold) procedure an average
𝑁𝑆 of 0.73 was obtained with a standard deviation of 0.012 obtained
across the 𝑘 = 10 folds. With these performances, in particular the small
reduction of NS between the training and test set, the model can be
considered satisfactory and able to generalize without overfitting.

The final structure of the network was composed of four hidden
15

ayers each one with 14 neurons, in addition to the input and output
layers. As activation function, we used the Exponential Linear Unit
function (ELU) (Clevert et al., 2016):

𝑔(𝑧) =

{

𝛼(exp(𝑧) − 1), if 𝑧 > 0
𝑧, if 𝑧 ≥ 0

(B.1)

where 𝛼 was set equal to one.
The DNN model was implemented by using the Keras deep-learning

library (Chollet, 2018) developed in Python.

Appendix C. Variation in time of the glacier surface

The surface area of the glacier was obtained for the years 1980
(4.80 km2), 1987 (4.57 km2), 1990 (3.88 km2), 2000 (3.02 km2), 2003
2.82 km2), 2006 (2.35 km2) and 2015 (1.39 km2) by delimiting the
lacier contour in the orthophoto maps provided by the Comitato
laciologico Italiano and Meteotrentino (Carturan et al., 2013a). The
alue the glacier surface area assumed in 1958 was extracted from the
aper by Carturan et al. (2013a). In the remaining years, the area was
econstructed as follows. First, the maximum thickness of the glacier
t the above years was obtained by entering the surface area in the
rea-Thickness relationship shown in Fig. C.1. The resulting values
ere used as a reference for computing the evolution of the maximum

hickness 𝑠𝑖 at the year 𝑖 between two successive times at which the
urface area was known (extracted from the orthophotos), as follows:

𝑖 = 𝐵𝑛,𝑖
(𝑠𝑖1 − 𝑠𝑖2 )

∑𝑖2
𝑗=𝑖1+1

𝐵𝑛,𝑗

, 𝑖 = 𝑖1 + 1,… , 𝑖2 (C.1)

where 𝐵𝑛,𝑖 is the glacier net balance at the year 𝑖 (see Fig. 5) and 𝑖1
and 𝑖2 are the two successive years at which the area was determined
from the orthophotos. The Expression (C.1) was used to compute the
evolution of the maximum glacier thickness in the intervals 1980–1990,
1990–2000, and 2000–2006. Before 1980 and after 2006 the maximum
thickness was obtained from the following expression:

𝑠𝑖 = 𝑠𝑖−1 +
𝐵𝑛,𝑖

𝑟𝜌
(C.2)

where 𝑟𝜌 is the ratio between the density of the ice and that of water,
assumed here equal to 0.9 (Carturan et al., 2013a). We assumed the
density of the ice as a reference because the glacier showed a negative
net balance since the beginning of the time series, except in a few years
between 1967 and 1980. In the period 1967–1980 the Eq. (C.2) was
applied backward starting from 𝑖 = 1980 and inverting it: 𝑠𝑖−1 = 𝑠𝑖−

𝐵𝑛,𝑖
𝑟𝜌

.
On the other hand from 2006 to 2020 the Eq. (C.2) was used. The
maximum glacier thickness was then used in the Area-Thickness graph
of Fig. C.1 (solid line) to obtain the area of the glacier at all the years,
except for those already computed from the orthophotos. The evolution
in time of the glacier surface area is shown in Fig. C.1 with black
bullets.

The relationship between the glacier area and the maximum glacier
thickness was obtained by Martinelli et al. (2010) from the DTM of
the glacier bedrock and the estimate of the 2008 glacier surface. The
DTM was obtained by means of two GPR surveys conducted in 2007
and 2008 (Carturan et al., 2013a) and the glacier surface from the dif-
ferential GPS survey conducted in the autumn of 2006 by the ‘‘Ufficio
Previsione ed Organizzazione’’ of the Autonomous Province of Trento,
Italy, taking into account the net glacier budget in the hydrological
years 2006/2007 and 2007/2008 (Martinelli et al., 2010). The 2008
glacier surface was then moved up and down at steps of 0.1m, and at
each position the surface area was obtained by counting the number
of cells of the DTM inside the contour of the glacier, determined by
intersecting the translated surface with the bedrock.
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Fig. C.1. Surface area of the glacier versus its maximum thickness (red solid line) and
time evolution of the glacier surface area (black bullets). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Table D.7
Coupled measurements of flow rate and water stage at the Careser Baia gauging station
used to obtain the rating curve.
Source: Data were provided by Meteotrentino.

ID Date ℎ [m] 𝑄 [m3∕𝑠]

Baia 1 22-Jul-2009 0.15 1.135
Baia 3 22-Jul-2009 0.14 1.124
Baia 5 23-Jul-2009 0.19 1.705
Baia 6 23-Jul-2009 0.255 2.292
Baia 7 23-Jul-2009 0.295 2.733
Baia 8 23-Jul-2009 0.345 3.152
Baia 9 23-Jul-2009 0.4 3.942
Baia 10 13-Aug-2009 0.165 1.495
Baia 11 13-Aug-2009 0.28 2.476
Baia 12 13-Aug-2009 0.34 3.014
C2 Baia 21-Oct-2014 0.04 0.122
C1 Baia 21-Oct-2014 0.04 0.198
Baia 1–2019 25-Jul-2019 0.16 1.218
Baia 2–2019 25-Jul-2019 0.17 1.291
Baia Dilution 1 4-Jul-2018 0.12 1.043
Baia Dilution 2 4-Jul-2018 0.12 1.054
D1 Baia 18-Jul-2003 0.095 0.640
D2 Baia 18-Jul-2003 0.35 3.143
D3 Baia 18-Jul-2003 0.5 4.131
D4 Baia 18-Jul-2003 0.7 7.385

Appendix D. Rating curve of the Careser Baia gauging station

The rating curve was constructed by fitting the following power law
expression: 𝑄 = 𝑎 ℎ𝑏 to the pairs of measured flow rate 𝑄 [m3∕s] and wa-
ter stage ℎ [m] provided by Meteotrentino (www.meteotrentino.it) and
reported in Table D.7. The flow rate (water discharge) was measured by
using the standard velocity-area method. In the years 2009 and 2019,
the flow rate was evaluated by using the velocity-area method with the
velocity measurements performed with an acoustic velocimeter (Sontek
Flow Tracker). The same method was used in 2003, but no information
is available on the type of instrument used to measure the stream
velocity. In 2018 both measurements were conducted with the dilution
method.

The solid red line of Fig. D.1 shows the rating curve obtained by
using the entire set of data, while that represented by the solid blue
line was obtained by repeating the fitting experiment after removing
the last two measurements of Table D.7, indicated with a red bullet in
the Figure.
16
Fig. D.1. Rating curve at the Careser Baia gauging station (red solid line) obtained
by fitting the power law expression 𝑄 = 𝑎 ℎ𝑏 to the experimental data shown in
Table D.7. The solid blue line shows the fitting curve obtained after removing the
last two measurements of the Table (identified by the red bullet). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

This was done to verify the consistency of these last two measure-
ments performed at a high water stage with the other pairs. The two
curves almost overlap, confirming that these two measurements are
consistent with the others. In the present work, we used the rating
curve obtained by using all the measurements and depicted with a red
solid line in Fig. D.1 with the two parameters assuming the following
values: 𝑎 = 10.7473 [9.9632, 11.5314] and 𝑏 = 1.15787 [1.08226, 1.233484].
The values within the brackets indicate the 95% interval of confidence.

Appendix E. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jhydrol.2023.130316.
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