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Abstract.

Assessing past distributions, variability and trends of the mountain snow cover and its first order drivers, temperature and
precipitation, is key for a wide range of studies and applications. In this study, we compare the results of various modelling
systems (global and regional reanalyses ERAS, ERA5-Land, ERA5-Crocus, CERRA-Land, UERRA MESCAN-SURFEX,
MTMSI, and regional climate model simulations CNRM-ALADIN and CNRM-AROME driven by the global reanalysis ERA-
Interim) against observational references (in-situ, gridded observational datasets and satellite observations) across the European
Alps, from 1950 to 2020. The comparisons are performed in terms of monthly and seasonal snow cover variables (snow depth
and snow cover duration) and their main atmospherical drivers (near-surface temperature and precipitation). We assess multi-
annual averages of regional and sub-regional mean values, their inter-annual variations, and trends over various time scales,
mainly for the winter period (from November through April).

ERAS, ERA5-Crocus, MESCAN-SURFEX, CERRA-Land and MTMSI offer a satisfying description of the monthly snow
evolution albeit a spatial comparison against satellite observation indicates that all datasets overestimate the snow cover dura-
tion, especially the melt-out date. CNRM-AROME and CNRM-ALADIN simulations, and ERAS5-Land exhibit an overestima-
tion of the snow accumulation during winter, increasing with elevations.

The analysis of the inter-annual variability and trends indicate that modelling snow cover dynamics remain complex across
multiple scales, that none of the models evaluated here fully succeed to reproduce, compared to observational reference
datasets. Indeed, while most of the evaluated model outputs perform well at representing the inter-annual to multi-decadal
winter temperature and precipitation variability, they often fail to address the variability of the snow depth and snow cover du-
ration. We discuss several artifacts potentially responsible for incorrect long-term climate trends in several reanalysis products
(ERAS and MESCAN-SURFEX), which we attribute primarily to the heterogeneities of the observation datasets assimilated.

Reference datasets and-some-of the evatuated datasets provides Nevertheless, many of the considered datasets in this study
exhibit past trends in line with eurrent-available-Jiterature—Over-the current state of knowledge. Based on these datasets, over
the last 50 years (1968-2017) at a regional scale, the European Alps have experienced a winter warming of 0.3°C to 0.4>°C
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per decade, a—weak-stronger at lower elevation and a small reduction of winter precipitation, and-a—substantial-deerease-of

a-homogeneous with elevation. The decline of the winter snow depth and the-snow cover

duration reaching—1+0%-range from -7% to -15% per decade and -+0-daysfrom -5 days to -7 days per decade, respectively,

espeetatty-both showing a larger decrease at low and intermediate elevationselevation.
Overall, we show that no modelling strategy outperforms all others within our sample, and that upstream choices (horizontal

resolution, heterogeneity of the observations used for data assimilation in reanalyses, coupling between surface and atmosphere,
level of complexity and configuration of the snow scheme etc.) have great consequences on the quality of the datasets and their
potential use. Despite their limitations, in many cases these modeling outputs can be used to characterize the main features of

the mountain snow cover for a range of applications.

1 Introduction

Emissions of greenhouse gases by industrial societies since the 1850s have led to an increase in the global mean surface temper-
ature of 1.07°C (0.8°C-1.3°C), 1.59°C (1.34-1.83 °C) over land (Zhongming et al., 2021) inducing a series of modifications in
the components of the Earth system. In mountainous areas, composed of a large number of systems and environments sensitive
to climate change, the temperature rise has already led to major impacts (Hock et al., 2019). Observations from the past decades
generally show a decrease in glacier mass, a temperature rise of the permafrost, and a general decline of the snow cover dura-
tion on average by 5 days per decade at low elevation (Hock et al., 2019). These changes already impact water resources and
agriculture in snow-dominated and glacier-fed river basins, as well as altering the magnitude and location of natural hazards
in mountainous regions such as snow avalanches, floods and landslides (Hock et al., 2019). While many physical changes in
mountain regions are already well understood in general terms (Hock et al., 2019), some physical processes remain imperfectly
characterized such as the elevation dependant climate changes (Pepin et al., 2015, 2022), as well as numerous impacts on a
large variety of related domains, such as water resources, ecosystems, natural hazards.

Reliable observational data on essential climate variables (e.g. near surface temperature, precipitation, snow cover area,
snow water storage... ) are critically needed to further investigate past changes, improve process understanding, and character-
ize the present state of the different systems and environments under a changing climate. Yet due to multiple constraints on
the installation and maintenance of a dense observational network related to the accessibility and the extreme climate condi-
tions, the historical and current in-situ coverage is sparse over mountainous regions, specifically at high elevation, even in the
European Alps, one of the most extensively studied mountain range in the world. Multiple approaches have been developed
to complement the information from sparse in-situ observation networks and to gather informations about the past state of the
climate system in mountain regions.

Remote sensing data have the advantage of almost exhaustive spatial coverage at a high resolution (down to a few tens of
meters of horizontal resolution). However, only a limited number of climate variables can be derived from them, with a short
and generally partial temporal coverage that does not allow the reconstruction of past changes over the last century. MODIS

(Justice et al., 1998), for example, provides records from February 2000 onwards, less than the conventional 30 years required
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to define a climatology, let alone a climate trend. Additionnally, the quality of remote sensing data is weakest in mountainous
regions due to the complex topography compared to flatland (Largeron et al., 2020).

Reanalyses are generated using a numerical weather prediction (NWP) model simulating the state of atmospheric and surface
variables, using observational constraints through data assimilation. The aim of reanalyses is to provide information about the
state of the atmosphere and its interfaces consistent with the observed chronology of meteorological events. Over the last
decade, a new series of global and regional reanalyses have been released, taking advantage of the rise of model performance
and assimilation procedures, providing high resolution climate informations. Among them, ERAS (Hersbach et al., 2020)
and ERAS5-Land (Mufioz-Sabater et al., 2021) are global reanalyses recently produced by the ECMWF (European Centre
for Medium-Range Weather Forecasts), and already extensively used in a wide range of applications. UERRA-MESCAN-
SURFEX and CERRA-Land are high resolution regional reanalyses resulting from a series of european project (EURO4M,
UERRA, now implemented as part of the Copernicus Climate Change Service and named CERRA), taking advantage of their
high resolution, and the use of a new surface analysis system MESCAN (Soci et al., 2016) to provide a robust estimation of
surface variables over Europe. These new reanalyses are promising tools, but are still limited for some applications. Besides
their high computational cost, they remain dependent on model limitations, and an assimilation system that can lead to spurious
trends due in particular to the spatio-temporal heterogeneity of assimilated observations (Thorne and Vose, 2010; Vidal et al.,
2010; Vernay et al., 2022).

Regional climate simulations forced by a larger scale reanalysis are continuous long-term simulations over a limited area.
They are, by design, constrained to follow the large scale chronology of meteorological episodes, and avoid some of the
issues induced by the assimilation steps of regional reanalyses, but inherit biases from the atmospherical model. Regional
climate simulations driven by larger scale reanalyses are mostly used as a benchmarking tool to assess the reliability of climate
simulations, used for climate projections. In Europe, climate simulations produced within the EURO-CORDEX framework
have been used in various applications ranging from physical changes to climate change impacts (Jacob et al., 2014; Beniston
etal., 2018; Terzago et al., 2017; Kotlarski et al., 2023). More recently, the EURO-CORDEX Flagship Pilot Study "Convection"
has lead to the production of high resolution regional climate simulations using climate models at kilometer scale over a domain
that covers the Alpine ridge (Coppola et al., 2020; Pichelli et al., 2021). These simulations have demonstrated their potential for
the study of rare events such as high precipitation event (HPE) (Caillaud et al., 2021), as well as improving the representation of
mountain variables such as temperature, precipitation, and snow cover over the Alps (Liithi et al., 2019; Monteiro et al., 2022).
A recent review from Lundquist et al. (2019) suggests that high resolution climate simulation are now able to produce a better
estimate of meteorological variables over mountainous areas than gridded datasets based on in-situ observations, limited by
the scarcity of in-situ observations and some of their observation limitations, e.g. snow precipitation wind-induced undercatch.

Several studies have focused on evaluating datasets and reanalyses in various contexts with the aim of outlining their ad-
equate areas of use. Mufioz-Sabater et al. (2021) provide an extensive comparison of ERA5 and ERAS5-Land against in-situ
observations for a set of surface variables (near-surface air temperature, soil moisture, snow depth). Their study highlights
that besides a clear added-value of ERAS5-Land against ERAS in the Western US considering the representation of snow, their

comparison over Scandinavia and the Northern part of the Alps lead to more nuanced results, that they attributed to the qual-



95

100

105

110

115

120

125

ity of ERAS, due to the density of the assimilated observation network in ERAS5 in these regions. Isotta et al. (2015) and
Bandhauer et al. (2022) focus on precipitation characteristics over the Alpine region from numerous datasets (ERAS, MES-
CAN, EURO4M-APGD, E-OBS... ). They report on a widespread overestimation of accumulated precipitation and wet-day
frequency of ERAS and UERRA against gridded observational datasets, and show that their local scale performances depends
on the density of the rain-gauge network. Li et al. (2022) provide an intercomparison of snow depth from ERA5, ERAS5-Land
and WREF climate simulations against remote sensing and observational datasets over the Tianshan Mountains in China and
find that constrasting results. ERAS5-Land is prone to lower errors (RMSE and ME) compared to ERAS at low and intermediate
elevation, but shows larger biases at high elevation. They both perform poorly regarding the annual evolution of snow, with
an overestimated accumulation phase for ERAS and an underestimation of the melting rate for ERAS-Land. Overall, the WRF
climate simulation performs well at all elevations, and gives the closer estimates of the annual cycle of snow cover. Orsolini
et al. (2019) study the ERAS abilities to represents snow characteristics (i.e. snow depth, snow cover and snow duration) over
the Tibetan Plateau (TP) and find that ERAS strongly overestimate the amount and duration of snow cover over the TP, that
they relate to the lack of assimilated observations in this region, as well as a strong overestimation of precipitations. Scherrer
(2020) compares near-surface temperature inter-annual variability and trends for a set of reanalyses and gridded datasets (i.e.
ERAS, MESCAN, E-OBS and COSMO-REA) against a gridded datasets for Switzerland and find that they all perform well
at low elevations but have increasing errors in terms of trend and internal variability at high elevation. Kaiser-Weiss et al.
(2019) perform a broad evaluation over Europe of multiple reanalyses (those from the UERRA project and COSMO-REA) for
wind, solar radiation, precipitation and temperature and find that the quality of the dataset for a given area is for a large part
determined by the number of assimilated observations.

The above studies lead to nuanced results concerning the ability of recent reanalyses, gridded observation-based datasets and
climate simulations to provide reliable long-term informations relevant to characterize mountain meteorological conditions and
the snow cover state. None of them outperforms other datasets in every regions and analysed aspects of the climatology (i.e.
mean values, seasonal patterns, spatial patterns, interannual variability, trend), but they hold promising potentials to comple-
ment in-situ observation records. Multiple factors are involved and strongly depend on the study area such as the quality of
atmospheric forcing driving the land surface model, the number and quality of the assimilated observations and the inherited
biases from the underlying model used (atmospherical model and land surface model). Thus, it is clear that extensive studies
are needed to qualify the robustness of these emerging tools for appropriate use in a wide range of downstream scientific
applications.

The objective of the present study is to compare the performance of different datasets from different modelling strategies
in the European Alps, in order to better understand their different characteristics and assess how to provide the best possible
estimate of the state-of-the-spow-cover-snow cover spatio-temporal variability and trends, and its first order drivers, wintertime
near surface temperature and precipitation. We investigate and evaluate mean seasonal and annual values, spatial variability
and patterns, and interannual variability and trends over the last decades. We take advantage of the recent study by Matiu
et al. (2021) providing a consolidated dataset of in-situ snow depth observations in the European Alps. We also exploit two

gridded observational reference datasets LAPrec (Frei and Isotta, 2019) for the precipitation (specifically covering the Alpine
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region) and E-OBS for the near surface temperature (Cornes et al., 2018). By doing so, we aim to provide informations on the
reliability of several commonly used and most recent reanalyses as well as other modelling approaches in the European Alps
and provide estimates of climate trends of the variables.

2 Data and Methods
2.1 Study domain

Our study domain is the European Alps (see Figure 1a), using the boundaries of the Alpine Convention (Convention, 2020).
We carry out analyses over the whole region, or for the four subregions following the HISTALP division from Auer et al.
(2007). These four subregions correspond to four climatically homogeneous areas: the western side (northwest and southwes:
in uenced by the Atlantic and an Eurasian continental regime on the Eastern side. North-south border distinguishes the warmer
and dryier mediterranean side on the south (southwest and southeast) and the wetter northern part (northwest and northeast
blocking most of the western lows. This division into four main subregions based on temperature, precipitation, air pressure,

sunshine and cloudiness was recently con rmed to be relevant by Matiu et al. (2021) based on snow depth in-situ observations.
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Figure 1. a. Study domain with the DEM (digital elevation model) at 1 km and contour of the Alpine Convention @ittimeAlps and the
four subregions, b. Location of observations used in section 3.1 with their associated number per elevation bands of 300 m width for each

regions, c. Same as b. for the observations used in section 3.2, d. Same as b. for the observations used in section 3.3.

2.2 \Variables of interest and indicators

Based on the availability of the variables across the data sets used in this work (model output and observations, see below), we
focus on snow depth to evaluate their snow cover component.

In oder to compare the evaluated datasets against remote sensing data from MODIS/Terra (MOD10A1F) processed by the
National Snow and Ice Data Center (NSIDC) (Hall and Riggs., 2020), three indicators are analysed. Consecutive snow cover
duration (SCD) is de ned as the largest consecutive number of days in a hydrological year with a snow depth value above
a given threshold value. The snow onset date (SOD) and the snow melt-out date (SMOD) characterize the beginning and
the ending dates of the corresponding time period. In this study, the snow depth threshold is set at 1 cm, motivated by the
minimization of error metrics, described in Section 2.4.3.

In the case of MODIS data, the normalized difference snow index (NDSI) value was converted to a series of binary snow
cover maps (absence or presence of snow) using a threshold value>N@2I This threshold corresponds to a snow cover
fraction of approximately 30% (Salomonson and Appel, 2004). These snow cover maps were used to compute SCD, SOD and

SMOD.



