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Abstract. Snow droughts, defined as periods with below-
normal Snow Water Equivalent, have recently received sub-
stantial attention as an emerging hazard in a warming world,
but their impacts are still poorly understood. Here, we shed
light on these impacts across the socio-ecohydrologic spec-
trum, by leveraging heterogeneous data sources from 38
catchments in Italy: 13 years of snow and runoff data,
remote-sensing and in-situ measurements of Gross Primary
Production, an inventory of emergency water restrictions ob-
tained via a web-scraping tool and direct consultation of na-
tional to local regulations, and a survey among 113 moun-
tain huts. We found that the majority of snow droughts in
our sample were warm-dry (53 %), that is, the combination
of higher-than-usual temperatures and low precipitation, fol-
lowed by warm-wet snow droughts (22 %). These events re-
sulted in the snow season being shortened by as much as one
month across all elevations, more melt-out events compared
to non-snow-drought years, approximately —50 % summer
runoff, and a decline in runoff ratio. Notably, growing-season
Gross Primary Production of vegetation after a snow drought
was up to 10 % higher than after a non-snow-drought winter,

particularly above 1500 m, which ground-based data suggest
was due to an earlier meltout of snow leading to an earlier-
than-usual greening date. By focusing on the recent 2022 and
2023 snow droughts, we also found that water-supply restric-
tions were issued at all elevations, but particularly across
foothills rather than floodplain regions. Meanwhile, about
70 % of hut managers at elevations above 2000 m reported
water-supply impacts, with 28 % of them even reporting ear-
lier closing dates. Overall, snow droughts emerge as a deeply
multi-sectorial and multi-elevation risk, interconnecting the
cryosphere with hydrology, ecology, and society.

1 Introduction

Seasonal snow has profound implications for life on Earth
(Sturm et al., 2017). Perhaps one of the best known of these
implications is its critical role as a water resource (Serreze
et al., 1999; Barnett et al., 2005). By acting as a seasonal
reservoir accumulating water during winter and then releas-
ing it during summer, snow supports water security when de-
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mand peaks but precipitation declines (Bales et al., 2006;
Viviroli et al., 2020; Avanzi et al., 2024). This buffering
mechanism affects virtually all aspects of mountain hydrol-
ogy (Goulden et al., 2012; Harrison and Bales, 2016; Bales
et al., 2018; Oroza et al., 2018; Avanzi et al., 2020, 2021;
Kraft and McNamara, 2022; Sprenger et al., 2022; Girotto
et al., 2024; van Tiel et al., 2024).

Beyond hydrology, snow also drives ecosystem function-
ing via fertilization and nutrient pulsing, as well as by main-
taining stable soil-temperature conditions (Filippa et al.,
2014), thus creating essential ecological niches (Galvagno
etal., 2013; Di Mauro et al., 2017). Snow comparatively high
albedo contributes to the regulation of the global climate (Di-
etz et al., 2012; Flanner et al., 2011) and is linked to various
teleconnection systems, such as the Asian summer monsoon
and El Nifio-Southern Oscillation (Barnett et al., 1988). From
a societal standpoint, snowpack sustains winter tourism (Un-
behaun et al., 2008), hydropower production (Schaefli et al.,
2007), and the fulfillment of irrigation-water requirements
(Qin et al., 2020; Carlson et al., 2025), which are all sectors
with distinct seasonal patterns that would be often untenable
without snow.

A warming world with declining snow water resources dis-
rupts this historical equilibrium between hydrology, ecology,
and society (Hamlet et al., 2005; Mote et al., 2018; Boz-
zoli et al., 2024; Musselmann et al., 2017), especially be-
cause mountain regions are experiencing amplified warming
compared to lowlands (Mountain Research Initiative EDW
Working Group, 2015; Pepin et al., 2025). These long-term
trends are making mountain regions exposed to unprece-
dented new risks (Viviroli et al., 2011; Adler et al., 2022).
Snow droughts are one such emerging risk: defined as peri-
ods with below-normal snow accumulation due to low pre-
cipitation and/or high temperatures (and thus below-normal
Snow Water Equivalent, see Harpold et al., 2017; Hatchett
and McEvoy, 2018; Huning and AghaKouchak, 2020; Got-
tlieb and Mankin, 2022), snow droughts significantly reduce
spring-to-summer runoff (Barnett et al., 2008; Livneh and
Badger, 2020; Hammond et al., 2024; Han et al., 2025), de-
crease runoff efficiency (Rhoades et al., 2022; Hammond
et al., 2024; Han et al., 2025), and alter water transit time
compared to normal to wet years (Segura, 2021). These
events have cascading effects across the water budget that
can translate into water crises (Huning and AghaKouchak,
2020; Hammond et al., 2024; Viviroli et al., 2026). These
crises may materialize months — or even years — after the
peak in snow-drought intensity, depending on the duration of
the snow drought itself, the concurrent status of surface and
subsurface storage, and when and where the deficit in snow
water resources translates into an actual snowmelt deficit
(Avanzi et al., 2024).

While the phenomenology of snow droughts as SWE
deficit has been established more than 10 years ago (Harpold
et al., 2017; Hatchett and McEvoy, 2018), understanding of
their impacts remains very sparse and unclear (Huning and
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AghaKouchak, 2020). This knowledge gap is ubiquitous in
drought research (Stahl et al., 2016) and can be explained by
the inherent complexity of this hazard, which spans multiple
spatial and temporal scales, various sectors, and both direct
and indirect impacts. System vulnerability, root causes, in-
equalities, and governance choices play an additional, non-
linear role in mediating the hazard into risk (Hagenlocher
et al., 2023; Biella et al., 2025; Toreti et al., 2024). In the
case of snow droughts, a distinctive complication arises from
the geographic and temporal imbalance between the hazard
(i.e. snow deficit in the headwaters) and the potentially af-
fected sectors (mostly in lowlands). This discrepancy is com-
pounded by the remoteness and topographical complexity of
the mountainous regions where the hazard originates (Vivi-
roli et al., 2007; Hanus et al., 2024).

Managing snow-drought water crises necessitates a bet-
ter understanding of their multi-sectoral impacts. Given that
mountains are hotspots of water, biodiversity, and culture
(Viviroli et al., 2007), doing so requires acknowledging the
socio-ecohydrological complexity of snow-drought impacts
— across disciplines, scientific fields, and backgrounds. Em-
bracing this perspective is urgent, as it is critical to iden-
tifying adaptation strategies that address the cascading ef-
fects of ongoing and future snow droughts on both moun-
tain and downstream regions (Viviroli et al., 2020). Some
major knowledge gaps in this regard include the magnitude
of runoff decline beyond SWE deficits, vegetation response
patterns (e.g. whether photosynthetic activity increases or
decreases after a snow drought), and the implications for
downstream water allocations — particularly how, when, and
where such impacts may necessitate emergency measures to
mitigate or prevent water crises (Huning and AghaKouchak,
2020; Avanzi et al., 2024).

Here, we aim to shed further light on the impacts of snow
droughts by answering three research questions: (i) what is
the signature of snow droughts on snow-cover duration and
runoff efficiency? (ii) do snow droughts lead to an increase
or a decrease in GPP and, if so, what are its spatio-temporal
patterns? (iii) What are the temporal characteristics of water-
supply and societal impacts of snow droughts across an el-
evation gradient? In order to do so, we integrated multiple
datasets that span 38 headwater catchments across Italy and
13 water years (2011-2023): snow and runoff observations;
remote-sensing and in-situ estimates of Gross Primary Pro-
duction (GPP); an inventory of emergency water restrictions
compiled through web scraping (Terzi et al., 2025) and di-
rect consultation of national, regional, and local regulations
(Avanzi et al., 2024); and a survey of snow-drought impacts
on 113 mountain huts. Although these datasets may appear
heterogeneous, their combined breadth is essential to frame
snow droughts as a multisectoral hazard and to advance their
adaptive management.

We selected Italy as a representative case of a region
transitioning from Mediterranean to continental conditions
(Rossi and Benedini, 2020). Mediterranean climates are es-
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pecially susceptible to snow droughts because of the seasonal
mismatch between water supply in the cool, wet months and
water demand in the hot, dry months (Feng et al., 2019;
Avanzi et al., 2020). Over time, both ecosystems and hu-
man societies in these regions have adapted to this imbalance
by depending on storage as a critical mechanism to main-
tain evapotranspiration and water availability across seasons
(Bales et al., 2018; Bruno et al., 2022). Yet, shrinking snow-
derived water resources, together with drought events that are
becoming more frequent and spatially extensive, are endan-
gering this essential surface-storage component of local to
regional water budgets (Bertoldi et al., 2023; Koehler et al.,
2022; Lorenzi et al., 2022; Carrer et al., 2023; Colombo et al.,
2023). These dynamics closely mirror conditions in other
mountain regions worldwide, where snow is a key hydro-
logical component and is undergoing comparable long-term
declines (Bales et al., 2018; Hanus et al., 2024).

2 Materials and Methods
2.1 Study region

Italy covers approximately 300000 km? and is marked by
high topographic, ecologic, and governance complexity. The
main mountain ranges are the Alps in the north, which form
a sharp rain shadow between the Mediterranean Sea and the
European Plain, and the Apennines, which run along the Ital-
ian peninsula from north to south and are an additional oro-
graphic barrier between the western Mediterranean Sea and
the Balkans-Siberian region. Average elevations are higher
in the Alps, which host some of the highest peaks in Europe
(e.g. Mont Blanc — 4808 m above sea level, a.s.1.; Monte Rosa
— 4634 ma.s.l.; and Gran Paradiso — 4061 ma.s.l.), than in
the Apennines, where the highest peak is the Corno Grande
—2914 ma.s.l. The climate is predominantly Mediterranean
in the central and southern parts of the country, with cool-wet
winters and warm-dry summers, and transitional to continen-
tal in the north, with a cold-wet autumn-to-spring season and
a warm-dry summer (Peel et al., 2007).

Italy’s mountainous regions exhibit clear altitudinal veg-
etation gradients: mixed deciduous forests (e.g. various oak,
ash, and maple species) with secondary open hilly grasslands
occupy lower sub-Mediterranean to montane belts (~ 400-
1000 m), transitioning to beech-dominated montane forests
and secondary open montane grasslands (~ 700-1800 m)
and to conifer-rich subalpine zones (spruce, larch, Swiss
stone pine) with alpine grasslands and shrub communities
above the treeline. These vertical successions reflect dis-
tinct ecological niches shaped by topographically modulated
climate factors, i.e. temperature, moisture and seasonality
(Baglioni et al., 2025; Redowan, 2015; Fattorini, 2024).

From a water-resources standpoint, Italy hosts approxi-
mately 13.70 £4.9 x 10° m> of water in the form of snow
at peak accumulation, which generally occurs in early March
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(period: 2011-2021, see Avanzi et al., 2022). This volume is
part of ~ 290 x 10° m? of mean annual precipitation (1991—
2020, see Mariani et al., 2024) across the country as a whole.
While the proportion of SWE over total precipitation may ap-
pear small at national scale (~ 4 %), the relative contribution
of snowfall over total precipitation significantly increases in
mountain regions (exact numbers on this proportion are miss-
ing, but Bozzoli et al., 2024, show that annual fresh snow
can be as high as 2—-4m above 500 ma.s.l.). This together
with the seasonal precipitation imbalance of the Mediter-
ranean climate mean that peak SWE can be as high as 60 %
of annual streamflow in mountain headwaters (Avanzi et al.,
2023), and thus represent a critical factor in supporting wa-
ter resources over the dry summer months in nearby low-
land regions — both via surface runoff and as a source of
groundwater recharge (Carlson et al., 2025; van Tiel et al.,
2024). Orographic gradients are strong, with precipitation at
~ 1500 ma.s.l. reaching up to twice that at sea level (Napoli
et al., 2019), while measured peak SWE at ~ 3000 ma.s.l.
can be up to 9 times winter precipitation at 1000 ma.s.l.
(Avanzi et al., 2021; Girotto et al., 2024). Overall, roughly
50 % of incoming precipitation is allocated to evapotranspi-
ration (ET), with the rest available for storage and runoff
(Bruno et al., 2022).

The predominant water use is agriculture (56 %), followed
by freshwater supply (31 %) and industrial use (13 %, Mar-
iani et al., 2024). Water management in Italy is multi-scale
owing to a hybrid centralized-federal governance paradigm
where responsibilities are distributed between the national
government and local authorities (Rossi and Benedini, 2020).
Two relevant classes of local authorities in this context are the
21 regional/autonomous-province authorities and the 7 wa-
tershed districts, which are collectively responsible for water-
resources management and flood control in their respective
area of interest (Sansone, 2024). In addition to the above,
all levels of government can issue emergency measures, in-
cluding emergency water-use restrictions by local mayors (in
Italian, “ordinanze sindacali””). According to the Italian law,
these measures must be justified by unforeseen and urgent
events and are the most localized (and thus most spatially dis-
tributed) form of emergency water-resources management in
Italy (Avanzi et al., 2024). These “ordinanze sindacali” will
be our main focus with regard to societal impacts.

2.2 Data
2.2.1 Hydro-meteorology

A summary of all data used in this paper, along with the pe-
riod of record, data type, source, impact class, and resolution
is available in Table 1.

We obtained streamflow data by blending two main
sources: (i) the databases of Italy’s 21 Regional Administra-
tions and Autonomous Provinces, made accessible to CIMA
Research Foundation via the Italian Civil Protection sys-
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Table 1. Overview of study variables, type of data, periods of record in water years (September to August), impact classes, data sources, and
resolution (see the text and the data-availability section for references). Regarding impact classes, 10 stands for “Terrestrial ecosystems”, 7

for “Public water supply”, and 6 for “Tourism and recreation”.

Variable Type of Data Period of Record Impact Class ~ Source Temp. Spatial
Water Years  Stahl et al. (2016) res. res.

Streamflow In-situ 2011-2023 — Regions/provinces  Daily Point
Snow Water Equivalent Reanalysis 2011-2023 - IT-SNOW Daily 500 m
Precipitation Interp. of in-situ 2011-2023 — BIGBANG Monthly ~ 1km
Temperature Interp. of in-situ 2011-2023 - BIGBANG Monthly ~ 1km
Gross Primary Production ~ Remote sensing 2011-2023 10 PML_V2 8d 500 m
Greening date Remote sensing 2011-2023 10 MODIS Daily 500 m
Flux-tower data In-situ 2012-2024 10 ICOS Aosta Valley Daily Point
Water restrictions Regulatory records 2022-2023 7  Web scraping Daily Point
Mountain hut survey Survey data 2022-2023 6 Online survey - Point

tem, and (ii) a comprehensive hydrological dataset cover-
ing the Alpine region for the period September 2004 to Au-
gust 2023 (https://edp-portal.eurac.edu/geonetwork/srv/api/
records/9e195271-02ae-40be-b3a7-525f57f53¢c80, last ac-
cess 17 April 2025). Based on data availability at the time of
the study, we focused here on the period of record 1 Septem-
ber 2010 through 31 August 2023.

Across more than 350 streamflow gauges that were avail-
able, we selected a subset of study catchments based on the
following criteria: first, the time series of daily mean stream-
flow contained less than 20 % missing data for the period
2011-2023; second, the same time series did not exhibit
spikes or suspicious values based on a visual inspection of
the daily data (with suspicious values qualitatively defined
as persistent periods of unseasonably or implausibly high or
low streamflow based on expert knowledge); and third, the
ratio between mean annual, basin-wide SWE estimated by
the IT-SNOW reanalysis (Avanzi et al., 2022) and cumulative
annual streamflow during 2011-2023 was at least 5 %. The
first two criteria ensured a high level of data completeness
and quality while the third aimed to identify mountainous
headwater catchments where snow significantly contributes
to the water balance. In cases where more than one gauging
station along the same river fulfilled all of the above require-
ments, we selected the one most upstream in order to focus
our study specifically on mountain headwaters and to avoid
the presence of nested catchments in our sample.

The final sample was composed of 38 catchments across
the whole of the Italian latitudinal range. While most catch-
ments were located in the Alps, additional coverage included
the Apennines, a considerably less studied region of the Ital-
ian mountain landscape (see Fig. la). Median catchment
size was 430 km?, with first and third quartiles equal to 200
and 870km?, respectively. In terms of elevation, the me-
dian value across all catchments was 1830 ma.s.1., with first
and third quartiles equal to 1270 and 1956 ma.s.l., respec-
tively. Thus, the investigated catchments represent small-to-
medium headwater river systems: for reference, the catch-
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ment areas at the sea outlet of the Po, Adige, and Tiber rivers,
three of the largest rivers in Italy, are 71000, 12200, and
17 375 km?, respectively.

Spatially distributed SWE for the same 2011-2023 pe-
riod was taken from the IT-SNOW reanalysis, an open-
source, quasi-real-time, operational reanalysis of snow-cover
patterns across Italy at 500 m and daily resolution (Avanzi
et al., 2022). IT-SNOW has been extensively validated us-
ing both in-situ and remote-sensing data, typically returning
root mean square errors (RMSE) on the order of 30-60 cm
and 90-300 mm for in situ, measured snow depth and SWE,
respectively. While these accuracies may appear large com-
pared to the application of a snow model at the local scale
(see for example Magnusson et al., 2014; Blandini et al.,
2025), they are in line with other similar large-scale reanal-
yses across the world (Avanzi et al., 2022). The reanalysis is
currently available for the period 1 September 2010 through
31 August 2025 (https://doi.org/10.5281/zenodo.6861722,
Avanzi et al., 2025) and is constantly updated at the end
of each water year (here defined as the period between
1 September and the following 31 August, labeled using the
calendar year when it ends).

Monthly cumulative precipitation and average air tem-
peratures were taken from the BIGBANG dataset, which
provides quality-controlled estimates of the most essential
water-balance variables across Italy at 1 km for the period
of record 1951 to the near present. Both variables are de-
rived from the interpolation of 2000+, quality-checked, in-
situ stations across Italy (Braca and Ducci, 2018). Precipita-
tion maps are the result of a Natural-Neighbor algorithm as
implemented in the Spatial Analyst of ESRI ArcGIS 10.3; a
double interpolation is performed to filter out precipitation
values below 1 mm. Air temperature maps are derived using
a Double-Kriging approach that includes elevation and lati-
tude as additional predictors (Braca et al., 2021).
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Figure 1. Inventory of snow droughts across 38 headwater catchments in Italy, water years 2011-2023. Panel (a) reports the 38 catchments in
gray, while red dots represent their respective watershed outlets. Panels (b) and (¢) report histograms of anomalies in cumulative snow-season
(December—April) precipitation and average snow-season temperatures for all catchments, snow-drought vs. non-snow-drought water years.
Panel (d) is a climatology of snow-drought types for all 38 study catchments, ranked by the latitude of the streamflow gauge used in this
study. Panel (e) shows the frequency distribution of the four snow-drought classes across all snow droughts in our dataset.

2.2.2 Terrestrial-ecosystem impacts

For terrestrial-ecosystem impacts, we selected the remote-
sensing-based GPP dataset integrated into the Penman—
Monteith—Leuning Evapotranspiration product, PML_V2,
with a resolution of 500m and an 8 d interval. PML_V2 is
estimated by a process-based water-carbon coupled model
which uses vapor pressure deficit as a proxy of moisture
stress (Gan et al., 2018; Zhang et al., 2019). The PML_V2
products demonstrate strong performance when compared to
observations at 95 flux sites worldwide, including 10 plant
functional types and a wide range of climatic conditions
worldwide. Validation was performed using a leave-one-out
method, with Nash—Sutcliffe Efficiency (NSE) = 0.76, R? =
0.77, and RMSE = l.99ng_2 d~! for 8d GPP. Seven of
the calibration and validation sites were in Italy, where
the PML_V2 GPP exhibited better performances than other
global models, with NSE = 0.40, R? =0.68, and RMSE =
2.49gCm~2d~! on average. This performance is compara-
ble to, or outperforms, major state-of-the-art ET and GPP
products that are extensively utilized by the water and ecol-
ogy research communities (Zhang et al., 2019).

In addition to GPP, we also analyzed the greening date,
as day of the calendar year, which was derived from the
“Greenup” layer of the MODIS product MCD12Q2v061
(Friedl et al., 2022). This refers to the first date when
the Enhanced Vegetation Index (EVI2) exceeded 15 % of
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the EVI2 amplitude within the greenup segment (Gray
et al.,, 2019). GPP and phenology timeseries for the tar-
get catchments were obtained from Google Earth Engine
(collections “CAS/IGSNRR/PML/V2_v018” and “MOD-
IS/061/MCD12Q2” respectively).

We complemented these remote-sensing data on
terrestrial-ecosystem impacts with two ground-based
case studies of GPP measured with flux towers: the first
located in a European larch forest (Larix decidua Mill.),
IT-TrF (45°49'25.641” N, 7°33/39.131” N, Oddi et al., 2022)
and the second in a subalpine grassland dominated by
matgrass (Nardus stricta), IT-Tor (45°50'40” N, 7°34'41" N,
Galvagno et al., 2013). Both sites are part of the Integrated
Carbon Observation System (ICOS) and are located in Aosta
Valley (western Italian Alps) at 2160 m. In the last 20 years,
no land management interventions or major disturbance
have occurred at either site. As described in Oddi et al.
(2022), the forest site is dominated by European larch (Larix
decidua Mill., 92 % by relative abundance as a percentage
of cover), with sporadic (8 %) Norway spruce (Picea abies
(L.) H.Karst) individuals. Larch trees have no needles
during dormancy, from nearly November to April/May. The
forest understory is mainly composed of shrubs (Juniperus
communis Willd., Rhododendron ferrugineum L., Vaccinium
myrtillus L.). The grassland site is an abandoned mountain
pasture, with dominant vegetation composed of Nardus
stricta L., Festuca nigrescens All., Arnica montana L., Carex
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sempervirens Vill., and other minor species. Measurements
of H>O and CO; fluxes have been carried out since 2008 at
the grassland site and since 2012 at the forest site by means
of the eddy covariance technique (Baldocchi, 2003). More
details on measurement devices are available in Sect. S3 in
the Supplement. The period of record for these flux-tower
data went from water years 2012-2024 based on data
availability.

Collectively, these datasets contribute to the terrestrial-
ecosystem category of the classification by the European
Drought Impact Report Inventory (EDII, see Stahl et al.,
2016): 10.5 “Reduced plant growth” and 10.6 “(Mid-/long-
term) deterioration of habitats”.

2.2.3 Societal impacts

Societal drought impacts were characterized using a dataset
of emergency water-use restrictions issued by mayors. This
dataset was built by blending two sources. The first is
the inventory developed by Avanzi et al. (2024) by man-
ually surveying online catalogues of such restrictions as
maintained by regional administrations; peripheral water-
resources-management agencies (e.g. Ambiti Territoriali Ot-
timali, the public bodies in charge of local-to-regional
freshwater-supply management in Italy); and municipal
repositories (in Italian, “Albi Comunali”). This survey gen-
erated an initial list of 886 water-use restrictions for the Po
River basin in 2022, the most severe drought in this region
since the 1800s (Montanari et al., 2023).

This first dataset was then blended with a list of 76 658
news articles collected by automated scraping of Google
News during 2022 and 2023 (Terzi et al., 2025). The imple-
mentation of the web scraper is described in the Supporting
Information (Sect. S1) and yielded 76 658 articles that were
then filtered according to whether they contained the word
“decree” (i.e. “ordinanza”) in their title or main body as well
as based on the names of those regions or provinces they ap-
plied to, eliminating those that did not belong to the Alps
or the Appennines (and would thus not be related to snow
droughts). This process led to a set of 2054 articles. This
web-scraped dataset was finally manually checked by the au-
thors following a set of defined rules for extracting the mu-
nicipality names for which a decree of restriction was explic-
itly issued (see again Sect. S1). The dataset resulting from
the manual annotation was comprised of 919 news articles.

Blending the two datasets (the first resulting from the man-
ual survey and the second from the web scraper) was per-
formed by removing duplicate news items, such as those
pointing to the same municipality or those published very
close in time to each other (i.e. within less than 30 d). The re-
sulting dataset identified 1291 municipalities that issued a lo-
cal decree for water restriction during 2022 and 2023 across
Italy. The majority of these decrees covered areas outside our
38 study catchments, which was intentional for two reasons:
first, to gain a broader regional perspective and second, to
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capture the full elevation gradient of emergency water-use re-
strictions, including areas at lower altitudes than the 38 study
catchments.

In order to monitor societal impacts across high-elevation
areas that were not monitored by our water-restriction inven-
tory (say, above 1500 m), we also performed an ad-hoc im-
pact survey for mountain huts, that is,e accommodation facil-
ities for hikers providing freshwater supply, refreshment, and
overnight-stays. In the European Alps, mountain huts are not
only the most iconic component of tourism at high eleva-
tions, but also a key driver of high-elevation mountain econ-
omy and, often, the only source of fresh-water supply for
humans at those elevations (Beltramo et al., 2022). Survey
questions were organized in five sections: (i) hut name, coor-
dinates, and elevation; (ii) observed recent changes in water-
supply patterns as well as other long-term changes to flora
and fauna; (iii) information on seasonal opening and closing
dates, both on average and specifically for 2022 and 2023,
the two most recent snow droughts in Italy (see Sect. 3); and
(iv) information on water-supply methods and storage op-
tions. Section (ii) of the survey included a question on the
number of years of management of the respondent as a way to
quantify their “period of record”. The survey was distributed
via email to all guarded huts belonging to the Italian Alpine
Club (Club Alpino Italiano, https://www.cai.it/, last access
18 May 2025) and is summarized in the Supporting Informa-
tion (Sect. S2). We received 113 answers, both from the Alps
(where the vast majority of mountain huts are located) and
from the Apennines (about 20 % of response rate).

Both sources of impact data regarding society (emergency
water-use restrictions and impacts on huts) are restricted to
the period 20222023, thus covering a shorter period com-
pared to all other data sources in this paper (see Table 1). For
the former, this limitation was related to the massive amount
of information to be manually processed, which restricted
this research to the most recent (and locally most intense)
drought. Regarding the latter, we chose to limit our survey to
hut managers to the most recent drought episode at the time
of our survey and so those years for which recollection of
impacts would be strongest.

Collectively, these datasets contribute to the public-water-
supply (7.1 “Local water supply shortage / problems”, 7.3
“Bans on domestic and public water use”, 7.4 “Limitations
in water supply to households in rural areas”, and 7.5 “Lim-
itations in water supply to households in urban areas”) and
the tourism-recreation categories of the classification by the
European Drought Impact Report Inventory (EDII, see Stahl
et al., 2016).

2.3 Analyses
2.3.1 Snow-drought inventory

We performed a snow-drought inventory for our 38 catch-
ments across the 2011-2023 water years by first computing

https://doi.org/10.5194/hess-30-5769-2026


https://www.cai.it/

F. Avanzi et al.: Impacts of Mediterranean snow droughts on mountain socio-ecohydrology 5775

basin-wide average SWE between 1 December—30 June for
each water year and each catchment (this period was chosen
according to the typical climatology of snow seasons across
elevation bands in Italy as discussed in Avanzi et al., 2022).
A snow-drought water year for a given catchment was then
defined as one in which this mean SWE fell below the 30th
percentile, following Hatchett et al. (2022).

In parallel, we also computed basin-wide cumulative pre-
cipitation and average temperature during the typical ac-
cumulation period (December—April) for each catchment
and water year using the BIGBANG dataset. These vari-
ables were used to classify snow-drought water years by
catchment (hereafter, simply snow droughts) into three cat-
egories: (i) cold-dry snow droughts, when both cumulative
accumulation-period precipitation and mean accumulation-
period temperature were below the median; (ii) warm-dry
snow droughts, when accumulation-period mean tempera-
ture was above the median but precipitation remained below
the median; and (iii) warm-wet snow droughts, when both
variables were above the median. Additionally, we identi-
fied a small fraction of cold-wet snow droughts, a rare con-
dition where SWE was below the 30th percentile despite
mean accumulation-period temperature being below the me-
dian and precipitation above the median.

In the literature, multiple methods have been proposed to
classify snow-drought years (Gottlieb and Mankin, 2022).
Some approaches use SWE on a specific date and compare it
to climatological averages (Hammond et al., 2024), whereas
others rely on mean or daily SWE falling below a given per-
centile (Hatchett et al., 2022). Thresholds based on SWE
are frequently combined with analogous thresholds on pre-
cipitation or temperature to further distinguish snow-drought
types, as done in this study (Hatchett et al., 2017; Cowherd
et al., 2023). The selection of both the snow-drought metric
and the SWE variable (e.g. mean SWE, peak SWE, or 1 April
SWE) inevitably affects whether a given year is classified as
experiencing a snow drought (Gottlieb and Mankin, 2022).
Although there is still no scientific consensus on a universal
definition of snow drought, we opted for average SWE in-
stead of peak SWE because marginal, Mediterranean snow-
packs tend to be short-lived (Lopez-Moreno et al., 2024), of-
ten resulting in multiple “peak” values within a single season.
We further evaluated whether using peak SWE instead of av-
erage SWE would substantially change our results and found
82 % agreement between the two metrics, largely due to
their strong correlation (mean correlation coefficient of 0.94
across all catchments). Finally, as we elaborate in Sect. 3, our
definition and the resulting set of snow-drought years corre-
spond closely with our understanding of years characterized
by low snow accumulation in the Italian mountains, provid-
ing indirect support for our methodological choices.

In this study, each water year was treated as independent
from all others, and snow droughts were defined on an annual
basis. Consequently, multi-year snow drought events are not
explicitly analyzed. Furthermore, only a single snow drought
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event was identified per water year, and the entire water year
was classified as a snow-drought year according to this crite-
rion.

2.3.2 Hydro-meteorology

We characterized the phenomenology of snow droughts in
terms of snow-water resources using three metrics: average
snow-season SWE (December to June), snow-season dura-
tion, and number of seasonal melt-out episodes. For aver-
age snow-season SWE, we computed mean SWE between
1 December—30 June, including no-snow days. Snow-season
duration was estimated as the maximum number of consec-
utive days with SWE above 5 mm, a threshold chosen to re-
flect the expected accuracy of snow data assimilated in IT-
SNOW (Avanzi et al., 2022). Finally, the number of sea-
sonal melt-out episodes was computed as the number of in-
stances in which a pre-existing SWE value dropped below
Smm between 1 December-30 June. This last statistic is
meant as a measure of the tendency of a given snowpack
towards ephemerality (Petersky and Harpold, 2018; Peter-
sky et al., 2019), that is, intra-seasonal melt-out events (a
behavior that is likely increasing in a warming climate and
that might have compounding effects with snow droughts).
Each of these metrics was first computed on a per-pixel basis
and then averaged across 500-m elevation bands within each
basin, from 500 to 3500 ma.s.l., which represents the typical
range of mountain elevations across Italy (excluding peaks,
which are challenging to characterize using a 500-m snow
reanalysis).

The cascading effect of snow droughts on streamflow was
studied using three metrics widely adopted in previous stud-
ies of snow-drought propagation into streamflow (Hammond
et al., 2024; Chartier-Rescan et al., 2025): summer cumu-
lative runoff, annual low-flow days, and the annual runoff
coefficient. Summer runoff, normalized by catchment area
and expressed as a depth, was calculated by accumulating
observed streamflow at the outlet of each study catchment
over the period 1 May-31 August, corresponding to the typ-
ical timing of snowmelt-driven streamflow in our study re-
gion (recall that only cumulative values based on samples
with less than 20 % missing data were retained). We defined
a low-flow day as one with streamflow below the 20th per-
centile according to the entire streamflow time-series at that
outlet; we then computed the total number of these days for
each water year, again retaining only those records with less
than 20 % missing data. The annual runoff coefficient was
computed as the ratio of water-year cumulative streamflow
to cumulative precipitation. The use of an annual, rather than
seasonal, time scale for low-flow days and for the runoff co-
efficient was meant to capture the asynchronicity between
winter precipitation (and so snow accumulation) and spring-
summer runoff (Feng et al., 2019). In order to provide ad-
ditional context to this analysis, we computed summer cu-
mulative precipitation and summer mean air temperature for
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each catchment and water year according to the BIGBANG
dataset.

The role of snow drought in dictating SWE and stream-
flow phenomenology was investigated by performing a
Kolmogorov—Smirnov two-sample test between the distribu-
tion of each of the metrics during snow-drought and non-
snow-drought water years to test if the difference between
these distributions was statistically significant (Kottegoda
and Rosso, 2008). We considered this difference to be signif-
icant with a significance level @ = 0.05. We did not calculate
these statistics using the raw values. Instead, we first derived
deviations from the mean values within each basin (hereafter
referred to simply as anomalies), and then applied the statis-
tical tests to these anomalies. This approach removes the in-
fluence of climatological differences among catchments, al-
lowing us to focus on the contrast between snow drought and
non-snow drought years.

2.3.3 Terrestrial-ecosystem impacts

Snow-drought impacts on terrestrial ecosystems were char-
acterized by computing weekly, pixel-by-pixel statistics of
daily cumulative GPP, which were then averaged according
to the same elevation bands as SWE (see Sect. 2.3.2). We
then explored statistical differences in GPP between snow-
drought years and non-snow-drought years by calculating the
respective weekly quartiles across all 38 study catchments.
These statistics are thus average values across all land-cover
classes within each elevation band. We also computed differ-
ences between mean values of seasonal GPP for each year,
catchment, and elevation band. Similarly, we also computed
differences in average greening date for all elevation bands
and across all catchments, by again differentiating between
snow-drought and non-snow-drought years. Statistical dif-
ferences between snow drought and non-snow drought years
were evaluated using a Student’s ¢ test (Kottegoda and Rosso,
2008).

The above analysis on GPP and greening date was per-
formed using moderate-resolution satellite products. In ad-
dition, we averaged responses from various vegetation-cover
types, while it is well known the this factor plays a key role in
dictating how droughts impacts the bioshpere (Goulden and
Bales, 2014). To complement the analysis of snow drought
effects on GPP and phenology at the watershed scale, we
also looked at ground-based flux-tower data at one forest (IT-
TrF) and one grassland (IT-Tor) site in Aosta Valley. The
key added value of this analysis was to to gain further in-
sights into the potentially different impacts of snow droughts
on forests and grasslands at the plot scale. Daily cumulative
precipitation, average air temperature, snow depth, soil wa-
ter content at 30cm, ET, and GPP were collected at both
IT-TrF and IT-Tor. We computed quartiles of each of these
variables between 2012-2024 and then evaluated deviations
between these quartiles and the observed time-series for the
exemplary 2022, a recent snow-drought year in this region
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that had profound impacts on ecosystems (see Sect. 3 and
Avanzi et al., 2024, for a context on 2022). This was done
separately for the grassland and the forest sites, to elucidate
whether the response of GPP and ET was different between
these two land-cover classes and how this response related to
weather (air temperature and precipitation) and surface hy-
drology (snow depth and soil water content).

2.3.4 Societal impacts

Emergency water-use restrictions were binned into four
elevation bands based on the typical distribution of
municipalities in Italy: below 1000ma.s.l.; between
1000-1500 ma.s.l.; between 1500-2000 ma.s.l.; and above
2000ma.s.l. Restrictions were then clustered by month,
separately for 2022 and for 2023, in order to evaluate
the potential trend in elevation as the snowmelt deficit
propagates downstream. Note that this computation was
performed using all available water-use restrictions, includ-
ing those outside the 38 study catchments, again because
our study catchments covered only the headwater portions
of rivers while water-supply impacts propagate from these
headwaters to adjacent lowlands.

The assessment of the impact on mountain huts was con-
ducted through an analysis of the most pertinent variables
for our research objectives: (i) duration of management (in
years); (ii) hut elevation; (iii) details on impact on water sup-
ply; (iv) impact on seasonal opening and closing periods;
(v) water-supply source; and (vi) available water storage op-
tions.

3 Results
3.1 Snow-drought inventory

Across our 38 study catchments and 13 water years, we
identified a total of 152 snow droughts (Fig. 1d). The two
water years with the highest number of catchment snow
droughts were 2016 (31/38, 82 %) and 2017 (30/38, 79 %).
During these two water years, snow-drought conditions ex-
tended from 47 to 40°N and thus affected the entire latitudi-
nal range of the Italian peninsula. During 2016, nearly 75 %
of catchment snow droughts were warm-wet, especially in
catchments above 44°N (that is, the Alpine region); more
southern catchments in the Apennines were instead charac-
terized by a warm-dry snow-drought condition. Water year
2017 was markedly different, in that all but two catchments
in the Apennines below 43° N were characterized by warm-
dry snow-drought conditions. These findings agree with the
continental drought characterization by Garcia-Herrera et al.
(2019), who showed that drought conditions in southern Eu-
rope between 20162017 were driven by high temperatures
in addition to a precipitation deficit.

Three other significant snow-drought water years in Italy
since 2011 were 2023 (29/38 catchments or 76 %), 2012
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(22/38, 58 %), and 2022 (15/38, 40 %); see Fig. 1d. During
both 2022 and 2023, the most predominant class was warm-
dry: 13/22 and 22/29 catchments during 2022 and 2023, re-
spectively. On the other hand, 2012 showed predominantly
cold-dry conditions below ~ 46.5° N and a small fraction of
cold-wet snow droughts in high-elevation, inner-Alpine re-
gions above ~ 46.5° N. These three snow droughts predom-
inantly affected the Alps, with only some warm-wet catch-
ment snow droughts in the Apennines below 43° N in 2023.
The only two years with no catchment snow droughts were
2013 and 2018, followed by 2014 with only one instance in
central Italy. These results agree with previous studies assess-
ing precipitation and snowfall by water year in Italy (Chi-
ambretti et al., 2014; Dall’ Amico et al., 2025).

Overall, the majority of catchment snow droughts in our
sample were warm-dry (53 %), that is, presenting a combi-
nation of low precipitation and higher-than-usual tempera-
tures (Fig. 1e). The second most frequent type was warm-
wet (22 %), followed by cold-dry (17 %) and, finally, rare
cold-wet instances (8 %), which may be a spurious result
of our short period of record. In agreement with these re-
sults, accumulation-season precipitation and mean temper-
ature across all snow droughts were generally lower and
higher than during non-snow-drought water years, respec-
tively (Fig. 1b—c, p-value 10~ and 107!, respectively).

3.2 Hydro-meteorology: SWE

Besides the obvious decrease in seasonal SWE at all eleva-
tions during snow droughts compared to non-snow drought
years, we also found a statistically significant decline in
snow-cover duration at all elevations (Fig. 2, first column
for SWE and second column for snow-cover duration). In
terms of median snow-cover duration, snow droughts lead to
an anomaly of —17d at 500-1000 ma.s.l., —29d at 1000-
1500 ma.s.l., —31d at 1500-2000 ma.s.l., —19d at 2000-
2500 ma.s.l., —13d at 2500-3000 ma.s.l., and —8 at 3000—
3500 ma.s.l. As a result, snow droughts shortened the snow
season by as much as one month on median, leaving a clear
and statistically significant signal at all elevation levels.

In terms of melt-out episodes, a shift towards an increase
in ephemerality clearly emerged above 1000 m and peaked
between 1500-3000 m: anomalies were —0.36 times at 500—
1000 m, 4+0.44 times at 1000-1500 m, +0.6 times at 1500—
2000 m, +0.40 times at 20002500 m, +0.36 times at 2500—
3000 m, and +0.39 times at 3000-3500 m.

3.3 Hydro-meteorology: streamflow

Winter snow droughts in our sample led to a median —50 %
in summer runoff across all catchments (Fig. 3c), despite no
statistical difference in summer precipitation between snow-
drought and non-snow-drought water years (Fig. 3a, p-value
for summer precipitation 0.20). Instead, the decline in sum-
mer runoff observed in the immediate aftermath of a snow
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drought was observed in combination with a statistically sig-
nificant increase in summer temperature (Fig. 3b, p-value
10~7). This decline in summer runoff was accompanied by
a clear increase in low-flow days (Fig. 3d), with a median
anomaly of +33dyr~! after snow droughts. In particular,
there was a significant change in high percentiles, with the
90th percentile of anomalies increasing from 46d during
non-snow-drought water years to 131 d during snow-drought
years. Snow droughts also caused a decline in the annual
runoff ratio (Fig. 3e), with a median anomaly during snow-
drought years of —0.06.

3.4 Terrestrial-ecosystem impacts

GPP showed different responses to snow droughts across el-
evation gradients (Fig. 4). Below 1000 m, the weekly pat-
terns of GPP between snow-drought and non-snow-drought
years were comparable, with the only notable difference be-
ing occasionally larger interannual variability during non-
snow-drought than snow-drought years that was likely due
to the larger cardinality of the former sample (Fig. 4a). In
other words, at low elevations GPP after a snow drought was
generally comparable to, if not slightly lower than, that after
non-snow-drought winters, both in terms of weekly patterns
and in terms of seasonal totals (Fig. 4b).

As elevation increased, however, two responses emerged:
the first was an increase in peak GPP between June—July dur-
ing snow drought years, especially above 1500 m, and the
second was an earlier- and faster-than-expected increase in
GPP during springtime following a snow drought, especially
above 2000 m (Fig. 4c—k). Because of this earlier and faster
onset and higher GPP peak in mid-summer, median sea-
sonal GPP after a snow drought was higher than after a non-
snow-drought winter at all elevations and particularly above
1500 m (Fig. 4h, j, and 1). Percentage differences between
snow-drought and non-snow-drought annual GPP were gen-
erally around 0 % below 500 m and then steadily increased
up to +10 % above 2500 m. This increase in spring GPP was
associated with a statistically significant increase in spring
average temperature (anomalies of —0.06°C and +0.15°C
during non-snow-drought and snow-drought years, respec-
tively, p-value = 0.02), but no statistically significant change
in spring precipitation.

Along with this increase in GPP, snow droughts led to an
earlier-than-usual greening date at all elevations (Fig. 5), par-
ticularly above 2500 m. The difference in median greening
date was between 1-3 d below 2500 m, rising to 6-8 d above
2500 m. Above 2500 m, differences in greening dates also
showed a significantly larger spread. As a result of temper-
ature control on vegetation development, greening date in-
creased with elevation, both during snow-drought and during
non-snow-drought years.

These differences in GPP and greening date between snow
drought and non-snow drought years were statistically sig-
nificant. For GPP, differences were significant at interme-
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Figure 2. Differences in anomalies of seasonal Snow Water Equivalent (SWE, left), snow-cover duration (center), and melt-out episodes
(right) between snow-drought (red) vs. non-snow-drought (gray) catchment water years for six elevation bands.
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Figure 3. Differences in anomalies of summer precipitation (a), summer mean air temperature (b), summer cumulative runoff (c), annual
low-flow days (d), and annual runoff coefficient (e) for snow-drought (red) vs. non-snow-drought (gray) catchment water years.

diate elevations (1000-1500m: p = 0.019) and at high ele-
vations (e.g. 2000-2500m: p < 0.001). In contrast, green-
up timing showed a consistent and statistically significant
response across all elevation ranges (e.g. 0-500m: p =
0.016; > 2500 m: p < 0.001). Together, these results clarify
that phenological responses to snow drought are widespread,
whereas productivity responses are constrained by elevation.

In-situ flux-tower data for 2022 confirmed that mid- to
high-elevation areas were prone to an earlier-than-usual rise
in GPP after the snow drought (Fig. 6k-1), but also showed
a nuanced difference in response between the grassland and
the forest site. In particular, the forest and the grassland sites
showed a larger-than-usual and lower-than-usual total GPP at
the end of the season, respectively (Fig. 6m-n). At the grass-
land site, the earlier-than-usual rise in GPP started around the
melt-out date and was associated with a month-long period of
higher-than-usual temperatures (Fig. 6¢), a faster-than-usual
depletion of surface soil moisture (Fig. 6g), and an increase
in ET (Fig. 6i). Between late July and early August 2022,
soil moisture at the grassland site dried out, which coincided
with the seasonal peak in both ET and GPP. Both variables
then declined compared to the median seasonal climatology
and led to a lower-than-usual seasonal cumulative GPP as
a result. In contrast, no snow accumulated during this snow
drought at the forest site (Fig. 6f), which caused a lower-than-
usual peak and a faster-than-usual depletion in soil moisture
(Fig. 6h), as well as a decline in ET when the soil dried out
(Fig. 6j). Nonetheless, GPP in the forest did not decline dur-
ing summer and instead maintained rates that were consistent
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with the median local climatology. This, together with the
earlier rise in spring, led to a higher-than-usual cumulative
GPP at the end of the season (Fig. 6n).

3.5 Societal impacts

The inventory of emergency water-use restrictions in Italy
during the 2022 and 2023 droughts revealed that these de-
crees affected nearly 1291 municipalities out of ~ 7900
(16 %, see Fig. 7a). Affected municipalities were mostly in
the northern and central portions of the country (Fig. 7),
coinciding with the epicenter of the concurrent precipita-
tion deficit (see Montanari et al., 2023). The areas with the
highest density of restrictions were the foothill regions of
the Po River valley and of the Apennines range, rather than
very-low-elevation regions of the Po valley (Fig. 7a). The
vast majority of these restrictions were found outside the
boundaries of our study catchments, which was both be-
cause the 2022 and 2023 snow droughts were the result of a
multifaceted process including a severe precipitation deficit,
ET enhancement, and temperature anomalies (see Monta-
nari et al., 2023) and because these restrictions were driven
by water-consumption crises, which generally take place in
lowlands where demand peaks, rather than in energy-limited
headwaters. Nonetheless, we still found nearly 50 municipal-
ities with such restrictions above 1500 ma.s.l.

No clear temporal trend emerged when looking at the
elevation distribution of water-restriction publication dates
in 2022 (Fig. 7b). At low elevations, a small amount of
such restrictions were continuously issued beginning in Jan-
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years.
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uary 2022, but the peak took place between May—July 2022.
This peak concided with the snowmelt deficit (Avanzi et al.,
2024), and that is when also municipalities at higher ele-
vation bands issued the most restrictions. A second period
of concentrated restrictions was October 2022, which was
likely related to that summer’s precipitation deficit rather
than the previous snow drought between 2021-2022. Only
a small amount of restrictions was issued in 2023, mostly
following the same “background” pattern observed in 2022
of new restrictions below 1000 m during all months between
February—October.

The survey of water-supply impacts of mountain huts re-
ceived 113 responses across the Italian Alps and the central
Apennines (Fig. 8). The average elevation of these huts was
between 1800-2200 ma.s.l., that is, well above the typical
elevation of municipalities in Italy. Nearly 90 % of these re-
sponses came from hut managers with at least 3 years of ex-
perience, with nearly 55 % of the respondents having more
than 10 years of experience. About 70 % of hut managers
reported water-supply impacts during 2022 and 2023, with
28 % reporting also an impact on their opening period. For
context, about 80 % of these huts receive water via surface
runoff (generally, glacier or snow melt and more rarely pre-
cipitation), with only half of the huts having some form of
water storage option.

4 Discussion and Conclusions

Snow-drought impacts in Mediterranean regions span the en-
tire socio-ecohydrological spectrum: they translate into in-
creased snow ephemerality (Fig. 2), reduced summer runoff
and annual runoff efficiency (Fig. 3), enhanced GPP (Fig. 4),
and water-supply disruptions (Figs. 7 and 8). These im-
pacts change significantly across elevation gradients, as
the mountain-to-lowland landscape transitions from energy
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limitation upstream to water limitation downstream (Bales
et al., 2006, 2018), and are linked with the seasonality of
the Mediterranean climate (Bales et al., 2018). Therefore,
snow droughts emerge as a deeply multi-sectorial and multi-
elevation risk, interconnecting the cryosphere with hydrol-
ogy, ecology, and society (Fig. 9).

Starting from the cryosphere, the obvious entry point of
any snow-drought impact chain is a snow deficit, led by ei-
ther a precipitation and/or a temperature anomaly (Harpold
et al., 2017). In this regard, a first novel insight of our data
is that the majority of snow droughts in Italy since 2011
were due to a combination of these two drivers (Fig. 1).
This is important, because the combination of low precip-
itation and high temperatures is a worst-case scenario for
mountain systems in Mediterranean regions that has a clear
climate-change signature (Huning and AghaKouchak, 2020).
It is therefore critical to rethink the traditional separation be-
tween cold and warm snow droughts to include the increas-
ingly frequent case of dry-warm snow droughts (Hammond
et al., 2024), a trend that is likely also present outside Italy.

In addition, we found that snow droughts not only reduce
SWE and the duration of a snow season (a result already
highlighted by previous research; see Hammond et al., 2024),
but they also increase snow ephemerality, that is, the ten-
dency of a snowpack to intra-seasonal melt-out events (Pe-
tersky and Harpold, 2018). According to our data, this shift
towards increased ephemerality was particularly clear at in-
termediate elevations (Fig. 2), which is a critical range where
the transition between energy and water limitation takes
place — that is, between areas where the water supply orig-
inates and areas where it is used. In Mediterranean regions,
the continuous presence of a snow cover at those intermedi-
ate elevations has several implications that make this shift to-
wards increased ephemerality relevant for our impact chain:
it regulates soil temperature (Filippa et al., 2014), stores the
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Figure 8. Outcomes of the impact survey of snow droughts on mountain huts.

bulk of snow-water resources throughout winter and makes
them available for summer use (Harrison and Bales, 2016),
provides ecological niches in snow (Takeuchi, 2001) as well
as across the various soil layers (Rungee et al., 2018), pre-
serves soil moisture from ET (Petersky and Harpold, 2018),
and supports winter tourism. This shift towards increased
snow ephemerality during snow droughts has rarely been
studied (Petersky and Harpold, 2018; Lépez-Moreno et al.,
2024), but is a key knowledge gap with regard to snow-
drought impacts on mountain socio-ecohydrologic systems.
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Moving along our impact chain, vegetation impacts
(Figs. 4-6) were related to a shorter and more ephemeral
snow season via a longer-than-usual growing season at
medium to high elevations and consequently a higher sea-
sonal GPP (see the corresponding yellow arrows in Fig. 9).
Snow-drought impacts on vegetation are also understud-
ied (Tryjillo et al., 2012; Galvagno et al., 2013; Pulliainen
et al., 2017), which means that both findings are compara-
tively novel. These impacts may appear counterintuitive, as
an increase in GPP points to higher ecosystem productiv-
ity in the immediate aftermath of an otherwise drier-than-
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usual period. However, this outcome agrees with a growing
body of literature showing ET enhancement during droughts
(Mastrotheodoros et al., 2020; Avanzi et al., 2020; Massari
et al., 2022; Zhao et al., 2022) due to the increase in atmo-
spheric vapor-pressure deficit associated with the drier (and
increasingly warmer) atmosphere (Bales et al., 2018). In-
deed, because water and carbon cycles are intrinsically linked
through plant stomata, plants face a trade-off: under initial
increases of vapor-pressure deficit and provided soil mois-
ture is adequate, plants may maintain or even increase GPP
by sustaining high level of stomatal conductance, a strategy
consistent with optimality frameworks that balance the ben-
efits of carbon gain against hydraulic risk (Joshi et al., 2022).
However, as vapor-pressure deficit and soil moisture stress
intensify, the increased cost and risk of maintaining transpi-
ration may override the benefit, forcing stomatal closure and
reducing GPP. This behaviour is particularly evident in the
observation case studies.

This increase in summer GPP was evident at elevations
that are generally energy limited, that is, where the amount
of available water is rarely a limiting factor for ecosystem
productivity. At those elevations, the snowpack typically acts
as a strong physical constraint on canopy development and
activity in the spring, thereby delaying plant phenology com-
pared to lower elevations. Once the snowpack disappears and
this snow-imposed decoupling between vegetation, light, and
temperature ends, plants are suddenly exposed to favorable
conditions, leading to an increase in GPP. Consequently, a
snow drought year may be advantageous at higher compared
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to lower elevations: indeed, while at low elevations pheno-
logical development occurs within a similar time window re-
gardless of whether it is a snow- or no-snow-drought year,
at high elevations the absence of snow enables an earlier
onset of growth and GPP. This difference in response be-
tween energy-limited and water-limited elevation bands may
also explain why this result does not contradict Trujillo et al.
(2012), who reported increased vegetation productivity af-
ter high-snow winters. Both winters with abundant snowfall
and winters with snow drought can enhance the following
summer’s productivity, but through different mechanisms as
mediated by water availability and elevation.

While results in Figs. 4 and 5 were obtained through re-
mote sensing and thus may be affected by retrieval uncer-
tainty and average different responses by diverse ecosys-
tems, on-the-ground data in Torgnon (Fig. 6) confirmed the
occurrence of ET enhancement during the early stages of
summer 2022. In addition, these data clearly linked the in-
crease in GPP and the longer-than-usual growing season to
the shorter-than-usual snow duration and, as a consequence,
a faster-than-usual depletion of soil moisture. In this frame-
work, an important difference emerged between grasslands
and forests, with the former showing a clear drop in GPP
during the second part of the growing season that was not
reflected by forests, which instead maintained average GPP
even well into the summer season and even when soil mois-
ture was very low. This discrepancy is due to both bet-
ter adaptation strategies of forests compared to grasslands
(Galvagno et al., 2013), and to the former accessing deeper
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soil moisture than grass via roots-regolith interactions (Bales
et al., 2018; Klos et al., 2018; Baldocchi et al., 2021). Be-
cause forests occupy at least 46 % of the surface of the Alps
(Alpine Convention, 2015), we conclude that GPP enhance-
ment at medium-to-high elevations is a dominant but largely
unexplored impact of snow-droughts in Mediterranean re-
gion.

This increase in GPP and ET, compounded by shallower
and more ephemeral snow and the statistically increase in
summer temperatures, may explain the decline in summer
runoff and runoff coefficient after a snow drought as visi-
ble in Fig. 3. A first potential mechanism at play could be,
again, ET enhancement, because of priority allocation of wa-
ter to ET rather than runoff, which effectively diminishes the
proportion of precipitation that is converted to runoff dur-
ing droughts compared to wet periods (Goulden and Bales,
2014; Bales et al., 2018; Avanzi et al., 2020). A second mech-
anism could be enhanced soil dryness, which may lead to
more precipitation being allocated to infiltration than during
non-snow-drought years (Segura, 2021). These mechanisms
are likely to co-exist during snow droughts and have a strong
potential of escalation along elevation gradients, as alloca-
tion to ET or storage upstream further propagates and es-
calates downstream (Fig. 9). The observed decline both in
summer runoff and in annual runoff efficiency after a snow
drought agrees with previous work (Segura, 2021; Chartier-
Rescan et al., 2025; Hammond et al., 2024), can be directly
connected to the finding that droughts alter the precipitation-
runoff relationship (Avanzi et al., 2020), and expands these
findings to snow-dominated Mediterranean catchments. In
this framework, while Matan6 et al. (2025) have recently
found that snow-dominated regions of the world exhibit
fewer changes in catchment response due to drought, our re-
sults across a variety of mountainous catchments confirm that
dry-warm snow droughts are a crucial hazard for water sup-
ply from such regions.

The final impact in this chain of mechanisms is repre-
sented by societal water-supply restrictions (Fig. 9). A po-
tentially surprising finding in this regard is that these impacts
took place at all elevations (Figs. 7 and 8), rather than being
confined to water-limited regions as one may expect. It even
appears that the area with the highest density of emergency
restrictions was the foothills of the Alpine region (Fig. 7).
This, together with the outcome of our survey of mountain
huts, leads to the perhaps unexpected conclusion that water-
supply impacts of snow droughts may increase rather than
decrease with elevation.

This outcome can be explained by several aspects of
water-supply vulnerability, which are deeply rooted both in
water infrastructure and water policy. Water infrastructure
is the first factor. Our survey among mountain-hut man-
agers suggested that impacts were associated with a highly
vulnerable water-supply paradigm based on surface runoff
from snowmelt, which is obviously exposed to inter-annual
variability in snow accumulation and in particularly snow
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droughts. Such a paradigm is ubiquitous in Alpine mountain
regions, while many lowland areas across the Po floodplain
rely on groundwater wells which offer greater long-term re-
silience (Carlson et al., 2025). Next, from a water-policy
standpoint, lowland regions may have received greater at-
tention and resilience-related investments than headwater re-
gions. Indeed, lowlands are densely populated and hotspots
of agricultural and industrial productivity, which means that
they have been the target of a variety of investments and
monitoring efforts that reduced their vulnerability to snow
droughts (e.g. redundant water ways or dense monitoring
networks). On the other hand, high-elevation regions are of-
ten ungauged, with little to no water infrastructure. Our sur-
vey of impacts from news sources found even anecdotal ev-
idence of emergency water deliveries from the floodplains
to the headwaters during the peak of the 2022-2023 snow
droughts, a process that anthropogenically inverts the water
cycle. These results show for the first time that, during snow
droughts, runoff decline escalates downstream, but societal
impacts may even escalate upstream, with an implicit inter-
section at intermediate elevations.

The impacts of snow droughts can only be understood
and managed systemically rather than sector by sector. The
need for a holistic understanding of snow-drought impacts is
particularly urgent given that the majority (53 %) of inves-
tigated drought events in our sample were characterized by
both low precipitation and high temperatures. This scenario
presents an existential challenge for mountain water supply
that directly points to increasing aridity in a warming climate.
These changes represent a paradigm shift in how mountains
contribute to the global water cycle.

Data availability. Streamflow data were from the database of
the Italian Regional Administrations and Autonomous Provinces,
accessible by CIMA Research Foundation through the Italian
Department of Civil Protection, and a comprehensive hydrological
dataset covering the Alpine region for the period September 2004
to August 2023 (https://edp-portal.eurac.edu/geonetwork/srv/api/
records/9e195271-02ae-40be-b3a7-525f57f53¢80, last access:
17 April 2025). Snow data were from the IT-SNOW open-source
snow reanalysis product (https://doi.org/10.5281/zenodo.7034956,
Avanzi et al., 2022), while precipitation and temperature data
were from the BIBGANG dataset (https://www.isprambiente.
gov.it/pre_meteo/idro/BIGBANG_ISPRA .html, last  access:
3 October 2025). Remote-sensing-based GPP came from
the Penman—Monteith-Leuning Evapotranspiration product,
PML_V2 (Gan et al.,, 2018; Zhang et al., 2019), while the
“Greenup” layer was from the MODIS product MCD12Q2v061
(https://doi.org/10.5067/MODIS/MCD12Q2.061, Friedl et al.,
2022). Data from IT-Tor and IT-TrF stations were downloaded from
the ICOS Carbon portal (Cremonese et al., 2025; Ferraris et al.,
2025). Emergency water-use restrictions are available through the
various municipal administrations, while we summarized the most
significant data from the mountain-hut survey in Fig. 8.
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