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Abstract. Snow droughts are increasingly affecting mountain regions, raising concerns about downstream water availability in

glacierized catchments. Here, we quantified the role of glaciers in mitigating snow-drought impacts on downstream streamflow

during the severe 2022-2023 event in the Italian Alps. In order to do so, we compared glacier-melt contribution to streamflow

during these years with the 2011-2023 historical period in two catchments, Dora Baltea (Aosta Valley) and Adda (Lombardy).

We employed spatially distributed estimates of glacier melt, snow water equivalent (SWE), air temperature and total pre-5

cipitation over glaciers from an operational cryospheric model (S3M Italy), and compared these estimates with downstream

observations of streamflow at the closure sections of both catchments. Results showed a severe snow water equivalent deficit

over glaciers across both catchments and both years (between ∼ -45 % at 4000 m in 2022 and ∼ -75 % at 2000 m a.s.l. during

both years), which was largely driven by anomalous air temperatures and seasonal-precipitation patterns (up to +2-3 °C and

-73%, respectively). Air-temperature anomalies displayed a clear signature of elevation - dependent warming, with anomalies10

at 4000 m a.s.l. that were 1 to 1.5 °C higher than at 2000 m a.s.l.. Glacier contribution to streamflow doubled to tripled dur-

ing these snow droughts in both catchments, a process that manifested itself through four mechanisms: an earlier-than-usual

onset of the glacier melt season, an intensification of glacier melt contribution to streamflow, an earlier-than-usual seasonal

peak in glacier melt contribution, and an extension of the glacier melt season. Still, glacier melt contribution to streamflow

remained highly sensitive to short-term meteorological events, such as a sudden drop of temperatures, as well as early/late15

season snowfalls. These results highlight the critical role of glacier melt in maintaining streamflow during severe droughts

and emphasize the need to integrate glacier dynamics into water management strategies for alpine areas facing increasingly

frequent and intense drought events.
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1 Introduction

Glaciers play a crucial role in regulating water availability in and from mountainous regions (Viviroli et al., 2007; Immerzeel20

et al., 2010). They do so by significantly contributing to streamflow, especially during summer, and thus providing a vital source

of freshwater for human use and ecosystems (Viviroli et al., 2020; Soruco et al., 2015; Barnett et al., 2005; Immerzeel et al.,

2010; Hanus et al., 2024). However, glacier coverage is shrinking at an unmatched rate as the climate warms (Hugonnet et al.,

2021; Zemp et al., 2015; Sommer et al., 2020), driven by decreased snowfall and snow cover (Colombo et al., 2022; Bozzoli

et al., 2024; Marty et al., 2017; Mote et al., 2018; Ngoma et al., 2021), which lead to negative glacier mass balances (Zemp25

et al., 2023; Zekollari et al., 2019; Huss et al., 2017). Projections for the European Alps indicate a potential loss of 50% of the

2017 glacier volume by 2050, and up to the complete disappearance by the end of the century, depending on the considered

emission scenario (Zekollari et al., 2019). The supportive and often decisive role of glaciers as global "water towers" is thus

under pressure (Viviroli et al., 2020; Gobiet et al., 2014; van der Wiel et al., 2021; Stahl et al., 2022).

In this context of climate warming, a growing concern in the hydrology of world-wide mountains is the emergence of snow30

droughts, that is, periods characterized by a significant lack of snowfall, or a lack of snow accumulation during winters with

near normal winter precipitation but higher-than-usual temperatures (Harpold et al., 2017; Huning and Aghakouchak, 2020;

Hatchett et al., 2022). Low snow accumulation has significant negative consequences: it poses challenges for water management

(Harpold et al., 2017), threatens food security, and harms wildlife and ecosystems (Barsugli et al., 2020). Furthermore, a deficit

of meltwater runoff due to a snow drought can diminish hydropower potential, as observed in Northern Italy during 202235

(Koehler et al., 2022). Snow droughts - arising from reduced snowfall, anomalously warm temperatures, or both - have the

potential to exacerbate glacier shrinkage by limiting snow accumulation, advancing the onset and prolonging the duration of

the melt season, and enhancing ice melt (Vargo et al., 2020).

Although the impact of reduced snow cover on glacier melt and mass balance is well established, the propagation of these

processes to downstream water supply deficits during snow droughts remains less well quantified (Van Tiel et al., 2021).40

Understanding this chain of processes is urgent, as some early studies have shown that glacier melt can compensate for low

flows during droughts in alpine regions (Van Tiel et al., 2021, 2023). Following these early studies, it appears that glaciers may

offset precipitation-driven water shortages by exceeding normal ice melt (Van Tiel et al., 2021), due to increased meltwater

during periods of lack of snow and heatwaves. This enhanced glacier melt, coupled with lower-than-usual streamflow due to

the lack of precipitation, increases the contribution of glaciers to streamflow during droughts. However, these previous studies45

also indicate that the compensatory role of glaciers is rarely straightforward, and significantly varies with local factors and

hydrological regimes.

Also, previous studies on the contributing role of glaciers during streamflow droughts have mostly been in temperate regions,

whereas elucidating the chain of events at play during these events is particularly important in Mediterranean regions, where

water supply is asynchronous between wet-cold winters and dry-warm summers (Bales et al., 2018). In such climates, glaciers50

may seasonally represent a predominant source of water for all sectors and uses, with little to no contribution from summer

precipitation (Ayala et al., 2020; Huss, 2011; Farinotti et al., 2012). This is the case of the southern side of the European
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Alps, a region acting as a crucial link between the climate regimes of northern Europe and the Mediterranean. This transitional

climate zone is projected to face increasingly intense and severe droughts under future climate scenarios (Bednar-Friedl et al.,

2022). Consequently, glaciers in the southern Alps are becoming vital for both upstream communities relying on meltwater55

and downstream economies dependent on consistent water resources (Beniston et al., 2018).

The snow droughts of 2022 and 2023 in the Italian Alps (Colombo et al., 2023) present an opportunity to investigate the

contribution of glaciers to streamflow during snow droughts. 2022 was globally the fifth warmest year on record (World Mete-

orological Organization, 2023), with Europe experiencing its hottest summer since 1950, and was marked by a persistent high

pressure, heatwaves up to +2.5°C above normal (Tripathy and Mishra, 2023), and significant precipitation deficits (Copernicus60

Climate Change Service, 2023). Northern Italy was particularly affected by combined drought and heat, leading to a record-low

snow water equivalent (SWE) in March 2022, down -70% compared to the reference period (Avanzi et al., 2024). This extreme

warmth and lack of snow resulted in unprecedented glacier losses (Cremona et al., 2023; Voordendag et al., 2023) and the

most severe streamflow drought in the Po river basin in two centuries (Montanari et al., 2023). 2023 followed as the warmest

year globally since 1880 (World Meteorological Organization, 2024), and the second warmest in Europe (Copernicus Climate65

Change Service, 2024). While Europe saw varied conditions, northern Italy and the Alps consistently experienced a winter

snow drought, followed by a warm and dry summer with prolonged heatwaves (Copernicus Climate Change Service, 2024).

The standardized snow water equivalent index (SSWEI), representing the long-term winter anomaly in snow water equivalent,

reached -2.8 in March 2023 (winter 2022-2023; for a definition of the snow water equivalent index, see Colombo et al., 2023),

further underscoring the severity of these two years. Both 2022 and 2023 were characterized by intense heat and exceptionally70

low snowfall accumulation (Avanzi et al., 2022b), demonstrating the growing vulnerability of alpine regions to water scarcity,

and providing a suitable example for studying the compensatory role of glaciers during snow droughts (Cremona et al., 2023).

Here, we aim to quantify the temporal and spatial patterns of glacier-melt contribution to streamflow in the Italian Alps during

the intense 2022 and 2023 winter snow drought. We use spatially distributed estimates of snow water equivalent and glacier

melt from two of Italy’s most glacierized regions, Aosta Valley and Lombardy, along with streamflow data, over a period of 1375

years (2010-2023), including the most recent 2022-23 snow droughts. We aim to answer the following two research questions:

(i) what are the key mechanisms driving the response of glacier melt to a snow drought? (ii) How much does glacier melt

contribute to river flow during snow droughts compared to average years?

2 Study area

The Italian Alps represent a major glacial landscape in southern Europe. Here, we focus on two highly glaciated regions in80

particular: Aosta Valley and Lombardy (Smiraglia et al., 2015), illustrated in Figure 1.

In Aosta Valley, 3.37 % of the territory (110 km2) is glacier-covered, encompassing 172 glaciers (Fondazione Montagna

Sicura, 2025) (accessed January 2026). For the validation of glacier-melt simulations (see Section 3), we used available data

on the Timorion, Rutor, and Petit Grapillon glaciers, which represent a range of glacial environments within Aosta Valley with
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Figure 1. Study area. The top left panel represents Aosta Valley (a), while the top right panel represents northern Lombardy (b). The blue

lines represent the Dora Baltea and Adda rivers, while the pale blue areas represent glaciers. The orange dots correspond to ablation-stake

data used in this study. The red squares refer to various inset maps (panels c, d, e, f, g). The red stars represent streamflow-data stations

used in this study: Tavagnasco and Gera Lario Fuentes. The yellow outlines are the modelled catchments. The digital elevation model of the

Italian Alps is shown in grey scale for reference. On the left portion, it is possible to observe a zoom on the following glacier areas: Timorion

(c), Petit Grapillon (d) and Rutor (e), all in Aosta Valley; on the right portion, it is possible to observe a zoom on the following glacier areas:

Ortles-Cevedale (f) and Fellaria-Scerscen (g), both located in Lombardy. Base map: Esri, Maxar, Earthstar Geographics, and the GIS User

Community. Glacier outlines from updated datasets by the Aosta Valley Regional Authority (2019) and the Lombardy Glaciological Service

(2021). Digital elevation data from S3M Italy. Map generated using open-source GIS tools.

available data (see Section 3). The Dora Baltea river flows through this valley, with Tavagnasco being the representative closure85

section for the basin (Figure 1). This catchment has a total area of 3304 km2 (Figure 1).

In Lombardy, glaciers cover 73 km2 across 203 glaciers (Bonardi, 2012), that is, about 0.3 % of the total area. Again for

validation purposes (see Section 3), we focused on two distinct glacial systems with available data: Ortles-Cevedale, with

multiple glaciers such as Alpe Sud, Cedec, Cevedale, Forni, Dosegù and Vitelli, and Bernina, including East and West Fellaria

and Scerscen glaciers. These glaciers feed the Adda River, with Gera Lario Fuentes representing the closure section (Figure 1,90

glaciers represent the 1.77 % of the basin area). The catchment has a total area of 2344 km2.
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3 Data and methods

3.1 S3M Italy

To estimate glacier melt, we used output from the S3M Italy operational chain (Avanzi et al., 2023), which relies on the S3M

snow-glacier melt model (Avanzi et al., 2022a). Among the wide range of cryospheric models, S3M strikes a balance between95

physical complexity and computational efficiency, providing spatially explicit estimates of snow water resources and glacier

melt. In this paper, we used both daily maps of Snow Water Equivalent (see Section 3.3) and glacier melt (see Section 3.4).

Note that S3M is a cryospheric model designed to simulate snow and glacier melt processes; it does not simulate river discharge

or hydrological routing. Also, in this study, SWE, air temperature and precipitation were analyzed only over glacierized areas,

to characterize how snow drought conditions affected glaciers; although S3M simulates SWE both on and off glaciers, off100

glacier snowmelt contributions to discharge were not considered here. While the S3M Italy system simulates snow water

equivalent and snowmelt both on and off glaciers at the national scale, our analysis focuses only on meltwater generated over

glacierized areas. Isolating the contribution of off-glacier snowmelt would require a fully coupled hydrological model capable

of representing runoff routing, groundwater storage, and evapotranspiration processes. As a result, this study concentrates

on glacier melt as a distinct and directly quantifiable component of the catchment water balance, while off-glacier snowmelt105

remains implicitly included in the observed streamflow signal.

The model uses a hybrid temperature index and radiation-driven melt approach and is fed by hourly inputs of incoming

shortwave radiation, air temperature, total precipitation, and relative humidity. Precipitation-phase partitioning relies on both

air temperature and relative humidity (Froidurot et al., 2014), an approach that has proved to provide reliable estimates across

mountain landscapes (Zhang et al., 2017). The snow module also includes settling and snow hydraulics, based on a viscoplastic110

parametrization and the Darcy law, respectively (Avanzi et al., 2022a). In S3M, equations are solved for each pixel with no

exchange of mass or energy across pixels, including no wind redistribution.

In the S3M Italy operational chain, S3M works with a 200 m spatial resolution and simulates hourly snapshots of snow water

equivalent (SWE), snow depth, bulk snow density, and glacier melt across the whole of the Italian territory (period: September

2010 to present). Input data are routinely obtained from the database of the Italian Regional Administrations, Autonomous115

Provinces, and the Italian Civil Protection. Input maps are cropped over the 20 computational domains, each corresponding to

one Italian administrative region, originally derived from a 20 m digital elevation model provided by the Italian Institute for

Environmental Protection and Research (ISPRA), which was resampled at 200 m resolution using an averaging method. The

vertical accuracy of the DEM is therefore consistent with that of a resampled elevation dataset at 200 m resolution, and does

not retain the fine scale topographic variability present in the original DEM.120

Besides elevation, S3M Italy employs static glacier maps from the Randolph Glacier Inventory v 6.0. The outputs are maps

of snow accumulation and melt, as well as glacier melt on snow-free glacier surfaces. S3M Italy does not include glacier

movement or debris coverage. Given the relatively short study period, assuming static glacier geometry represents a reasonable

simplifying assumption, whereas the implications of neglecting debris cover are further discussed in Section 5.
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S3M has been extensively calibrated and validated. The original model setup was calibrated in north-western Italy based125

on minimizing errors with respect to snow depth from 50+ ultrasonic sensors and thousands of manual measurements at peak

accumulation (period: 2010-2019). This calibration targeted the optimization of the two melt parameters, one for incoming

shortwave radiation and another one for air temperature. Results returned Root Mean Square Errors and Kling-Gupta Efficien-

cies (Kling et al., 2012) that are in line with the literature, 12-37 cm and 0.66-0.72, respectively. S3M Italy has been further

validated with regard to its snow component at the national scale (Avanzi et al., 2023), showing little to no mean bias compared130

to Sentinel-1-based maps of snow depth, and root mean square errors are of the typical order of 30-60 cm and 90-300 mm for

in situ, measured snow depth and snow water equivalent, respectively. Estimates of peak snow water equivalent by S3M Italy

are also well correlated with annual streamflow at the closure section of 102 basins across Italy (correlation coefficient = 0.87),

with the ratio between peak snow water equivalent volume and total annual streamflow volume averaging 22 % (median: 12

%).135

Regarding the glacier component, only a general validation of this model suite for a different setup was published in Avanzi

et al. 2022a. This validation in Aosta valley returned a correlation between simulated and observed change in thickness of 0.6.

The sensitivity of the two melt parameters was found to be low in previous studies, because explicitly separating the radiation-

and temperature-driven components of melt brings these parameters closer to a first-principles energy balance model than

standard degree-day approaches (Avanzi et al., 2022a).140

3.2 Glacier ablation stakes and streamflow data

To validate glacier-melt estimates, we employed a dataset of 32 ablations stakes in Aosta Valley and 39 in Lombardy, installed

on the various glaciers shown in Figure 1 at elevations from 2546 m to 3545 m a.s.l.. Altogether, 208 measurements were col-

lected from 2009 to 2022 by the Environmental Protection Agency of Aosta Valley and the Lombardy Glaciological Service,

the two institutions responsible for glacier data collection in Aosta Valley and Lombardy, respectively (the latter in collabora-145

tion with the Regional Environmental Protection Agency of Lombardy and the Snow and Meteorology Monitoring Center of

Bormio). Despite the inherent uncertainty and spatial limitations of ablation stake data (Cuffey and Paterson, 2006; Fountain

and Vecchia, 1999), comparing modelled glacier melt to these measurements represents the most informative validation of

S3M glacial melt component feasible to date.

Streamflow data for the Dora Baltea and Adda rivers were provided by the Autonomous Region of Aosta Valley and the150

Environmental Protection Agency of Lombardy, respectively. The dataset consisted of water-stage measurements, which were

converted into flow rates using flow rating curves provided by the two respective institutions and accounting for morphological

changes. For both datasets, we removed unreliable measurements to ensure data quality, mainly through visual screening. Both

basins have a high degree of anthropization, especially due to hydropower, which may alter the timing and magnitude of river

flow. As we will further discuss in Subsection 5.1, however, several pieces of evidence show that this alteration was minor for155

our scopes and at our scales.

In this paper, we will always refer to water years, defined as periods of time between September 1 and August 31.
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3.3 Snow drought characterization

We characterized the snow drought events of 2022 and 2023 by using daily maps of air temperature, total precipitation, and

snow water equivalent (SWE) as available from S3M Italy across our study area (Avanzi et al., 2023). These data were pro-160

cessed to extrapolate daily trajectories of air temperature, precipitation, and mean snow water equivalent across select elevation

bands over glaciers (every 500 m between 2000 m and 4500 m a.s.l.). In this context, SWE was used to describe snow storage

conditions over glaciers during these drought events.

To highlight the deviations from typical conditions, we first computed daily quartiles of air temperature, total precipitation,

and snow water equivalent over the period 2010-2023, and then plotted these quartiles along with the trajectories of daily air165

temperature, total precipitation, and snow water equivalent for 2022 and 2023. Air temperature and snow water equivalent data

were smoothed using a 10-day moving average to better highlight key events during these two years at different elevations.

Precipitation data were cumulated by elevation band.

We also calculated seasonal anomalies for air temperature and precipitation in 2022 and 2023 relative to the mean seasonal

values from 2010 to 2023. Each season corresponded to a three-month period according to meteorological conventions for170

this region: winter (December, January, February), spring (March, April, May), summer (June, July, August), and autumn

(September, October, November).

3.4 Quantification of the glacier melt and validation strategy

To validate S3M Italy for the glacier component, we compared point mass balance data from 32 ablation stakes with co-located

glacier melt model estimates. Since each ablation-stake data reports the mass balance over a certain period of time (usually,175

from summer to summer), for each data point we accumulated glacier melt for the same location and the same period of time.

Subsequently, we computed the correlation index, bias (mean difference between simulated and observed values), a confusion

matrix, the Root Mean Squared Error, and the coefficient of determination between observed and modelled cumulative glacier

melt.

A rigorous quantification of glacier melt contribution would require knowing the proportion of total discharge that is directly180

attributable to glaciers, and thus a complex glacio-hydrologic model incorporating evapotranspiration, groundwater recharge,

and flow routing processes. Lacking such a model, we adopt a simplified approach, estimating this contribution as the ratio of

cumulative glacier melt to total observed discharge over a given period (Gascoin, 2024). We acknowledge that this approach

likely overestimates the absolute glacier contribution, since observed streamflow integrates losses due to evapotranspiration

and groundwater recharge from all runoff components. Therefore, the reported glacier contribution should be interpreted as an185

indicator of the relevance of glacier melt for streamflow generation, rather than as an exact partitioning of runoff sources.

We converted cumulative glacier melt in mm into a flow rate with units matching streamflow (m3 s−1), by multiplying

glacier melt by the pixel area (40000 m2). Then, we computed weekly ratios between cumulative, basin wide glacier melt and

cumulative streamflow as a proxy for the contribution of glacier melt to streamflow. We chose a weekly resolution for our

analysis in order to account for the time needed by glacier melt to reasonably influence streamflow at the closure sections.190
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Since no definitive estimate of this lag time is available for these regions, this temporal resolution should be seen as a trade-off

between shorter (such as daily) or longer (such as monthly) resolutions, which would both be inevitably too short or too long

to capture driving factors of the glacier-streamflow interaction. We also evaluated the relationship between annual and daily

glacier melt and streamflow to gain further insights.

4 Results195

4.1 S3M Italy model validation

Despite the significant spatial mismatch between stake measurements and a 200x200 m2 model, melt-estimate biases were

generally within a ±1 m w.e. range (Figure 2). Overall, S3M slightly underestimated glacier melt, with mean biases of -0.89 m

w.e. in Lombardy and -0.39 m w.e. in Aosta Valley. Corresponding RMSE values are 1.66 m w.e. and 1.15 m w.e., respectively.

The model performed best between 2800 m and 3200 m a.s.l., which is the most critical zone, as a significant portion of200

glacier mass currently lies at these elevations (see Figure 2). At lower elevations, the model generally underestimated melt,

likely due to the model struggling to represent the presence of debris on the glacier surface or other tongue processes. Above

about 3300 m a.s.l., the model exhibited a more variable behavior depending on region and elevation, with evidence of both

over and underestimation of melt. This likely reflects uncertainties in representing snow accumulation and melt processes at

high elevations. Overall, these biases suggest that our estimates of glacier contribution to streamflow are conservative.205
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Figure 2. In panel (a), the mean bias of S3M (modelled values) against stake measurements (observed values), binned by elevation, for both

Aosta Valley (in red) and Lombardy (in blue). Shaded areas show the standard deviation of the model - observations differences. Missing

data points for Aosta Valley are because data were unavailable between 2900-3000 and 3000-3100 m a.s.l.. Panel (b) shows the frequency

distribution of glacier elevations in both regions.
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4.2 Air temperature and precipitation over glaciers

Figure 3. Daily mean air temperature (a-e) and cumulative precipitation (f-l) by elevation bands over the glaciers of Aosta Valley (left) and

Lombardy (right) during 2022 (blue) and 2023 (orange), compared to the 2010-2023 median (black) and interquartile range (grey area).

In Aosta Valley, both 2022 and 2023 were warmer than the 2010-2023 average, particularly during winter (DJF) and summer

(JJA) (Figures 3 and 4). Daily temperatures remained above the climatological median for prolonged periods, especially during

the early-summer heatwave of 2022. Seasonal anomalies show that winter 2022 exhibited the strongest positive anomalies

across elevation bands, followed by summer, whereas spring anomalies were generally smaller.210

In contrast, spring 2023 was markedly cooler, with locally negative anomalies at lower elevations that favoured late-spring

snowfall events, while winter and summer remained warmer than average. A comparable pattern emerged in Lombardy, al-

though winter 2022 was slightly colder than average at the lowest elevations before predominantly above-average summer

temperatures.
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Warmer-than-average conditions during summer were driven by different mechanisms in 2022 vs. 2023. In 2022, warm215

spells during late-spring and early summer played a key role, with distinct periods of high temperatures observed in May, June,

and July (see again Figure 3). 2023, on the other hand, saw later and more concentrated hot spells, mainly during July and

August, coupled with a cooler spring. Results were similar in Lombardy (Figure 3), with 2022 characterized by distinct warm

spells in late-spring and early summer (e.g., May 11 - May 28), while 2023 experienced later and more concentrated hot spells,

particularly in August (e.g., Aug. 10 - Aug. 27).220

In terms of precipitation (Figure 3, right column), Aosta Valley experienced a markedly drier-than-average 2022, particularly

in winter and spring, with widespread negative anomalies across elevation bands. Precipitation deficits generally ranged be-

tween about -25% and -30% at mid to high elevations. After near-average conditions in September and October, precipitation

deficits re-emerged from November onward. At the highest elevations (4000-4500 m a.s.l.), cumulative precipitation remained

closer to the climatological median, generally within the interquartile range.225

By contrast, 2023 exhibited a generally wetter pattern at lower elevations, particularly between 2000 and 3000 m a.s.l.,

largely driven by a small number of intense storm events. Spring precipitation was moderately above average at these elevations,

while cumulative precipitation remained close to climatological values at higher elevations (3000-4500 m a.s.l.).

A similar pattern emerged in Lombardy (Figure 3). The year 2022 was predominantly drier than average across most seasons

and elevations, with particularly severe winter deficits at 2000-2500 m a.s.l. (around -30 to -65%). In contrast, 2023 was230

characterized by generally wetter conditions, especially in summer, when precipitation at 2000-2500 m a.s.l. was approximately

+30 to +35 % above average. However, winter precipitation remained substantially below normal, comparable to 2022.

Figure 4 summarizes the seasonal temperature anomalies across elevation bands. In both regions, positive temperature

anomalies generally increased with elevation, with winter 2022 exhibiting the strongest warming (up to about +3 °C), followed

by summer. Compared with 2022, spring 2023 showed substantially smaller and locally negative temperature anomalies, par-235

ticularly at lower elevations. This cooler spring favored late-spring snowfall events and delayed snow depletion on glaciers,

despite above average temperatures returning during summer.

4.3 Snow water equivalent over glaciers

Both 2022 and 2023 saw substantial and widespread snow water equivalent (SWE) deficits over glaciers across all elevations

in Aosta Valley (Figure 5). In 2022, the snow water equivalent anomaly reached approximately -76 % across the 2000-3500 m240

a.s.l. range. This deficit decreased slightly at higher elevations, recording -64 % for 3500-4000 m a.s.l. and -47 % for 4000-4500

m a.s.l.. Similarly, 2023 exhibited substantial snow water equivalent deficits, though with slightly different altitudinal patterns.

The anomaly was approximately -75 % from 2000-3500 m a.s.l., -71 % at 3500-4000 m a.s.l., and -64 % at 4000-4500 m a.s.l..

While this significant snow water equivalent deficit persisted in both 2022 and 2023 in Aosta valley, the timing of snow

accumulation and melt differed notably: 2022 saw an earlier than usual end to the snow accumulation season at all elevations245

(up to two months), which was directly attributable to the combined effect of consistently higher temperatures and lower

precipitation. This premature end of accumulation inevitably led to an earlier onset of the snowmelt season, which reduced the

duration of snow cover on glacier, with seasonal snow depletion and initial ice exposure occurring approximately 1.5 months

11



Figure 4. Seasonal air temperature anomalies as a function of elevation bands for Aosta Valley (top row) and Lombardy (bottom row) in

2022 (left column) and 2023 (right column).

earlier than usual at 2000-2500 m a.s.l. in 2022. Conversely, in 2023, the lower temperatures during spring, coupled with

late-spring snowfalls as visible in Figure 5, extended the snow accumulation season closer to its average end date.250

Similar to the patterns observed in Aosta Valley, Lombardy also faced severe and widespread snow water equivalent (SWE)

deficits across all analyzed elevations in both 2022 and 2023 (Figure 5), clearly highlighting severe snow drought conditions.

In 2022, SWE deficits ranged between approximately -70% and -63% across elevations from 2000 to 3500 m a.s.l., generally

decreasing with altitude and becoming substantially smaller at the highest elevation band (3500-4000 m a.s.l.). A similar
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Figure 5. Daily snow water equivalent (SWE) by elevation range over glaciers in Aosta Valley (left) and Lombardy (right) during 2022 (blue)

and 2023 (orange), compared to the 2010-2023 median (black) and interquartile range (gray area).

situation was observed in 2023, with SWE deficits ranging from about -71% to -56% between 2000 and 3500 m a.s.l., again255

showing a marked reduction at the highest elevations.

4.4 Glacier melt contribution to streamflow

The 2022 and 2023 droughts markedly altered hydrology in both catchments, with extremely low river flows highlighting an

intense summer hydrologic drought following the winter snow drought (Figure 6): annual mean streamflow in 2022 and 2023

was approximately -32 % lower than the 2011-2021 average, contrasting with a higher-than-usual glacier melt (∼+ 148 %260

mean annual glacier melt compared to 2011-2021).

Specifically, a clear contrast was observed during the 2022 water year. Along the Dora Baltea at Tavagnasco, average annual

streamflow was among the lowest recorded during the study period (64.5 m3 s−1), while annual mean glacier melt reached

its maximum value (14.9 m3 s−1). Similarly, along the Adda river, mean annual streamflow was low (60 m3 s−1), despite the

highest glacier melt contribution of record (9.5 m3 s−1).265
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In 2023, both mean annual streamflow and glacier melt were slightly lower than in 2022 at both sites. At Tavagnasco

(Dora Baltea), mean streamflow increased to 69.9 m3 s−1 while glacier melt averaged 10.2 m3 s−1. At Gera-Lario-Fuentes

(Adda), mean streamflow was 61 m3 s−1 and glacier melt averaged 8.3 m3 s−1. Despite enhanced glacier melt in both years,

streamflow remained below long-term average conditions (Figure 6), indicating that glacier melt could not fully compensate

for precipitation deficit and reduced snowmelt during drought.270

Figure 6. Comparison between annual mean streamflow (in blue) and annual mean glacier melt (in red, simulated), and relative long term

averages in dashed lines. Dora Baltea at Tavagnasco is represented in panel (a) and Adda at Fuentes is represented in panel (b). Water years

2011 through 2023.

Glacier melt contribution to streamflow during summer doubled, or nearly tripled, in both catchments during 2022 and 2023

compared to pre-2022 water years (Figure 7). This increase in glacier melt and the concurrent decline in streamflow highlighted

a clear signature of snow droughts on the link between glacier melt and water supply - a signature that resolves around four

significant mechanisms (Figure 7).

The first mechanism is an earlier-than-usual start of the glacier-melt season (defined here as the week when glacier contri-275

bution first exceeded 5 %): in both Aosta Valley and Lombardy, the 2022 melt season began six weeks earlier than the median
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Figure 7. Weekly glacier melt contribution to streamflow (a, b) and weekly mean streamflow (c, d) for hydrological year 2022 (in blue) and

hydrological year 2023 (in orange) compared to the median and the interquartile range for water years 2011-2023, Tavagnasco (a, c) and

Fuentes (a, d). Note that we included water years 2022 and 2023 in the interquartile range due to the comparatively short period of record.

for 2011-2021. This earlier-than-usual start took place also in 2023: two weeks ahead of the median in Aosta Valley and three

weeks ahead in Lombardy.

The second mechanism is an increase in the contribution of glaciers to streamflow during the whole of the melt season,

and not just the peak summer-melt period. In 2022, peak glacier-melt contribution to streamflow reached 75 % in Tavagnasco,280

while it reached 65 % in 2023, two to three times the usual contribution for this region (31.5 %). At Fuentes, the impact was

even more pronounced: in 2022, peak contribution nearly quadrupled (83%), and in 2023, it almost tripled (61 %) compared

to the median values (22.6 %).

The third mechanism is a potential shift in the timing of the seasonal glacier melt peak, which was particularly evident in

Tavagnasco in 2022, when reduced summer rainfall (Avanzi et al., 2024) led to an earlier and more distinct glacier melt peak.285

During this year, peak contribution occurred two weeks earlier than usual, shifting from the median timing of week 34 (Aug.

22-28) to week 32 (Aug. 8-14). At Fuentes, the glacier melt peak during 2022 was recorded during week 34, that is, close to

the median timing (week 33, Aug. 15-21), although an earlier sub-peak was already observed in week 31 (Aug. 1-7). In 2023,

on the other hand, sporadic rainfall during summer increased short-term discharge variability, making the identification of a

distinct glacier melt peak less robust and partially masking melt driven signals.290

The fourth and final mechanism observed is a potential prolongation of the melt season, which underpinned a higher-than-

usual glacier melt contribution than the median even during late summer / early autumn. In Tavagnasco, glacier melt in 2022
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accounted for 33 % of the streamflow even during week 38 (Sep. 19 to Sep. 25), which was significantly above the median of

13 %. Similarly, at Fuentes, glacier melt during week 37 (Sep. 12, to Sep. 18) reached 31 %, compared to the median of 11 %.

This effect was even more pronounced in 2023 due to higher late-summer temperatures, as shown in Figure 8. During 2023, in295

Tavagnasco, glacier melt during week 39 (Sep. 26 to Oct. 2) contributed 44 % of streamflow, well above the median of 13 %,

while in Fuentes, the contribution during week 39 was 15 %, compared to the median of 7 %.

Despite these four general mechanisms, glacier melt contribution to streamflow remained sensitive to short-term meteoro-

logical events, such as temperature drops and early or late snowfalls (Figure 8). For instance, between April and May 2023,

streamflow quickly increased in Aosta valley due to the seasonal freshet, which continued until June. Then, streamflow de-300

creased slightly as seasonal snow waned. In June, glacier melt increased, quickly becoming a dominant contributor to stream-

flow. Glacier melt peaked in late August, coinciding with the peak of the glacier melt season. A sudden drop of temperatures

between late August and early September, however, led to a quick and sudden glacier melt decrease, and to a pairwise decline

in streamflow (Figure 8, a and b panel). In early September, finally, glacier melt rapidly rose as temperature increased again,

growing to 63 m3 s−1 in Tavagnasco and 42.3 m3 s−1 in Fuentes.305

5 Discussion

This study highlights the particularly significant role of glacier melt during the extreme 2022-2023 snow drought events in the

Italian Alps. While the individual mechanisms linking snow deficits to glacier melt have been described in previous studies,

our results demonstrate the magnitude and persistence of glacier melt contribution during these recent drought conditions. In

both catchments, glacier melt increased substantially compared to the historical period and remained elevated throughout the310

melt season, despite overall below-average discharge. We synthesize these findings through four signature mechanisms: (i) an

earlier onset of the glacier melt season, (ii) an intensification of glacier melt contribution, (iii) an earlier seasonal peak in glacier

melt contribution, and (iv) an extension of the glacier melt season. The links across these mechanisms and their relationship

with snow-drought conditions are summarized in Figure 9.

Regarding the earlier-than-usual onset of the melt season (mechanism i), previous research by Thibert et al. (2018) has315

already established a long-term trend towards an earlier onset of the melt season, consistent with our findings. For example,

Farinotti et al. (2012) found that future runoff in the Swiss Alps will be characterized by a significant shift towards earlier melt

runoff, progressively advancing with each decade. Our study further substantiates this trend, showing how snow droughts are

a pivotal driver in such long-term trends and a potential harbinger of conditions to come in a warmer and drier world. In such

future conditions with less snow on the ground, glaciers will therefore be even more central in the mitigation of hydrologic320

droughts (Van Tiel et al., 2021).

The intensification in glacier melt contribution to streamflow (mechanism ii) also aligns with previous studies (Huss, 2011;

Huss and Hock, 2018; Farinotti et al., 2012), which have shown that this intensification takes place particularly during droughts

(Pellicciotti et al., 2010; van Tiel et al., 2026). In this context, van Tiel et al. (2026) showed that during the extreme 2022

drought in Switzerland, increased glacier melt partly compensated for precipitation and snowmelt deficit, buffering summer325
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Figure 8. Daily mean air temperature (a), cumulative precipitation (b) across Aosta Valley, and daily streamflow and glacier melt for water

year 2023 in Tavagnasco (c).

water deficit by up to 70% in highly glacierized basins and maintaining relatively high glacier melt contributions to streamflow

compared to previous extreme drought years.

Despite greater meteorological variability during summer 2023, glacier melt contribution remained elevated throughout this

season as well. This second mechanism means that, in glacierized regions, glacier melt sustains streamflow throughout the

season, rather than only during the peak-melt period, and that this holds particularly during snow droughts and periods of330
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Figure 9. Causal chain between snow droughts, temperature and precipitation anomalies, snow cover loss, glacier melt and streamflow.

warm, dry weather (Cremona et al., 2023). This enhancement in glacier contribution to streamflow during droughts has also

been reported in past and recent studies (van Tiel et al., 2026).

Regarding the potential shift in the seasonal peak-melt timing (mechanism iii), Farinotti et al. (2012) predicted a dramatic

shift in runoff patterns in the Swiss Alps due to climate change, with both the onset and peak of the melt season occurring

progressively earlier. Such a shift was clearly observed in our study region during 2022 in Tavagnasco, while results for 2023335

and in general at Fuentes are less conclusive in this regard. We interpret this as follows: the winter snow drought in 2022

resulted in substantially reduced snow cover on glacier surfaces at the beginning of the melt season (Avanzi et al., 2024), to the

extent that glacier melt was then strongly radiation-dominated, with an obvious peak in July. Under these conditions, earlier

exposure of bare ice lowered surface albedo, increasing the absorption of shortwave radiation and enhancing radiation-driven

melt (Malmros et al., 2018). This likely contributed to a more pronounced and earlier melt peak in July 2022. During 2023,340

several late-winter-spring snowfall events (particularly in March and April) temporarily restored a marginal snowpack over

glaciers in the Italian Alps. These events were associated with positive snowfall anomalies relative to the 2011-2021 mean, and

briefly increased surface albedo, thus hindering the shift in peak-melt timing. While this analysis would clearly benefit from

more data, it nonetheless points to the often overlooked, but likely important role of marginal snowpack and out-of-season

snowfalls on glacier preservation (Fyffe et al., 2021).345
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The fourth observed mechanism (iv) is a lengthening of the melt season. In 2023, glacier melt remained elevated into

September and October at both Tavagnasco and Fuentes, highlighting the growing importance of late-season melt in compen-

sating for reduced snow cover, low precipitation, and high temperatures (Cremona et al., 2023). We interpret this as due to

the substantial downwasting of residual snow on glacier surfaces as a result of summer heatwaves, which left large portions

of glaciers exposed well into autumn. Under such conditions, even brief periods of anomalously high air temperature in early350

autumn triggered enhanced melt due to lower surface albedo and high absorption of shortwave radiation. These events are a

potential example of compound drought-heatwave conditions, where reduced snow accumulation (snow drought) coincides

with warm atmospheric anomalies. Such compound events can generate cascading cryosphere-hydrological droughts, where

reduced snow cover enhances glacier melt, which temporarily sustains discharge, but in the long run may accelerate ice mass

loss and thus prolong future hydrological droughts downstream (Ultee et al., 2022).355

This outcome further emphasizes the crucial role of late-season glacier melt in sustaining streamflow and the potential for

snow droughts to disrupt typical glacier melt patterns.

5.1 Assumption and limitations

This study employed S3M Italy for glacier melt estimates. In its current operational setting, this model does not account

for glacier movement and debris cover on glaciers (Avanzi et al., 2022a). As already pointed out, glacier evolution over the360

relatively short 13-year study period is expected to influence melt outputs only modestly compared to the interannual variability

driven by climatic conditions (Huss et al., 2010; Bongio et al., 2016). In this sense, coupling S3M with simplified glacier-

evolution schemes (e.g., parameterized retreat models; Huss et al., 2010) or more advanced ice-flow modelling approaches and

emulators (Jouvet and Cordonnier, 2023) would allow for a dynamic representation of glacier geometry and its feedback on

melt and runoff.365

On the other hand, thick debris typically acts as a protective layer for the underlying ice (Fyffe et al., 2019), which may have

led to a local overestimation of glacier melt at very low elevations (note that these elevations are outside the validation range

we considered in Figure 2). To account for both aspects, future research with S3M should explore the inclusion of spatially

distributed estimates of debris cover, such as that by Rounce et al. (2021). Another direction of future work is the adoption of

enhanced melt models that are specifically designed for debris-covered glaciers (Carenzo et al., 2016).370

S3M Italy also employs static glacier maps from the Randolph Glacier Inventory v 6.0 (Avanzi et al., 2023), which is

a globally complete inventory intended to capture the world’s glacier outlines near the beginning of the 21st century (RGI

Consortium, 2017). Consequently, these static glacier outlines may overestimate current glacier extent, particularly during the

drought years taken into consideration. To assess this discrepancy, we leveraged more recent glacier outlines provided by the

Aosta Valley Autonomous Region (2019 data) and the Lombardy Glaciological Service (SGL) (2021 data) and compared them375

against the Randolph Glacier Inventory v 6.0 used by S3M Italy. Our analysis revealed a glacier area loss of 7% in Aosta Valley

between 2000 and 2019. Lombardy experienced a 18.7% reduction in glacier coverage from 2000 to 2021. We then quantified

the effect of these changes in glacier area by computing glacier melt contribution to streamflow using the updated regional

glacier inventories. Compared with the RGI v6.0 glacier outlines, the updated inventories reduced the estimated mean annual
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glacier contribution from 10.5 % to 6.4 % during 2011-2021 and from 23.8 % to 19.1 % during 2022-2023 in Tavagnasco. In380

Fuentes, the corresponding values decreased from 4.9 % to 2.9 % and from 22.8 % to 11.1 %, respectively. While the reduction

in glacier area caused an expected decrease in the absolute glacier contribution to streamflow, the amplification observed during

2022 and 2023 compared to historical patterns remains robust. In Tavagnasco, mean annual glacier contribution increased from

6.4 % (2011-2021) to 19.1 % (2022-2023), corresponding to nearly a threefold increase. In Fuentes, the increase was from 2.9

% to 11.1 %, equivalent to almost a fourfold amplification. In terms of peak weekly contributions, the median annual peak385

during 2011-2021 was 28.4 % in Tavagnasco, compared to 61.1 % in 2022 and 53 % in 2023. In Fuentes, the median baseline

peak was 13 %, whereas peak values reached 47.5 % in 2022 and 35.2 % in 2023 (up to nearly fourfold amplification).

Our estimate of glacier contribution to discharge is based on the ratio between modelled glacier melt and observed stream-

flow. This simplified metric does not explicitly account for evapotranspiration losses or groundwater recharge. Because these

processes remove water from the runoff signal, our approach likely leads to a modest overestimation of the absolute glacier390

contribution to discharge. However, because the investigated basins are largely energy limited, evapotranspiration is expected

to remain small relative to other hydrologic fluxes (van Tiel et al., 2024). The values reported here should still be interpreted

primarily as indicators of the relative importance and temporal variability of glacier melt as a driver of streamflow, rather than

as a rigorous partitioning of runoff sources.

Both the Adda and Dora Baltea basins include artificial reservoirs, which may have impacted the natural timing of water395

transit and thus our quantification of glacier contributions to streamflow. While reservoir impacts depend on energy market

fluctuations (Guo et al., 2021), we in general expect hydropower to shift runoff from early to late summer, as spring freshet is

accumulated to meet later peaks in energy prices. With regard to our study region, a recent study by Amaranto et al. (2023) has

reconstructed the naturalized streamflow of the Adda basin close to Fuentes, and demonstrated that the effect of high-elevation

reservoirs is below 10 % when comparing naturalized and measured streamflow. As for Aosta Valley, another study performed400

in the context of the Regional Water Protection Plan (https://pta.regione.vda.it/, last access on March 5, 2026) confirmed the

same order of magnitude between naturalized and measured streamflow. In both regions, the largest percentage discrepancies

between naturalized and measured streamflow is expected during winter, when nonetheless streamflow is low and glaciers do

not contribute to runoff. By July, these differences decrease markedly, tend to less than 10%, and remain minimal throughout

the remainder of summer and fall. The importance of glaciers in sustaining summer water supply during droughts regardless405

of reservoir operations is also clear if one looks at annual rather than weekly time scales. In fact, the mean annual glacier melt

contribution in Aosta Valley more than doubled from 6 % (2011-2021) to 18 % (2022-2023). In Lombardy, the increase was

even more pronounced, with glacier melt contribution nearly quadrupling from 4 % (2011-2021) to 15 % (2022-2023).

6 Conclusions

This study examined the 2022 and 2023 snow droughts in the Italian Alps and found that significantly increased glacier melt410

(up to +148 % compared to 2011-2021) and low streamflow led to glacier melt contribution to summer streamflow in the

Aosta Valley and Lombardy regions reaching peak levels of 75 % and 83 % in 2022 and 65 % and 61 % in 2023, respectively,
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highlighting the crucial role of glacier melt in mitigating snow drought impacts. Four key mechanisms were identified: an earlier

melt season onset (up to six weeks compared to the 2011-2021 median), intensified glacier melt contributions, a potential shift

in peak melt timing, and a prolonged melt season into late autumn, all demonstrating the increased importance of glaciers in415

sustaining streamflow during severe droughts and emphasizing the vulnerability of alpine water resources.
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