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Abstract.

Seasonal snowpack is a key component of the mountain cryosphere, acting as a vital natural reservoir that regulates runoff

downstream in snowfed basins. In mid- and low-elevation mountain regions such as the European Alps, snow processes, such

as accumulation and ablation, are highly sensitive to climate change, having direct implications for hydrological forecasting

and water availability. In this study, we present the analysis of a 30-year (1991–2021) long dataset of snow water equivalent5

(SWE) in the Po River District, Italy, which includes parts of the Alps and Apennines. The data is available at a 500!500 m2

spatial resolution and at a daily temporal scale (Dall’Amico et al., 2025). This data was generated using the “J-Snow” modeling

framework, which integrates the physically based GEOtop model with in situ snow height observations and earth observation

snow cover products such as MODIS. Our results show that the long-term (30 year) basin-wide mean annual SWE volume

equals 3.34 Gm3. The elevation-wise statistical analysis of key snow volume and duration metrics shows that the most pro-10

nounced snow water equivalent losses occur below 2000 m a.s.l. Below this threshold, both snow volume metrics and duration

metrics show a significant decrease, indicating decrease in snow water storage and earlier melt. Above this elevation, the snow

volume metrics show increasing trend while as the duration metrics continue to show a shortened (decreasing trend) snow

season except at the highest elevations (>2500 m). The findings of this study highlight the changes to the mountain seasonal

snow storage and the timing of snow dissappearance across the Italian Alps. This combined effect highlights a fundamental15

shift in the hydrological regime of the Po River Basin, with significant implications for water availability and management

under ongoing climate change.

1 Introduction

Global warming has significant effects on the cryosphere (Hock et al., 2019), with mountain regions, particularly the Euro-

pean Alps, experiencing more warming (twice) (cf. (Kotlarski et al., 2022)) relative to the global average (Copernicus, 2025;20

Kotlarski et al., 2022). According to the Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change
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(IPCC), global surface temperatures increased by 0.99 [0.84–1.10]→C between 2001 and 2020 compared to 1850–1900 levels

(IPCC, 2023). The rising surface temperatures in mid-latitude mountain ranges like the European Alps is projected to lead to

a change in the precipitation phase from snow to rain, resulting in earlier snow-melt runoff (Dozier, 2011; Hock et al., 2019).

In the European Alps, this warming has already led to a reduction in snow cover (Notarnicola, 2022) and snow depth (Matiu25

et al., 2021; Bozzoli et al., 2024). The warming-induced changes in snow is having critical implications for downstream water

availability (Avanzi et al., 2024; Montanari et al., 2023; Zampieri et al., 2015), ecosystem functioning (Edwards et al., 2007;

Colombo et al., 2023) and socioeconomic impacts (Abegg et al., 2007). During the last century, spring discharge in the largest

Alpine River basins (Rhine, Danube, Rhone, and Po) has consistently shifted two to three weeks earlier, partly due to changes

in snowmelt timing (Zampieri et al., 2015).30

Seasonal snowpack is an important part of the European Alpine climate system because it acts as a reservoir, storing water

and subsequently releasing it, thus playing a vital role in the hydrological cycle (Matiu et al., 2021) and, in the Italian Alps,

SWE contributes about 50% of the total river runoff (Avanzi et al., 2023). In addition, it also plays an important role in the

energy budget due to its high albedo and low thermal conductivity (Edwards et al., 2007). From an economic point of view,

the amount and duration of snow is very important for tourism and hydropower generation (Marty, 2008). For example, in the35

Alps, many villages and towns are highly dependent on winter tourism for their livelihood (Abegg et al., 2007).

The snow cover area (SCA) has been the basis for snow monitoring efforts (Brown, 2000; Notarnicola, 2022, 2020), however,

the SCA does not provide direct information on the water content stored in the snowpack (Brown, 2000; Sturm et al., 2010;

Huning and AghaKouchak, 2020). To understand the changes in water availability associated with the volume and timing of

snow storage we must focus on the snow water equivalent (SWE) (Sturm et al., 2010) since it provides a fundamental measure40

of the volume of water contained within the snow (Huning and AghaKouchak, 2020; Avanzi et al., 2024). SWE is defined as the

equivalent amount of water that would result after melting the entire snowpack (Egli et al., 2009; Huning and AghaKouchak,

2020). Traditionally, SWE is measured on a point-scale using snow courses and snow pillows (Serreze et al., 2001), and these

represent a small footprint of the area of actual ground conditions (Dozier, 2011; Molotch and Bales, 2006), providing limited

information on spatial variability, especially in data-scarce high-elevation mountain regions (Ma et al., 2023; Dozier, 2011).45

Furthermore, the combination of mountain topography and weather systems amplify this limitation, highlighting the need for

a temporally continuous and spatial distributed SWE dataset, such as the one used in this study (Dall’Amico et al., 2025).

At a spatially distributed scale, SWE data are generally reconstructed from remote sensing techniques (Premier et al., 2023;

Oveisgharan et al., 2024; Tsang et al., 2022; Schilling et al., 2024), data assimilation of remote sensing, reanalysis and modeling

(Margulis et al., 2019, 2015; Avanzi et al., 2023; Dall’Amico et al., 2025). The latest active remote sensing techniques like50

Synthetic Aperture Radar (SAR) (Tsang et al., 2022), Interferometric SAR (InSAR) (Premier et al., 2023; Bonnell et al.,

2024) and lidar-based (Kwon et al., 2021) allow for reconstruction of finer-scale SWE. However, estimation of SWE at spatial

scale from remote sensing is still a challenge due to accuracy, spatial, and temporal resolution due to topography, vegetation,

etc. (Oveisgharan et al., 2024; Tsang et al., 2022; Bonnell et al., 2024). Even if the SWE can be reconstructed based on

the integration of a simulated melt flux over the time period of remotely sensed observed snow cover, this method generates55

data only on the peak SWE value and introduces errors when snowfall occurs during the melt season (Durand et al., 2008;
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Molotch, 2009). Therefore, the dataset used in this study was generated using a hybrid modeling approach, which integrates the

physically based GEOtop 2.0 model (Endrizzi et al., 2014) with a multi-source data assimilation framework that incorporates

both in situ and EO data which allows to generate a continuous spatio-temporal SWE dataset (Dall’Amico et al., 2025; Avanzi

et al., 2023).60

Snow droughts is defined as the deficit in the SWE especially in winter (Huning and AghaKouchak, 2020; Colombo et al.,

2023). Their frequency and duration can have serious implications in snowfed basins (Huning and AghaKouchak, 2020;

Colombo et al., 2023) and subsequently result in streamflow drought in the melting season (Chartier-Rescan et al., 2025).

Globally, in the recent past, snow drought has become more frequent and worrying phenomenon (Huning and AghaKouchak,

2020). As an example, In summer 2022, Northern Italy faced an exceptional snow drought (Koehler et al., 2022; Avanzi et al.,65

2024; Colombo et al., 2023; Chartier-Rescan et al., 2025) severely impacting the Po River Basin (Avanzi et al., 2024; Chartier-

Rescan et al., 2025; Montanari et al., 2023) and the recorded SWE was the lowest in the last 100 years (Colombo et al.,

2023).

This raises the critical question of how SWE patterns have changed over the long term in the Po River Basin. The study

area’s location in a climate transition zone between the Mediterranean and Northern European regions makes this investigation70

particularly relevant (LIFE CLIMAX PO Project, 2023). This transitional position renders the region especially vulnerable to

climate change impacts, highlighting the urgent need for evidence-based adaptation and mitigation strategies (LIFE CLIMAX

PO Project, 2023). Therefore, the high-resolution SWE record (Dall’Amico et al., 2025) represents an invaluable resource for

assessing how SWE has responsed to climate change in one of Europe’s second most climate-sensitive River Basins (Carrer

et al., 2023). This study presents a comprehensive analysis of long-term SWE trends in the Po River Basin, Italy, using a 30-75

year dataset spanning 1991–2021 (Dall’Amico et al., 2025). We address three key research questions: What are the long-term

trends of SWE in the Po River Basin over the 1991–2021 period? How do long-term SWE trends vary across the elevational

gradient in the Po River Basin? What climate drivers influence these long-term trends in SWE in the Po River Basin?

2 Study area and data

2.1 Study area80

The Po River Basin is the largest in Italy (Fig. 1), with a drainage area of approximately 87,000 km2. The Po River Basin is

the main basin contained in the Po River District (Fig. 1, red and dashed), an overregional entity born by decree in 2015 as the

union of the Po River Basin with some smaller basins, like the ones of Conca and Reno, that flows into the Adriatic Sea. This

territory spans eight Italian regions: Aosta Valley, Liguria, Emilia-Romagna, Piedmont, Tuscany, Lombardy, Marche, Veneto

and the Autonomous Province of Trento and some parts of Switzerland and France (LIFE CLIMAX PO Project, 2023). The85

Po River Basin is home to about 20 million people roughly one-third of Italy’s total population (LIFE CLIMAX PO Project,

2023). This region includes more than 3 million hectares of agricultural land, contributing to more than 40% of the country’s

GDP, and producing roughly 55% of Italy’s hydropower (LIFE CLIMAX PO Project, 2023).
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The river has a total length of 652 km and originates from Monviso in the Cottian Alps in Piedmont and drains into the

Adriatic Sea north of Ravenna, Italy. Along its path, the river receives water from 141 tributaries (of which 38 are the main90

ones) both from the Alps and the Apennines. These two mountain ranges create distinct hydrological regimes: (a) Alpine

tributaries are characterized by snow and glacier melting with peak discharge in early summer, while (b) Apennine rivers are

dominantly fed by rainfall and for this reason often experience significant low-flow or dry conditions during the same period

(ADBPO, 2006).

The climate of the Po River District is strongly governed by its complex orography. In the North, the Alpine system acts95

as a barrier against Northern cold air masses, while the Apennine range prevents the moderating effects of the sea on the Po

Valley. Together, these mountain systems trap humid westerly winds and alter the trajectory of Atlantic cyclones, shaping the

spatial and seasonal distribution of temperature and precipitation in the Basin (ADBPO, 2006). The mean annual precipitation

is approximately 1000-1200 mm (De Lannoy et al., 2024; ADBPO, 2006). The Po River Basin has a complex and variable

precipitation pattern, which is divided into five types: (a) continental type, with summer maxima and winter minima, prevails100

mostly in the high Alpine valleys, (b) sub-littoral Alpine, and (c) sub-littoral western types are marked by two rainfall peaks,

with the former showing a slight spring prevalence and the latter a more pronounced spring maximum, (d) sub-littoral Padano

regime, with equivalent bimodal peaks, covers the central plain, while the (d) sub-littoral Apennine type, distinguished by a

dominant autumn maximum, characterizes the southern portion of the basin (ADBPO, 2006). The mean annual temperature

typically ranges from 5→ C in the Alpine areas to 15→ C in the plains and foothills of the Apennines (ADBPO, 2006).105

This study focuses specifically on the mountainous part of the Po River District (Fig. 1, black dashed boundary), an area of

approximately 51,000 km2 that includes parts of the Alps and Apennines. It is characterized by a significant elevation gradient,

ranging from the plains (0 m a.s.l.) to over 4,000 m a.s.l.

2.2 Data

In this study, we analyze a comprehensive 30-year long-term SWE dataset in the Po River Basin (Dall’Amico et al., 2025). The110

dataset is available on a daily time scale with a spatial resolution of 500 m2 that partially covers the mountain ranges of the Alps

and Apennines. This dataset is unique due to its long (1991-2021) temporal coverage and fine (500x500 m2) spatial resolution,

making it one of the most complete spatial SWE time series currently available for the study domain. Its homogeneity and

consistency across a large spatial domain make it well-suited for applications such as water resource monitoring, snow-water

storage assessment, snow drought analysis, snow dynamics, and snow climatology. Another gridded SWE dataset available115

for the Italy is the IT-SNOW (Avanzi et al., 2023) available at a resolution of 500 m from 2010 to 2021 with possible future

updates annually.

In contrast to snow depth measurements, which do not directly represent the amount of water available from the snowpack,

the SWE data enables quantification of the volume of water, an essential variable for water resource management and runoff

forecasting (Huning and AghaKouchak, 2020). Furthermore, this dataset can serve as a reference for calibrating and validating120

temperature-index snow models (Formetta et al., 2014; J. G. Arnold et al., 2012), thus evaluating their reliability in both

research and operational hydrological applications.
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This dataset was generated using the hybrid modeling approach “J-snow” (Dall’Amico et al., 2018), which integrates the

physically based GEOtop 2.0 model (Endrizzi et al., 2014) with a multisource data assimilation framework that incorporates

both in situ and EO data. The dataset was generated using a complex modeling approach, a rigorous technical validation125

was needed to ensure its quality and reliability for subsequent analysis. Therefore, a comprehensive validation was performed

separately at both point-scale in situ snow depth (HS) observation locations and across the 2D spatial domain using the satellite-

retrieved SCA (Dall’Amico et al., 2025). More details on the data generation methodology and technical validation can be

found in Dall’Amico et al. (2025).

3 Methodology130

We evaluated 30 years of daily SWE time series data using a stratified random sampling approach to quantify changes in

SWE across different elevation bands from 0 to 4500 m a.s.l. at an interval of 500 m. For each of the six elevation bands,

1000 random points were generated to extract their full 30-year daily SWE time series, a sampling strategy that ensures robust

spatial representative coverage of topographic variability.

3.1 Snow phenology metrics135

To assess changes in SWE dynamics over time, we selected six key snow phenology metrics for each hydrological water year.

The metrics were selected based on their relevance in characterizing either snow water volume or snow duration. The three

snow volume metrics include Maximum SWE (MaxSWE), April 1 SWE (April1SWE) (Mote et al., 2008) and Snow Water

Storage (SwS) (Aragon and Hill, 2024), while, the snow duration metrics include SWE Duration (SWEduration), Day of Year

of Max SWE (MaxSWE.dowy) and Snow Disappearance Date (SDD) (Gleason et al., 2019).140

Maximum SWE (MaxSWE) represents the maximum value of SWE observed during a given water year (Jenicek et al.,

2018). It is a fundamental indicator of the total volume of snow water storage within the seasonal snowpack just prior to the

spring melt season (Jenicek et al., 2018). It represents an integrated summary of the weather in the previous winter, reflecting

the snow accumulation and ablation processes providing a useful estimate of the potential runoff volume (Mote, 2006; Mote

et al., 2018).145

April 1 SWE is widely used as a conventional reference point for estimating peak snowpack in many mountain regions in

the United States (Mote et al., 2008; Mote, 2006; Mote et al., 2018; Pederson et al., 2011). The SWE on April 1 was calculated

due to its historical significance in the SWE measurements (Pederson et al., 2011). Furthermore, it is also used as an indicator

of peak SWE in non-glacierised locations (Marty et al., 2023; Bohr and Aguado, 2001).

Snow Water Storage (SwS) (Aragon and Hill, 2024), defined as the integral of the SWE curve over time (length-time; m·d),150

characterizing the total seasonal volume of water stored in the snowpack (Aragon and Hill, 2024). Furthermore, unlike other

snow metrics such as MaxSWE (static single point measure) or SWE duration (length of the snow season), SwS is applicable

in both spatial and temporal scales (Aragon and Hill, 2024). This unique characteristic of SwS allows us to quantify snowpack

storage and its long-term temporal changes (Aragon and Hill, 2024).

5

https://doi.org/10.5194/egusphere-2025-5520
Preprint. Discussion started: 18 December 2025
c© Author(s) 2025. CC BY 4.0 License.



SWE Duration (Marty, 2008) quantifies the length of the persistent snow presence within a hydrological year. In this study,155

it is defined as the number of continuous days during each hydrological year when SWE exceeds 1 mm (Marty, 2008).

Day of year of Max SWE (MaxSWE.dowy) is the day of year on which the maximum SWE occurs. It is used to describe

the onset of the snowmelt season (Jenicek et al., 2018; Marty et al., 2023).

Snow Disappearance Date (SDD) is defined as the first snow-free date after the peak SWE (Gleason et al., 2019; Smoot and

Gleason, 2021). The SDD acts as a key indicator of snowmelt timing (Stone et al., 2002). It also influences the ecosystem by160

affecting the energy budget, determines the duration and timing of the growing season; it affects soil temperature due to the

thermal insulation properties of snow (Edwards et al., 2007), and the reduction in the release of nutrients such as Nitrogen

(Caron et al., 2025).

3.2 Trend analysis

To assess and compute long-term changes in the six selected snow phenology metrics, we applied the Mann-Kendall trend test165

(Mann, 1945; Kendall, 1962). It is a non-parametric statistical method widely used in environmental and hydrological studies

to detect monotonic trends in time-series data (Yue et al., 2002). This method is very well suitfed for environmental data, as it

does not assume a specific distribution of the data and is robust to missing values and outliers (Hirsch et al., 1982). This makes

it ideal for analyzing snow-related time series, which are often characterized by non-normality and occasional gaps.

In this study, the Mann-Kendall test was applied to the time series of each metric in different elevation bands. To assess170

the trends for each snow phenology metric-elevation combination, the test was applied to all the 1000 randomly selected

points data for every elevation zone over the 30-year period (1991-2021). Trend detection and significance were calculated

using the Kendall tau coefficient, while the statistical significance of trends was computed using the corresponding p values. A

significance threshold of 0.05 was used to check whether a trend is statistically significant.

3.3 Basin-wide SWE volume calculation175

We estimated the total volume of water stored in the SWE across the study domain expressed in Giga metric cube (Gm3) by

multiplying the daily SWE values at each pixel by the area of each pixel (500 x 500 m2) and then all individual pixel volumes

were summed across the entire study domain to obtain the total basin-wide SWE volume. This method provides an integrated

estimate of basin-wide water storage in the snowpack, following the approach described by Avanzi et al. (2023).

3.3.1 Anomaly calculation180

In order to assess long-term changes, we calculated the relative anomaly change for representative snow phenology metrics.

We selected two from snow volume (peak SWE, April1 SWE), and two from snow duration (SWE duration and SDD) for

different elevation bands. We first calculated the pixel-wise mean of each of these metrics for both reference (1991/1992 to

2010/2011) and recent periods (2011/2012 to 2020/2021). The elevation-wise change was calculated by taking the sum of all
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pixels in both the reference and recent periods, and then the relative change as a percentage was computed based on these total185

sums using the following formula:

(
recent→ reference

reference

)
↑ 100 (1)

For snow duration metrics, we simply calculated the absolute difference (anomaly = recent_mean - reference_mean) in days.

4 Results

4.1 Total basin-wide SWE volume190

The annual cycle of the total basin-wide SWE volume for the 30-year period (1992–2021) is shown in Fig. 2. The study domain

shows a distinct and regular seasonal pattern of snow accumulation and melt across the basin. From the median niveograph,

the maximum SWE volume reaches a magnitude of approximately 5.6 Gm3 and typically occurs in mid-March (median DOY:

166). The timing of the peak is also variable, generally occurring between the end of February and early April. From the

interquartile range (Q1–Q3), the range is wider around the time of peak SWE, showing that the largest interannual differences195

occur during the late winter. At the time of the median peak, the SWE volume for a typical year can range from 4.7 Gm3 (25th

percentile) to 7.2 Gm3 (75th percentile).

Niveograph patterns diverge across the elevational gradient, where lower elevations demonstrate flashier more ephemeral

snowpacks, and higher elevations demonstrate deep persistent snowpacks (Fig. 3) Fig. 3 shows the comparison of basin-

wide SWE volume across different elevation bands, comparing the mean of the recent decade (2012-2021) with that of the200

reference baseline period (1992-2011). The interquartile range (Q1–Q3) of the reference period shows significant variability,

which highlights the variability in SWE volume conditions at all elevations. All bands show the typical seasonal cycle of

accumulation and melt, with the lower band (0-500 m) showing the ephemeral type of niveograph (Fig. 3). In the lower

elevation bands (0-1500 m), a consistent SWE deficit can be observed in the mean SWE volume in the recent decade compared

to the baseline, with smaller peaks and reduced snow durations (Fig. 3). From 1500-2000 m, the recent decade mean line is205

more or less close to the baseline, but during the accumulation and melt season, the recent decade mean is below the reference

mean, indicating a clear but smaller in magnitude SWE deficit which is prominent with earlier melt onset (Fig. 3). From the

lower to middle elevation bands (0-2000 m), the maximum SWE volume remained closer to the baseline, generally occurring

from mid-February to early March (Fig. 3). In the higher elevation bands (2000–2500 m and 2500–4500 m), the SWE volumes

were mainly higher than baseline conditions during the accumulation and melt periods but showed a more rapid decline in210

SWE compared to lower elevations (Fig. 3). The peak SWE volume typically occurred in early March for the 2000–2500 m

band and in mid- to late-May for the 2500–4500 m band, aligning closely with the reference period.
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4.2 Interannual and decadal variability

4.2.1 Inter-annual variability

The evolution of the SWE volume exhibits a strong, elevation-dependent pattern in both its accumulation and timing, as well215

as in its interannual variability (Fig. 4). In recent years, there is a clear general decrease in the volume of water across elevation

bands and a shift of high SWE volumes to higher elevations with earlier melt-out (Fig. 4). Fig 4 shows the variability of

the SWE volume using the time-elevation Hovmöller plot for each water year from 1991/1992 to 2020/2021. For each water

year, these plots show the total elevation-wise SWE volume of water and the snow disappearance timing. All lower elevation

bands (<1500 m) show more variable and generally lower SWE volumes, with earlier snowmelt timing and greater interannual220

variability (Fig. 4). In those elevations bands, the seasonal snow pack begins accumulating in December-January with peak

volume in February for 0-1000 m and in March for 1000-1500 m. The snow disappearance shows a clear elevation-dependent

pattern from the lower to higher elevation bands. For example, from 0-1000 m, the snow disappearance is by the end of March,

whereas from 1000-1500 m is by the end of April and 1500-2000 m is by May (Fig. 4). All higher elevation bands (>2000 m)

consistently accumulate SWE during the winter months (November-March), with maximum accumulation typically occurring225

in April and snow disappearance extending into the spring and early summer months (June-July) (Fig. 4). The middle elevation

band (1500-2000 m) shows transitional characteristics between the lower and higher elevation bands.

The interannual variability is evident across all the elevation bands, with some years (e.g., WY2001, WY2009, WY2014)

having high SWE volume across all the elevation bands, whereas the years (WY2005, WY2016, WY2017) show comparatively

smaller SWE volume (Fig. 4). High-snow years such as 2008/2009 and 2012/2013 show both higher volume and delayed melt,230

whereas low-snow years like WY16 show low volumes and an earlier snow disappearance across all the elevation bands.

4.2.2 Decadal Variability

A consistent decline in volume of water from SWE is observed at lower elevations, indicating that regions below 1500 m

are experiencing reduced snow accumulation over time (Table ??). Table ?? shows the basin-wide decadal total volume of

water available from SWE (Gm3) for different elevation bands. In lower elevations the inter-decadal comparison shows an235

increase in volume from decade 1 to decade 2, followed by a significant decrease between decade 2 to decade 3 (Table ??).

For example, in lowest elevation (0–500 m), the total basin-wide volume of water first increases from 6.5 Gm3 in 1991-2001

to 8.4 Gm3 in 2002-2011 (↓ 29% increase) and then declining substantially to 4.6 Gm3 in 2012-2021 ( 45% decrease from

decade 2). Overall, there is a decline of -29% between decade 1 and decade 3. Similarly, at 500–1000 m, the total available

volume of water decreased from 49.4 Gm3 (1991-2001) to 72.6 Gm3 (2012-2021) (+46.9%), followed by a decrease to 38.6240

Gm3 (-46.8%) between decade 2 and 3. Overall, a decline of -22% between decade 1 and decade 3. The 1000–1500 m elevation

zone also showed a notable decline (-23%) from 449.2 Gm3 to 344.7 Gm3 between decade 1 and decade 3. In 1000-1500 m

band, the volume of water first increases from 449.2 Gm3 in 1991-2001 to 514.8 Gm3 in 2002-2011 ( 14% increase) and then

shows a decline to 344.7 Gm3 in 2012-2021 ( 33% decrease from decade 2). Overall, a decline of -23% is observed between

decade 1 and decade 3 in elevation band 1000-1500 m. The 1500–2000 m elevation band experienced slight variations in245
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SWE, increasing from 1659.4 Gm3 (1991-2001) to 1795.1 Gm3 (2001-2011) ( 8% increase between decade 2 and 1), but then

declining to 1622.3 Gm3 in 2012-2021 ( 10% decrease between decade 1 and 3). Overall in 1500-2000 m band, there is a

reduction of 2% between decade 1 and decade 3. The higher elevations (> 2000 m) exhibit opposite trend, with a decrease

in volume from decade 1 to decade 2, followed by an increase between decade 2 to decade 3. At 2000–2500 m, the volume

decreased from 3605.5 Gm3 (1991-2001) to 3349.1 Gm3 (2002-2011) ( 7% decrease) but then increased to 3817.8 Gm3250

(14% increase) in 2012-2021. Overall in 2000-2500 m band, there is a increase of 6% between decade 1 and 3. Similarly,

at 2500–4500 m, the volume decreased from 3364.2 Gm3 (1991-2001) to 2798.0 Gm3 (2002-2011) ( 17% decrease between

decade 1 and 2), but then increased to 3679.4 Gm3 in 2012-2021 ( 31% increase between decade 2 and 3). Overall in >2500 m

band, there is an increase of 9% between decade 1 and 3. These numbers show that the available volume of water from SWE

in the study domain demonstrates a pronounced elevational gradient across all three decades. Additionally, the total basin-wide255

water exhibits complex trend over the study period. Decade 1 contained approximately 9134.2 Gm3, and decade 2 has 8538.0

Gm3 (-6.5% decrease between decade 1 and 2), whereas the decade 3 recorded 9507.4 Gm3 (+11.4% from decade 2) with an

overall increase of about 4% from between decade 1 and decade 3.

4.3 Temporal analysis of seasonal snow dynamics

The timing of the peak SWE and its disappearance show a strong elevation dependent pattern and significant interannual260

variability (Fig. 5 and 6). At lower elevations (0-1000 m), the peak SWE generally occurred in midwinter (January–February),

March–May at mid elevations (1000-2000 m), and April-May at higher elevations (>2000 m). The timing of the peak SWE

also shows interannual variability in all elevation bands. Indeed, compared to March 6 (assumed to be the median peak SWE

date in Italy (Aragon and Hill, 2024)), indicated by the dashed line, some years highlight consistent patterns: lower elevations

had peak dates clustered in January–February, mid elevations (1000–2000 m) predominantly peaked around February–March,265

and high elevations (2000–4500 m) exhibited peaks consistently from March onward.

The snow disappearance dates across different elevation bands for all water years from WY1992 to WY2021 show strong

elevation-dependent and interannual variability (Fig. 6). Generally, snow disappeared earliest in lower elevation bands (0–500

m and 500–1000 m), typically by mid- to late spring (April–May). In contrast, higher elevation bands (>2000 m) exhibited

snow persistence until late spring or early summer (June–July), indicating a clear elevation gradient in snow persistence. SDD270

also shows significant interannual variability, with certain years such as WY1999, WY2016, WY2017 showing earlier snow

disappearance at all elevations, while years like WY1997, WY2001, WY2019 show late snow disappearance. High snow

years (cf. Figure 4) generally show later snow disappearance dates at all elevations. In contrast, years with small and shallow

snowpacks show earlier and more rapid snow disappearance dates.

4.4 Snow phenology metrics275

The snowpack characteristics from both snow volume and snow duration for the study period exhibit a strong relationship with

elevation (see supplementary Table S1). The mean annual (Max SWE) ranges from 8.8 mm/day in the lowest elevation band

(0–500 m) to 742.6 mm eq. of water in the highest band (2500–4500 m). Similarly, mean April 1 SWE, an indicator of water
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resource management (Mote, 2006), ranges from 0 mm at low elevations to 591 mm at higher elevations. Furthermore, the

variability also exhibits a relationship with elevation. The standard deviation of Max SWE is 13.2 mm at 0-500 m but increases280

to 335.0 mm at 2500-4500 m, highlighting the much larger interannual variations in SWE volume at higher elevation bands.

April 1 SWE standard deviations range from 0.1 to 283.2 mm in the highest elevation bands. SwS also exhibited the elevational

dependence, with mean values ranging from 886.4 mm-day at 0-500 m to more than 26 million mm-day at 2500-4500 m.

The snow duration metrics also follow a clear elevation dependent pattern, similar to the snow volume metrics. The length

of the snow season (SWEduration) is shortest at lowest elevations (averaging 5.0 days at 0-500 m) and longest at the highest285

elevations (254 days). The standard deviation in snow duration was relatively consistent in middle elevations (26 to 42 days), but

decreased at the highest elevation (16 days). The timing of peak SWE occurrence (MaxSWE.dowy) on average per water year

ranges from 81 days (late December) at 0-500 m to 210.0 days (late April) at 2500-4500 m, indicating later peak accumulation

at higher elevations. The middle elevation zones (1000-2000 m) showed an intermediate timing of around 150 days (late

February). Similarly, the SDD advances from from 83 days (late December) at 0-500 m to 258 days (mid-June) at 2500-4500290

m. At the high elevations, the timing of snow persistance is more consistent, with the standard deviation of SDD decreasing

from 51 days in the lowest band to 12 days in the highest band.

4.5 Trends in snow phenology metrics across different elevation bands

The snow phenology metrics representing snow volume and snow duration across the 30-year study period are shown in Table

2 and Fig. 7. Our results show strong elevation dependent trends across the study domain. This pattern is consistent across both295

snow volume metrics (Max SWE, April1SWE, SwS) and snow duration metrics (SWEduration, MaxSWE.dowy and SDD).

The detailed statistical analysis for these key snow phenology metrics across different elevation bands are shown in Table 2

and Fig. 7.

4.5.1 Changes in snow volume storage

All snow volume metrics (max SWE, April1SWE and SwS) show strong negative trends throughout the 30-year study period,300

demonstrating overall losses in snow-water storage across the lowest elevations (0-1500 m a.s.l.) with very high p-values

(p < 10↑10). The max SWE showed a strong decreasing trend (e.g., from Z = –32.0 at 0–500 m to Z = -7.30 at 1000-1500

m), showing a significant (ω = –0.13 at 0–500 m to ω = -0.02 at 1000-1500 m) reduction in maximum snow accumulation

over time. From 0 to 1500 m, the decline continues but gradually weakens, and then a transition occurs from 1500-2000 m

elevation band where the trend reverses to increasing (Z = 5.0895, ω = 0.01994) and reaches its maximum positive value in the305

highest elevation band (Z = 22.07, ω = 0.09). April1SWE, an important metric that traditionally represents snow conditions at

the beginning of the ablation period, also shows a significant decline in the lowest elevations (Z = -3.86, ω = -0.02 at 0-500

m), with increasingly negative trends throughout the mid-elevations (Z = -10.13, ω = -0.05 at 500-1000 m). Similarly to Max

SWE, a reversal occurs at 1500-2000 m (Z = 10.36, ω = 0.04), but the magnitude of positive change at higher elevations is

significant, reaching Z = 33.85 with ω = 0.13 at 2500-4500 m. SwS, another snow volume metric, shows consistently strong310

decreasing trends in lower elevations. The trend remains negative, but weakens considerably at 1500-2000 m (Z = -3.86, ω =
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-0.02), before reversing to increasing trend at 2000-2500 m (Z = 9.82, ω = 0.04) and further strengthening at 2500-4500 m

(Z = 19.09, ω = 0.08). This pattern shows that snow water storage is significantly reducing at elevations below 2000 m and

increasing at the highest elevations over the study period.

4.5.2 Snow duration metrics315

The snow duration metrics (SWEduration, MaxSWE.dowy and SDD) show decreasing trends in most cases across all the

elevations with a few exceptions at higher elevations. SWEduration shows persistent decreasing trends that extend up to 2500

m elevation, but in the highest elevation band, the trend increases, though relatively weak (Z = 3.64, ω = 0.01). This shows a

widespread shortening of the snow seasons in most of the elevation bands. Like other metrics, MaxSWE.dowy does not follow

a consistent relationship with elevation. In the 0-500 m elevation band, a decreasing trend was found suggesting an earlier peak320

snow accumulation. However, this shifts to an increasing trend at 500-1000 m (Z = 4.83, ω = 0.02), before changing back to

decreasing trends at mid-to-high elevations, reaching higher values at 2000-2500 m (Z = -22.52, ω = -0.09). At the highest

elevations (2500-4500 m), the trend remains negative but comparatively smaller (Z = -11.11, ω = -0.04). These changes in

MaxSWE.dowy imply that the peak SWE is being reached earlier, even as if snow volume is increasing. SDD, an important

metric that represents the end of the seasonal snow period is the only metric that shows a non-significant result in any elevation325

band (Z = -1.18, ω = -0.004, p = 0.2378 at 500-1000 m). At the lowest elevations (0-500 m), the SDD shows decreasing trend

(Z=-5.33, ω=-0.02), indicating earlier snow disappearance. This decreasing trend strengthens considerably at 1000-1500 m (Z

= -13.09, ω = -0.05) and 1500-2000 m (Z = -14.85, ω = -0.06) before changing to increasing trend at 2000-2500 m (Z = 3.36,

ω = 0.01). The delayed SDD compared to Max SWE suggests that even when snow accumulation is increasing, the timing of

complete snowmelt may not be proportionally delayed, pointing to potentially accelerated melt rates even at high elevations.330

4.6 Long-term changes: Anomaly patterns

Our analysis shows profound changes in the SWE volume and its timing over the last 30 years (see Figs. 8 and 9). By comparing

the recent decade (2012-2021) with the reference period (1992-2011), we found strong elevation-dependent patterns, such as

low-to-mid elevations (<2000 m) are experiencing a loss of snow, while the highest elevations (>2000 m) are gaining (see Figs.

8 and 9). Furthermore, our results show that the main driver of the shrinking snow season is a delayed onset of snow in autumn.335

The following sections detail these changes in total snow-water storage, the magnitude of SWE, and its timing (Figs. 8 and 9).

4.6.1 Long-term losses in snow-water storage in the Italian Alps

During the past 30 years, the snow-water storage has changed differentially across all the elevation bands (8. The analysis

of long-term changes in the total SWE volume for the period (1991-2021) is shown as the relative change (%) in the recent

decade with reference to the mean of the first two decades (8. The results show a strong decrease in the total SWE volume.340

At lowest elevation (0-500 m), a substantial decrease of 38.0% was recorded. This decrease continues through mid-elevations,

with a reduction of 36.6% at 500-1000 m and 28.5% at 1000-1500 m. In the 1500-2000 m elevation band, a smaller but notable

11

https://doi.org/10.5194/egusphere-2025-5520
Preprint. Discussion started: 18 December 2025
c© Author(s) 2025. CC BY 4.0 License.



decrease of 6.1% was recorded. However, in the higher elevation bands (>2000 m), an increase in total volume of water was

recorded. In the 2000-2500 m band, a moderate increase of 9.8% was recorded, while in the highest elevation band (2500-4500

m), an increase of 19.4% was recorded.345

4.6.2 Changes in snowpack magnitude: peak SWE and April 1 SWE anomaly

The analysis of the peak SWE and April 1 SWE were used as an estimate of the amount of water available at the end of the

snow season. The analysis of these key SWE dates (peak SWE and April 1 SWE) showed strong reductions at lower elevations

(0-1500 m) (Fig. 9). Their pattern is nearly identical, with severe losses at low-to-mid elevations in both dates.

At the lowest elevations (0-500 m), the peak SWE shows a reduction of 91.6%. The decline continues, such as at 500-1000 m,350

there is a reduction of 55.6% and at 1000-1500 m, a reduction of 26.4% was recorded. In 1500-2000 m band, a small reduction

of about 4% was recorded. However, at higher elevations (> 2000 m), an increase in peak SWE was recorded. In the bands

2000-2500 m and 2500-4500 m, a moderate increase of about 10% and 17% was recorded, respectively. For April 1 SWE, the

pattern is nearly similar, with strong losses at lower elevations (-100 to -15.8% in the 0-1500 m band) and an increase at mid to

high elevations (1500-4500 m), i.e., about 3 to 18%. These results highlight that the entire end-of-winter snowpack, not just on355

one specific date, is following this strong elevation-dependent pattern. For the dates, the spatial map (see Fig. 9) clearly shows

the widespread losses in the lower valleys (red) and the gains in the highest mountain regions (blue). Furthermore, both dates

reveal an elevational threshold around 1500 meters (see Fig. 9), where the SWE trend vary from strongly negative to positive.

4.6.3 Changes in snow season timing: Snow duration and SDD anomaly

The snow season timing analysis also shows an elevation-dependent pattern that complements the SWE magnitude changes360

(Fig. 9C). In lower elevations (0-1500 m), there is a significant reduction in snow season, with the most severe impacts at

1000-1500 m showing an average loss of 20.8 days. However, at the lowest elevations (<1000 m), a slight to moderate decrease

of -1.2 to -6.3 days was observed. The highest elevations (>2500 m) show a modest increase in the duration of snow, gaining

up to +5.1 days.

The long-term analysis of SDD shows comparatively much smaller changes (Fig. 9D). At the lowest elevations, the SDD365

occurs slightly later (+7.2 days) than in the reference period. Mid-elevations (500-1500 m) show a moderately earlier SDD of

2.3 to 2.4 days, while higher elevations show delayed melt-out, with the 2500-4500 meter band showing a 2.4 day delay. These

results highlight that the primary driver for the shorter snow season is the later onset of snow in the autumn, because the small

reduction (-2.3 days in the 1000-1500 m band) cannot account for the massive 21 day loss in duration (see Fig. 9C).

4.6.4 Winter months anomaly370

Analysis of monthly SWE anomalies in winter months (December, January, February, and March) shows strong elevation-

dependent changes between the recent decade (2012-2021) and the reference decades (1992-2011) (Fig. 10). There is a con-

sistent delay in the onset of snow at very low elevations (0-1000 m). In the lower elevations (0-1500 m) bands, we found
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consistent negative anomalies (reduced SWE) across all the winter months. This delay is most pronounced in December, Jan-

uary and February, which strongly indicates that early winter accumulation is being impacted by either delayed snowfall or a375

shift in precipitation from snow to rain.

For all winter months, there is a clear transition around the 1500-2000 m elevation band, consistent with our previous results

(see section 4.5.1). In this band, there is also comparatively more variability than in the lower elevation bands, as shown by

the spread of the data (Fig. 10). In the higher elevations (> 2500 m), there is a clear increase in winter SWE. This positive

anomaly grows progressively from December to March, with the largest gains in SWE occurring in late winter. In this band,380

the variability also increases substantially at higher elevations.

4.7 Comparison with other dataset

In the absence of comprehensive reference spatial SWE data in the study domain, we made a comparison of our dataset

(hereafter, WaterJade for comparison) with another similar (but shorter) SWE dataset called IT-SNOW (Avanzi et al., 2023).

IT-SNOW is a snow reanalysis data for the whole of Italy and is available as daily 500 m spatial resolution maps of SWE, HS,385

bulk snow density (RhoS), and liquid water content (Theta_W) (Avanzi et al., 2023). For comparison, we used the variable

SWE from IT-SNOW. The data were then reprojected, masked to WaterJade dataset, and temporarily aligned to a common

time period (2011-2021). Then we computed the daily total SWE volume (Gm3) for the study domain from both datasets

(Fig. 11). Furthermore, for elevation-dependent analysis, we also calculated the daily SWE volume within each elevation band

from both the datasets (Fig. 12). A comparison of the daily basin-wide SWE volume for the 2011–2021 period shows a strong390

overall agreement between WaterJade dataset and the IT-SNOW dataset (Fig. 11). Both datasets are able to capture the timing

and magnitude of seasonal snow accumulation and melt, while WaterJade dataset shows slightly higher peak volumes than

IT-SNOW data with R2 = 0.87, RMSE = 0.81 Gm3 and MAE = 0.58 Gm3, indicating strong overall agreement between the

two datasets. Furthermore, an elevation-wise comparison shows that there is a large difference at lower elevations (0-500 m,

R2 = 0.31; 500-1000 m, R2 = 0.45), where IT-SNOW generally shows higher SWE volume during peak accumulation, whereas395

WaterJade dataset shows slightly higher volume in higher elevations (>2000 m) (Fig. 12). However, in the middle elevation

band (1500-2000 m), both the datasets show a very strong correlation (R2 = 0.91) (Fig. 12). This could be due to the good

number of in situ data forcings available in this elevation band. For the period 2010 to 2021, the basin-wide SWE volume from

WaterJade dataset was 4.0 Gm3 and 3.49 Gm3 from the IT-SNOW product (Avanzi et al., 2023).

5 Discussion400

This study presents a comprehensive climatology of the long-term (1991-2021) SWE dataset (Dall’Amico et al., 2025) in the

Po River Basin, Italy, providing key information on the response of seasonal snowpack to ongoing climate warming (Avanzi

et al., 2024; Colombo et al., 2023; Koehler et al., 2022). Our results show profound losses across the study area except for the

highest peaks (see Fig. 8). Our results also demonstrate (see our initial hypothesis Fig. 13) pronounced elevation-dependent

changes, with key changes observed across low- and mid-elevation zones (see Table 2 and Fig. 8). We found that low-to-mid405
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elevation zones (<2000 m) are experiencing pronounced declines in both snow volume and duration (see Fig. 9). In contrast,

high-elevation zones (>2500 m) are experiencing increased accumulation, but a continued shortened snow season (see Fig. 7).

This elevation-dependent changes and loss of the seasonal snowpack highlight a fundamental shift in the hydrological regime

of the Po River Basin, with significant implications for the timing and volume of runoff and the future availability of water in

the region (Aragon and Hill, 2024; Avanzi et al., 2024; Colombo et al., 2023).410

5.1 SWE changes

The profound interannual variability in SWE as shown in Figures 4 and 11 is due to spatial variability and elevation gradients

in temperature and precipitation patterns, which collectively control the snow accumulation and melt processes (Clark et al.,

2011). Large-scale weather patterns further affect this variability by controlling the temperature and transport of moisture

(Beniston, 1997). For example, during the 2021-2022 snow drought (Avanzi et al., 2024), a persistent anticyclonic anomaly415

was observed in western Europe (Faranda et al., 2023).

The findings of this study show different threshold elevations for different snow phenology metrics, such as, Max SWE:

1500 m, April 1st SWE: 1500 m, SwS: 2000 m, SWE Duration: 2500 m, MaxSWE.dowy: Complex pattern, SDD: 2000 m.

However, the key finding is not a single, precise threshold but rather the consistent pattern that SWE volume and persistence

are declining across all low- to mid-elevation zones. This general pattern aligns with broader projections for the Alps, which420

anticipate a decrease in snow cover below 1500-2000 m(Gobiet et al., 2014). These threshold elevations will have strong

implications for water management (Beniston et al., 2018) in the study domain, as highlighted by recent snow droughts (Avanzi

et al., 2024; Colombo et al., 2023). Generally, higher elevation thresholds for snow duration metrics compared to SWE volume

metrics suggest that snow seasons are shortening even in zones where maximum snow accumulation is increasing. However,

increasing snow accumulation at higher elevations should be taken with caution, because ERA5 systematically overestimates425

high elevation precipitation in the Alps (Bandhauer et al., 2022). The reduction in snow duration agrees with the results of

Carrer et al. (2023), who mentioned a shorter snow duration of 36 days based on tree-ring width records.

The consistency and magnitude of the declining trends across different snow phenology metrics (Table 2) highlight the

robustness of these patterns despite natural interannual variability, model uncertainty, input bias, etc. Our results highlight

that the loss of SWE volume and changes in melt-timing in mountain hydrology will likely intensify with continued global430

warming (IPCC, 2023; Huss et al., 2017), with disproportionate impacts on lower to mid-elevation zones that historically relied

on seasonal snow pack for water. Our findings are also consistent with other recent studies in the Alps, for example, Matiu et al.

(2021) reported similar reductions in snow depth, and Bozzoli et al. (2024) also linked such declines to changes in regional

snowfall patterns.

5.2 Role of increasing temperatures and phase change of precipitation435

An increase in air temperatures worldwide (Kotlarski et al., 2022; IPCC, 2023) is directly related to a change in the phase of

precipitation from solid to liquid (Viviroli et al., 2011; Beniston et al., 2018), leading to an upward shift of the elevation of

snowline (Beniston et al., 2018). Rising temperatures can have a significant effect in locations close to freezing level (Beniston
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et al., 2018), and our results clearly show the direct effect of these changes in the Po River Basin (see Fig. 8). Long-term

declining trends in both SWE volume and its duration (see Fig. 9), particularly at lower to mid elevations (0-2000 m), can440

be directly linked to an increase in air temperatures and changes in the precipitation phase. Our results further suggest that

the reduction in snow duration is driven by a delayed onset of snow accumulation (see Fig. 10). Furthermore, rising spring

temperatures increase the rate of snowmelt (Stewart, 2009). The accelerated melt is evident in the earlier snow disappearance

dates across all elevation bands (see Fig. 6). This observed decline in SWE volume, changes in melt timing, and accelerated

melt patterns directly influence the magnitude and timing of seasonal runoff, impacting the hydrological regime of the study445

region. Other studies show congruent results in the region (Avanzi et al., 2024; Colombo et al., 2023, 2022; Bozzoli et al.,

2024; Marcolini et al., 2017).

5.3 Implications for water management in Po River Basin

The long-term climatology of SWE shows a significant decrease in the volume of water from the seasonal snowpack (see Fig.

7), with changes occurring in both the accumulation and ablation patterns. This decline will have significant implications for450

the availability of water in the Po River Basin, which historically has a large contribution of about 50% (Avanzi et al., 2023)

from snowmelt. Earlier snow disappearance, particularly at low and mid-elevations (see Figures 8 and 7), directly translated

into an earlier onset of peak spring streamflow. This behavior changes the hydrographs of mountain rivers and, in turn, leads

to reduced water availability during the typically drier late spring and summer months (Coppola et al., 2014) when the water

demand for agriculture, domestic use, and hydropower is at its peak (Viviroli et al., 2007). Furthermore, changes in snowpack455

volume and melt-out timing increase the risk of floods (Blöschl et al., 2019) and snow droughts (Avanzi et al., 2024; Huning

and AghaKouchak, 2020). This fundamental shift towards a lower, earlier and more uncertain runoff regime underscores that

a critical reassessment of existing water management practices, reservoir management, and irrigation timing is needed. This

is also supported by other studies regarding the Po River District (Coppola et al., 2014; Avanzi et al., 2024) as well as by the

LIFE ClimaxPo project started in 2023 and led by the Po River District Basin Authority (LIFE CLIMAX PO Project, 2023).460

5.4 Limitations and future research

The present study highlights key insights into the long-term dynamics of SWE in the Po River Basin, Italy. At the same

time, it is also important to acknowledge some limitations and biases in this dataset, mostly in the higher elevations of the

study domain. This SWE dataset despite being generated from a comprehensive methodology (Dall’Amico et al., 2018, 2025),

needs in situ meteorological forcings as input to the model, but are sparse in high mountainous terrain (Viviroli et al., 2011;465

Shahgedanova et al., 2021). Therefore, in the generation of this dataset ERA5-Land data was used as input wherever in situ

data were not available (Dall’Amico et al., 2025) carrying biases that can propagate directly into the final SWE estimates,

particularly in higher elevations where meteorological stations are sparse, as described in the following subsection.
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5.4.1 Elevation-dependent changes and precipitation bias

The 30-year analysis shows dramatic decreases in snow water storage at lower elevations: 38.0% reduction at 0-500 m, 36.6%470

at 500-1000 m, and 28.5 % at 1000-1500 m (Fig. 8). In contrast, the highest elevations (2500-4500 m) show an increase of

10-20%. However, the increase in snow water storage at high elevations requires careful interpretation due to methodological

constraints (Hersbach et al., 2020; Muñoz-Sabater et al., 2021). Ground-based meteorological stations are sparse at high eleva-

tions (Viviroli et al., 2011; Shahgedanova et al., 2021), necessitating the incorporation of reanalysis datasets like ERA5-Land

(Muñoz-Sabater et al., 2021) for model forcings. Based on the Global Historical Climatology Network-Monthly (GHCN-M)475

Lawrimore et al. (2011); Mountain Research Initiative EDW Working Group (2015), globally less than 1% of in situ stations

are located over 3000 m a.s.l. and only 3% are above 2000 m a.s.l. Subsequent validation of ERA5/ERA5-Land likely overesti-

mates high-elevation precipitation (Dalla Torre et al., 2024; Monteiro and Morin, 2023; Bandhauer et al., 2022; Shrestha et al.,

2023) and should be used with caution (Jiao et al., 2021), potentially creating artificial increases in the modeled snow accumu-

lation above 1500 m (Hersbach et al., 2020). This is due to the single layer snow parameterization available in both ERA5 and480

its subsidiary ERA5-Land, which does not produce enough melting (Hersbach et al., 2020; Muñoz-Sabater et al., 2021). The

wet bias is particularly concerning as independent glaciological studies suggest actual glacier retreat and ice losses at higher

elevations (Sommer et al., 2020; Hock et al., 2019). The discrepancy highlights fundamental challenges in mountain hydrology,

where the impacts of climate change may be more pronounced, but observational data are the scarcest (Mountain Research

Initiative EDW Working Group, 2015). The systematic overestimation of high elevation precipitation by ERA5/ERA5-Land485

requires careful validation and bias correction for mountain hydrological studies (Dalla Torre et al., 2024).

To overcome these limitations, the present study underscores the need for an increase in the high elevation meteorological

network with more variables, as highlighted by Viviroli et al. (2011); Mountain Research Initiative EDW Working Group

(2015). Furthermore, the integration of active remote sensing methods such as interferometric synthetic aperture radar (InSAR)

would be useful for the reconstruction of high-resolution SWE as shown by Premier et al. (2023); Oveisgharan et al. (2024) and490

application of cosmic-ray neutron sensing (CRNS) for the estimation of SWE over large areas (Schattan et al., 2019). The next

remote sensing mission such as NASA-ISRO Synthetic Aperture Radar (NISAR) could be a game changer for the retrieval of

SWE with a repeat pass of 12 days and a resolution of 3-10 m2 (https://nisar.jpl.nasa.gov/mission/quick-facts/). Additionally,

continuous model development and refinement of physically-based snow models, coupled with data assimilation techniques

are essential for reducing uncertainties in high-resolution SWE generation.495

6 Conclusions

In this study, a comprehensive analysis of long-term (30-year) snow water equivalent dataset was performed in the mountain

part of the Po River District, Italy, consisting of parts of the Alps and Apennines from 1991 to 2021. Our results show a

clear, elevation-dependent pattern with profound losses at lower elevations. The primary driver of this loss is a clear rise in air

temperatures that mainly affects the 0–1500 m zone.500

16

https://doi.org/10.5194/egusphere-2025-5520
Preprint. Discussion started: 18 December 2025
c© Author(s) 2025. CC BY 4.0 License.



All snow volume metrics peak SWE, April1SWE and snow water storage show substantial decline across lower elevations

(0-1500 m), representing a significant loss in total water storage capacity of the study region. However, snow duration metrics

show a shorter snow season across nearly all elevations with a few exceptions at higher elevations. Furthermore, long-term

analysis show significant changes in both the magnitude of SWE and its timing in different elevation bands. For example, in

the recent decade (2011-2021), there has been a decrease in snow duration of about 20 days in the 1000 to 1500 m band. And505

in volume of water, at the lowest elevation (0-500 m), a substantial decrease of 38.0% was observed. This decrease continues

through mid-elevations, with a reduction of 36.6% at 500-1000 m and 28.5% at 1000-1500 m. Our results also show that in the

0-2000 m elevation bands, there are consistent negative SWE anomalies in the months of December, January, and February.

Even in the month of March, a negative anomaly can be found from 0-1500 m. This delay in persistent snow onset, loss of snow

volume marks a fundamental shift in the hydrological regime of the study region. Therefore, our results show that there is a510

transition from a historically stable snowpack to more variable and uncertain snow dynamic patterns in the Po River Basin. The

combined effect of this profound loss of snow-water storage at low elevations and the earlier, more rapid disappearance of the

snowpack will have significant implications for regional hydrology and water resource management, signaling a fundamental

change in the timing and volume of runoff.
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Figure 1. a) Overview map of the Po River District (red and dashed) showing the topographic and hydrological features annotated with region

names. Blue colored overlay shows the long-term peak SWE distribution for the period 1991-2021. The study domain, i.e., the mountain

part of the Po River District is shown in black and dashed boundary, b) Location of the study domain within the map of Italy, highlighted in

yellow color.
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Figure 2. Annual cycle of the basin-wide SWE volume (Gm3) for the 30-year period (1991-2021). The red ribbon shows the inter-quartile

range (Q1-Q3) for the reference period, whereas the blue line represents the median.
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Figure 3. Comparison of basin-wide volume of water (Gm3) in different elevation bands. It highlights the mean daily SWE for the period

2012-2021 (blue line) against the 1992-2011 baseline (black dashed). The gray ribbon shows the inter-quartile range (Q1-Q3) for the refer-

ence period.
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Figure 4. Spatiotemporal evolution of seasonal snowpack across the study domain using Hovmöller plot of daily elevation-wise volume of

water from SWE in each water year from 1991/1992 to 2020/2021.
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Figure 5. Elevation-wise timing of peak snow water equivalent occurrence during the period 1991–2021 in the Po River Basin, Italy with

dashed vertical line indicating conventional peak SWE in Italy, i.e., March 6 (Avanzi et al., 2024).
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Figure 6. Elevation-wise snow disappearance date during the period 1991–2021 in the Po River Basin, Italy. Each subplot represents a single

water year.
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Figure 7. Statistical analysis of six key snow metrics across different elevation bands.
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Figure 8. Percentage change in total volume of water (Elevation-wise) for the period 1991 to 2021. It highlights the change in the recent

decade with reference to mean of first two decades. The relative percentage change was calculated: Overall_Percentage_Change = New_Value

(2012-2021)- Old_Value (1991-2011) / Old_Value (1991-2011) ! 100.
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Figure 9. Elevation-wise anomalies of SWE magnitude: (A) Peak SWE and (B) April 1 SWE, and (C) snow duration, and (D) snow

disappearance dates across different elevation bands between the recent decade (2012-2021) and the reference decades (1992-2011).
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Figure 10. Elevation-wise SWE anomalies across different elevation bands for winter months (December, January, February and March)

between the recent decade (2012-2021) and the reference decades (1992-2011).
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Figure 11. Comparison of daily basin–wide snow volume from the IT-SNOW dataset and WaterJade dataset for the period 2011–2021.

34

https://doi.org/10.5194/egusphere-2025-5520
Preprint. Discussion started: 18 December 2025
c© Author(s) 2025. CC BY 4.0 License.



1500−2000 2000−2500 2500−4500

0−500 500−1000 1000−1500

20
12

20
14

20
16

20
18

20
20

20
22

20
12

20
14

20
16

20
18

20
20

20
22

20
12

20
14

20
16

20
18

20
20

20
22

0.0

0.5

1.0

1.5

2.0

0

1

2

3

0.0

0.5

1.0

0

1

2

3

4

0.0

0.2

0.4

0.6

0.8

0

1

2

3

Date

SW
E 

Vo
lu

m
e 

(G
m

3 )

IT−SNOW WaterJade

Figure 12. Comparison of daily basin–wide snow volume in different elevation bands from the IT-SNOW dataset and WaterJade dataset for

the period 2011–2021.
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Figure 13. Hypothesis sketch of niveograph highlighting the future changes in SWE due to global warming.
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Table 1. Decadal basin-wide SWE volume (Gm3) by elevation band

Decade 0-500 m 500-1000 m 1000-1500 m 1500-2000 m 2000-2500 m 2500-4500 m Total

1992-2001 6.5 49.4 449.2 1659.4 3605.5 3364.2 9134.2

2002-2011 8.4 72.6 514.8 1795.1 3349.1 2798.0 8538.0

2012-2021 4.6 38.6 344.7 1622.3 3817.8 3679.4 9507.4
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Table 2. Statistical analysis of six key snow metrics across different elevation bands.

ID Elevation (m) Stats Z Tau (ω ) P-value (p) Significance

1 0-500 Max SWE -32.00 -0.13 1.19E-224 Significant

2 0-500 April1SWE -3.86 -0.02 1.12E-04 Significant

3 0-500 SwS -27.01 -0.11 1.24E-160 Significant

4 0-500 SWEduration -21.02 -0.09 4.48E-98 Significant

5 0-500 MaxSWE.dowy -4.49 -0.02 7.20E-06 Significant

6 0-500 SDD -5.33 -0.02 9.67E-08 Significant

7 500-1000 Max SWE -16.76 -0.07 4.64E-63 Significant

8 500-1000 April1SWE -10.13 -0.05 3.91E-24 Significant

9 500-1000 SwS -20.49 -0.08 2.53E-93 Significant

10 500-1000 SWEduration -18.31 -0.07 6.51E-75 Significant

11 500-1000 MaxSWE.dowy 4.83 0.02 1.35E-06 Significant

12 500-1000 SDD -1.18 -0.00 2.37E-01 NOT Significant

13 1000-1500 Max SWE -7.30 -0.03 2.96E-13 Significant

14 1000-1500 April1SWE -7.56 -0.03 3.89E-14 Significant

15 1000-1500 SwS -22.09 -0.09 3.63E-108 Significant

16 1000-1500 SWEduration -25.60 -0.10 1.60E-144 Significant

17 1000-1500 MaxSWE.dowy -3.27 -0.01 1.06E-03 Significant

18 1000-1500 SDD -13.09 -0.05 3.63E-39 Significant

19 1500-2000 Max SWE 5.09 0.02 3.59E-07 Significant

20 1500-2000 April1SWE 10.36 0.04 3.93E-25 Significant

21 1500-2000 SwS -3.86 -0.02 1.15E-04 Significant

22 1500-2000 SWEduration -18.75 -0.07 1.92E-78 Significant

23 1500-2000 MaxSWE.dowy -8.08 -0.03 6.48E-16 Significant

24 1500-2000 SDD -14.85 -0.06 6.75E-50 Significant

25 2000-2500 Max SWE 16.66 0.07 2.71E-62 Significant

26 2000-2500 April1SWE 27.41 0.11 2.29E-165 Significant

27 2000-2500 SwS 9.82 0.04 9.50E-23 Significant

28 2000-2500 SWEduration -21.73 -0.09 1.13E-104 Significant

29 2000-2500 MaxSWE.dowy -22.52 -0.09 2.91E-112 Significant

30 2000-2500 SDD 3.36 0.01 7.80E-04 Significant

31 2500-4500 Max SWE 22.07 0.09 6.48E-108 Significant

32 2500-4500 April1SWE 33.85 0.13 3.28E-251 Significant

33 2500-4500 SwS 19.09 0.08 3.03E-81 Significant

34 2500-4500 SWEduration 3.64 0.01 2.80E-04 Significant

35 2500-4500 MaxSWE.dowy -11.11 -0.04 1.14E-28 Significant

36 2500-4500 SDD 9.20 0.06 3.58E-20 Significant

These results are based on randomly generated 1000 points in each elevation band of our study domain.38
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