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Abstract. Large snow load events are a major hazard for both human societies, in particular buildings and transport safety, and

natural ecosystems. National and European frameworks provide guidelines and standards in order to take into account extreme

snow load hazard in infrastructure design. However, there is a lack of reference data for their implementation. This is even

more challenging in the context of climate change, which modifies the frequency and intensity of major snow load events. In

the context of the Framework Partnership Agreement on Copernicus User Uptake, we have developed a pan-European extreme5

value analysis of annual snow load maxima based on the Mountain Tourism Meteorological and Snow Indicators (MTMSI)

dataset available from the Copernicus Climate Change Service. This dataset includes reanalysis data for the period 1962-2015,

based on the UERRA (Uncertainties in Ensembles of Regional Reanalyses) reanalysis and snow cover simulations, and past and

future climate projections based on regional climate simulations for the period 1951-2100. Here, we describe the evaluation of

the MTMSI reanalysis component in terms of annual snow depth maxima against multiple in-situ observation datasets. Results10

are provided at the NUTS-3 (Nomenclature des unités territoriales statistiques) scale used in MTMSI, for multiple elevations

over a large area stretching from the European Alps to the Scandinavian countries. For 75% of the comparisons between

observed and simulated snow depth maxima, we report absolute bias scores between -0.23 m and 0.15 m, correlations above

0.59, and a Kling-Gupta Efficiency metric above 0.29. We identify some areas where MTMSI does not adequately portray

in-situ observations of snow depth maxima, located in the Alps and coastal areas of the Netherlands, Norway, Sweden, and15

Croatia. This study thus provides background information for assessing the relevance of this pan-European dataset in terms

of annual snow depth maxima, relevant for annual snow mass and snow load maxima based on complementary information

derived from snow cover model output. The MTMSI annual maximum snow depth reanalysis dataset is available through the

following link: https://doi.org/10.5281/zenodo.15181401 (Kamir et al., 2025).
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1 Introduction20

Large amounts of snow, due to extreme snowfall events or the accumulation of snow from multiple snowfall events during a

given time period, are a challenging hazard for transportation and housing infrastructure. Snow load, i.e. the pressure exerted by

the snowpack on underlying surfaces (in N m−2 or Pa), is directly calculated from the snow mass (also referred to as the snow

water equivalent, SWE, expressed in kg m−2 of mm water equivalent), multiplied by the gravitational acceleration constant

(g = 9,8m s−2). National and European frameworks provide guidelines and standards in order to take into account extreme25

snow load hazard in infrastructure design. However, as shown by Croce et al. (2019), there is a lack of harmonization between

the different countries, and, in particular, the reference observations used to estimate extreme snow loads vary in quantity

and quality. Furthermore, estimating extreme snow loads is even more challenging in the context of climate change, which

influences the frequency and intensity of major snow load events (Croce et al., 2021).

This study relies on an ensemble of snow projections derived from the Mountain Tourism Meteorological and Snow Indica-30

tors (MTMSI) dataset (Morin et al., 2021). The MTMSI dataset is available at the scale of NUTS-3 regions (Nomenclature des

Unités Territoriales Statistiques, EUROSTAT, 2015) which correspond to administratively relevant regions defined for each

country across Europe. The MTMSI reanalysis dataset was evaluated in several recent studies. Morin et al. (2021) compared

MTMSI reanalysis data, in terms of the number of days with SWE values above 100 kg m−2, for the Savoie NUTS-3 region

(FRK27), at various elevations, with the results of the SAFRAN - SURFEX/ISBA-Crocus - MEPRA (S2M) reanalysis (Vernay35

et al., 2022). They showed that, in many cases, MTMSI and S2M data followed similar patterns. However, deviations were

found in particular at high elevation, where MTMSI values were generally lower than S2M. These deviations were identified

to be consistent with the lower resolution of the UERRA dataset (5.5 km), and the low density of precipitation observation

networks at high elevation often associated with an underestimation of solid precipitation due to, e.g., undercatch (Kochen-

dorfer et al., 2020). More recently, Monteiro and Morin (2023) have also evaluated the MTMSI reanalysis dataset based on40

in-situ observations and remote sensing snow cover fraction datasets across the European Alps domain, as well as various

reference temperature and precipitation datasets. They assessed monthly and seasonal snow cover variables (snow depth and

snow cover duration) and their main atmospheric drivers (near-surface temperature and precipitation). Monthly snow depth

values lead to mean absolute errors generally below 30%, and correlation values close to 0.9 at all elevations. However, to

date, extreme snow variables (e.g. snow depth or SWE annual maxima) used in snow load assessments were not available at45

the pan-European scale. These variables were simulated as part of the MTMSI reanalysis but not made available so far.

The main goal of the present study is to provide an evaluation of the MTMSI reanalysis in terms of maximum annual snow

depth values at the European scale, against verified in-situ observations. Although the focus of extreme snow load analysis

would ideally require using SWE observation datasets for the evaluation, there are far more snow depth observations than

SWE observations, and the Crocus snow cover model has been shown to simulate equally well snow depth and SWE (Krinner50

et al., 2018). The performance of the dataset in terms of snow depth should thus translate in terms of SWE. For the present

study, we gathered and combined various in-situ snow depth datasets in order to evaluate how MTMSI reanalysis snow depth

values compare to in-situ snow depth observations. We further aim at assessing the quality of this dataset as a function of the
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geographic location and the elevation (in mountain areas). This analysis focuses exclusively on annual snow depth maxima

from 1962 through 2015. We carried out the evaluation on a horizontal and vertical scale, as some NUTS-3 regions are covered55

by the MTMSI dataset on multiple elevation scales.

Section 2 describes the data and methods used in this study, in particular the MTMSI dataset and the snow depth observations.

Section 3 details the results of this evaluation. Section 4 further discusses the main strengths and limitations of the MTMSI

dataset concerning extreme snow variables. Section 5 concludes.

2 Study area, material and method60

2.1 Study area

The evaluated MTMSI reanalysis dataset covers a pan-European domain. It includes the European Union, candidate countries,

and members of the European Free Trade Association. Altogether, the dataset covers EU member states, Albania, Andorra,

Montenegro, North Macedonia, Serbia, Turkey, the United Kingdom, Iceland, Liechtenstein, Norway, and Switzerland (Morin

et al., 2021). Figure 1 shows the mean elevation of the NUTS-3 regions (administratively relevant regions defined for each65

country across Europe) across this pan-European domain and highlights the regions with high elevations (e.g. the Alps, east

of Turkey). For “plain" NUTS-3 regions, snow simulations are only available at their mean elevation (NUTS-3), while snow

simulations are provided by 100-meter elevation band for “mountain" NUTS-3 regions.
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Figure 1. Mean elevation (left) and type (right) of each NUTS-3 (Nomenclature des Unités Territoriales Statistiques) regions of the MTMSI

dataset. Representative grid points from UERRA were based on case-by-case identification of “mountain” and “plain” NUTS-3. UERRA

grid points were selected to provide results by steps of 100 meters elevation on “mountain” NUTS-3 regions, while for each “plain” NUTS-3

region, one UERRA grid point was selected to represent the average elevation of the NUTS-3 region.

2.2 Data

2.2.1 MTMSI reanalysis dataset70

This study evaluates annual snow depth maxima from the Copernicus Climate Change Service (C3S) Mountain Tourism Me-

teorological and Snow Indicators (MTMSI) against in-situ snow depth observations across Europe. The full description of the

dataset is provided by Morin et al. (2021), and briefly summarized here. This reanalysis is derived from the UERRA reanalysis,

which spans the time period from 1961 through 2015 in Europe, at 5.5 km horizontal resolution (Soci et al., 2016). For MTMSI,

only a geographic subset of the full UERRA pan-European reanalysis was used, in order to operate over a tractable number of75

locations (the UERRA reanalysis includes 1,142,761 grid points). The primary geographical unit components of the MTMSI

dataset are NUTS-3 regions, corresponding to administratively relevant regions defined for each country across Europe. In

mountainous areas, UERRA reanalysis grid points were selected to represent the meteorological conditions in each NUTS-3

region by steps of 100 m elevation. In non-mountainous areas, one UERRA reanalysis grid point was selected to obtain the

optimal agreement with the mean elevation of the NUTS-3 region (Figure 1). The near-surface atmospheric fields of the re-80

analysis were used to drive the snow cover model Crocus, part of the SURFEX/ISBA land surface model (Vionnet et al., 2012;

Masson et al., 2013). This provides daily snow depth and snow water equivalent data for each of the 5625 mountain locations
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(NUTS-3/elevation pairs) and 959 plain locations (at the mean elevation of the corresponding NUTS-3 region), totaling 6584

NUTS-3/elevation pairs. This subset corresponds to 0.5% of the grid points of the UERRA reanalysis.

From these daily data, including daily atmospheric variables (temperature, precipitation), 39 indicators were computed to85

form the MTMSI dataset available from C3S (Morin et al., 2021). However, the annual snow depth or SWE maximum is not

included among the 39 indicators of this dataset, which has primarily been developed in relation to the mountain tourism sector

(Morin et al., 2021; François et al., 2023). Therefore, the annual maximum snow depth values were computed based on the

daily data. The maximum was computed for each year N from August 1st, N-1 to July 31st, N. The resulting dataset of annual

maxima of snow depth is available at https://doi.org/10.5281/zenodo.15181401.90

2.2.2 In-situ observation datasets

We evaluated the MTMSI dataset based on in-situ data whose characteristics are described below, and summarized in Table

1. We gathered observation data from multiple countries and sources, in order to evaluate the MTMSI dataset in a variety of

climates and landforms (see Figure 2). Since some in-situ stations appeared in two datasets simultaneously, we removed the

duplicates when merging the four datasets. Table 1 introduces the characteristics of the subsetted in-situ datasets, i.e. after95

duplicated stations were removed. All data underwent quality checking performed by data providers. Most stations provided

data on a time window of less than 30 years during the period 1962-2015.

Location Number Time scale Reference

European Alps 2861 stations Daily at variable

time

(Monteiro and

Morin, 2023)

Germany 4930 stations Daily at 6 UTC (Castino and

Wichura, 2020)

Finland 33 stations Daily morning and

evening measure at

variable time

World Meteorolog-

ical Organization

recommendations

(WMO, 2021)

Northern / Eastern

Europe

5877 stations Daily mean (Klein Tank et al.,

2002; Klok and

Klein Tank, 2009)

Table 1. Characteristics of snow depth in-situ observation datasets used for the study.
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Figure 2. Characteristics of the observation data set: (a) number of snow depth observation stations; (b) number of MTMSI elevation bands

evaluated based on observation stations; (c) mean number of stations per MTMSI elevation band used for the evaluation; (d) fraction of

the MTMSI dataset that has been evaluated against at least one observation station, per 500 m elevation range. MTMSI evaluation based on

largest numbers of stations are located in the European Alps region, Germany and Scandinavian countries.
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Dataset covering the European Alps

This dataset covering the European Alps is an ensemble of daily in-situ observations from 2861 stations spanning the100

1961–2019 period. It contains daily snow measurements from stations covering Austria, France, Germany, Italy, Slovenia, and

Switzerland, and has been published by Matiu et al. (2021). The largest part of the data results from manual measurements.

Data quality was ensured by Matiu et al. (2021) through the following processes: (1) values below zero were set to missing

values; (2) false null values were investigated by checking their spatial consistency; (3) temporal consistency was checked

(series with jumps larger than 50 cm on two consecutive days were manually checked); (4) series that showed a “dubious”105

behaviour were marked (i.e. inconsistency between snow depth and depth of snowfall, unlikely values, improbable temporal

variability, multiple seasons with no snow, or excessive gaps); (5) general spatial consistency was checked.

Dataset covering Germany

The dataset provided by the German meteorological service (DWD) contains daily snow depth measurements from 5496

stations for each winter season (September–May) from 1950 through 2020. Although these measurements are also freely110

accessible through the DWD data portal at https://www.dwd.de/EN/ourservices/cdc/cdc_ueberblick-klimadaten_en.html, the

data provided have undergone additional quality checks to ensure higher data reliability. The data verification was carried

out by DWD scientists (Castino and Wichura, 2025) and included: (1) isolated null values have been validated by checking

their consistencies with nearby stations; (2) in a similar way, long series of null values were investigated. Indeed, these series

sometimes result from a mismatch between data and metadata (starting date), causing false null values to be set instead of115

missing values; (3) the consistency of the temporal variability of snow depth measurements was evaluated by comparing

with the air temperature and precipitation variability; (4) the homogeneity of the time series was evaluated by performing the

standard normal homogeneity test (SNHT). We removed stations that were already in the "European Alps" dataset (see above).

Hence, we used a subset of this dataset containing measurements from 4930 stations.

Dataset covering Finland120

The dataset provided by the Finnish Meteorological Institute (FMI) contains sub-daily timeseries of snow depth on 1961-

2015, for 33 stations covering Finland. Data quality was ensured by automatic control tests, conducted by the FMI, that are

divided into 3 categories: jump tests, threshold tests, and growth-rate tests. The first ones check the consistency of snow depth

variations between observations separated by 10 minutes. The second ones verify that the maximum snow depth values are not

above a threshold that depends on the latitude. The last ones check the consistency of snow depth variations between observa-125

tions separated by 60 minutes in regard to other atmospheric variables. Each observation is stamped with a flag depending on

which tests it passes and is either directly validated or goes through human quality control, in which a meteorologist analyzes

the observation and either accepts or disqualifies it. As two measures were available each day, we picked the morning one, for

which the time was not strictly the same from one day to another.

Dataset covering Northern and Eastern Europe130

The dataset provides mean daily snow depth for about 9777 stations spread over Scandinavian countries and eastern countries

of Europe, spanning from Turkey to Poland and the Netherlands (see Figure 2). The data is gathered by the European Climate

Assessment Dataset (ECA&D) and is freely accessible through its website (https://www.ecad.eu). Whenever synoptical snow
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depth data is available at 00, 06, 12 and/or 18 UTC, ECA&D scientists calculated the daily mean snow depth as the average

snow depth of the available values. Data quality is ensured by the authors by performing automated and manual checking135

(Klein Tank et al., 2002; Klok and Klein Tank, 2009). Automated procedures ensure that data is always above 0 cm, and (1)

if the station is below 400 m, the measured value is below 300 cm; (2) if the station is between 400 m and 2000 m, the

measured value is below 800 cm; (3) if the station is above 2000 m, the measured value is below 1500 cm (ECA&D, 2013). If a

requirement is not met, the value can be manually checked. A resulting quality code is provided along with the data. Only data

tagged as "valid" were kept for this analysis. A further quality check made us remove the data from three stations that appeared140

dubious, in Norway and Croatia. We removed stations that were already in the "European Alps" or "Germany" dataset (see

above), hence, we used a subset of this dataset containing measurements from 5877 stations.

Merged observation dataset

We gathered all of the observation sets together. We filtered out identical stations. As we conducted the evaluation on the

MTMSI dataset time span (from 1962 through 2015), we cropped the in-situ datasets from 1961-08-01 through 2015-07-31.145

Then, we removed stations that do not provide any complete winter, defined as less than 10% daily data missing between the

1st October and the 30th of April. In the end, our dataset consists of 11,782 stations providing at least one winter maximum

from 1962 through 2015. Note that the adjustment of EURO-CORDEX climate simulation data uses MTMSI atmospheric data

from 1980 through 2012 (Morin et al., 2021), which includes the evaluation period considered here.

The evaluation is restricted to the coverage of observation datasets, which do not cover the whole area: Mediterranean150

countries, as well as some eastern countries, are therefore missing in this evaluation (Figure 2).

2.3 Method

In this section, we describe how we compared each NUTS-3/elevation snow depth maximum values to the observations, noting

that for each NUTS-3/elevation pair there can be numerous observation stations. We aimed at evaluating as much of the

reference NUTS-3/elevation data as possible, both in plain and mountain areas.155

2.3.1 Screening the length of station time series

We only computed the annual snow depth maximum if the records had less than 10% daily data missing between the 1st of

October and the 30th of April, in order to reduce the probability of missing the actual snow depth maxima. Based on this

analysis, we filtered out 3,178 station time series providing less than 20 full winters, leaving 8,604 stations with at least 20 full

winters.160

2.3.2 Spatial pairing of each MTMSI and observation

The MTMSI dataset provides data for 1,517 NUTS-3 regions. In order to conduct the evaluation of each individual NUTS-

3/elevation, we selected the stations located within the NUTS-3 regions, and at the same elevation - with a 150 m tolerance. In

that respect, 831 stations were discarded as they could not be paired with any individual NUTS-3/elevation.
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Given that for mountain NUTS-3 regions MTMSI data are provided by steps of 100 m, a given observation station can thus165

contribute to the evaluation of several NUTS-3/elevation pairs of the MTMSI dataset (Figure 2). Based on the availability

of the observation stations and the match with the MTMSI geometry, we were able to assess MTMSI annual snow depth

maxima for 671 NUTS-3 regions and 1,771 NUTS-3/elevation pairs. Among the 8,604 stations that are long enough, 7,773

time series of observed annual snow depth maxima match the MTMSI dataset, i.e. the NUTS-3/elevation pairs. Indeed, as

indicated above, MTMSI only provides snow data at the mean elevation of plain NUTS-3 regions. For these NUTS-3 regions,170

stations are often located either below or above this mean elevation. At the end, the evaluation was carried out using 7,773

time series of observed annual snow depth maxima. As indicated above, a given time series of observed maxima can be used to

evaluate several NUTS-3/elevation MTMSI time series, and this evaluation comprises 12,350 comparisons between MTMSI

and observed maxima.

Figure 2d provides the distribution of this total number by 500-meter elevation range (in green) and illustrates a higher175

availability of observations at low elevations. Most of the evaluation was carried out for NUTS-3/elevation pairs at elevations

below 1500 m - where most observation stations are located - and they represent 31% of the MTMSI dataset below 1500 m. In

total, 27% of the MTMSI dataset has been evaluated against at least one observation data (47% of plain NUTS-3 regions and

23% of mountain NUTS-3 regions).

2.3.3 Statistical scores180

The evaluation of MTMSI snow depth annual maxima was performed by comparing their values against observed snow

depth maxima on the period 1962-2015, using several statistical scores, for each of the NUTS-3/elevation pairs. Each NUTS-

3/elevation pair could have no station, one station, or more. Thus, the number of statistical scores available depends on each

NUTS-3/elevation pair. Let yi, for i= 1, . . . ,N denote the snow depth annual maxima in the MTMSI dataset for a NUTS-

3/elevation pair, and xi, for i= 1, . . . ,N denote the observed snow maxima from a selected station, where N is the number of185

full winters in the period 1962-2015 for this station. The following scores are considered:

– Bias:

b=

∑N
i=1(yi −xi)

N
.

– Pearson’s correlation:

r =

∑N
i=1(xi − x̄)(yi − ȳ)√∑N

i=1(xi − x̄)2
√∑N

i=1(yi − ȳ)2
,

where x̄ and ȳ are the mean of the observed and MTMSI snow maxima, respectively. In order to characterize the

variability of the Pearson’s correlations for different stations associated to a NUTS-3/elevation pair, we also compute the

median value of these Pearson’s correlations for each NUTS-3/elevation pair.190

– Modified Kling-Gupta Efficiency metric (Gupta et al., 2009; Kling et al., 2012):

KGE = 1−
√

(r− 1)2 +(β− 1)2 +(γ− 1)2,
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where β = ȳ
x̄ , and γ =

σy/ȳ
σx/x̄

where σx and σy are the standard deviations of MTMSI and observed snow depth maxima,

respectively.

The KGE score expresses, in a single value, the differences between the MTMSI snow depth maxima and the observed ones.

Initially developed to assess hydrological model performances, it combines the correlation r, bias ratio β, and variability ratio

γ. It has shown great added value for assessing precipitation from reanalysis (Gomis-Cebolla et al., 2023) or satellite (Baez-195

Villanueva et al., 2018). KGE values greater than -0.41 indicate that a model improves upon the mean (Knoben et al., 2019),

which would mean in our case that MTMSI provides a better estimate of snow depth annual extremes than the climatological

values derived from the observations.

3 Results

This section provides statistical scores characterizing the performance of the MTMSI annual snow depth maxima against in-200

situ observed snow depth maxima across Europe, from 7,773 stations with at least 20 annual maxima from 1962 through 2015

and matching MTMSI geometry.

3.1 Illustration for two NUTS-3 region / elevation pairs

Figure 3 shows the time series of annual snow depth maxima from MTMSI and in-situ stations at 500 m on NUTS-3 re-

gion ’DEA5A’ (located in Nordrhein-Westfalen region from Germany), and at 1700 m on NUTS-3 region ’FRL03’ (Alpes205

Maritimes, located in the southern French Alps). For the NUTS-3 region ’DEA5A’, we can see that 12 in-situ stations were

selected for the evaluation (Figure 3a), and that they are matching MTMSI time series with a satisfactory correlation. Indeed,

the median bias value is 6.1× 10−3 m and the median correlation is 0.84. For the NUTS-3 region ’FRL03’, only 2 in-situ

stations were selected for the evaluation (Figure 3b), but they are following the same variations as MTMSI annual snow depth

maxima, with a close agreement. The median bias value is -0.13 m and the median correlation is 0.9. These two examples also210

show that the number of in-situ stations used for the evaluation of MTMSI is variable, and that a limited number of stations

does not necessarily degrade the evaluation scores.
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Figure 3. Time series of annual snow depth maxima from MTMSI and in-situ stations (a) at 500 m on NUTS-3 region ’DEA5A’ (located in

Nordrhein-Westfalen region from Germany), and (b) at 1700 m on NUTS-3 region ’FRL03’ located in the southern French Alps.

3.2 MTMSI dataset scores on mean elevation of European NUTS-3 regions

Table 2 provides a summary of the scores obtained for 12,350 comparisons between observed and simulated snow depth

maxima. As indicated above, these comparisons cover 671 NUTS-3 regions, evaluate 1,771 NUTS-3/elevation pairs, and span215

the period 1962 - 2015. Median scores (i.e. the 50-% quantiles) indicate that for 50% of these comparisons, KGE and correlation

values exceed 0.51 and 0.70, respectively. Median relative and absolute biases are equal to -8.9% and -0.02 m, which indicates

that MTSMI maxima tend to slightly underestimate observed maxima overall. For 95% of the comparisons (i.e. above the 5%

quantiles), KGE and correlation scores exceed -0.37 and 0.34, respectively, which means that MTMSI maxima perform better

than the mean observed maxima in at least 95% of the cases. For 75% of the comparisons (differences between 12.5% and220

87.5% quantiles), absolute biases are between -0.23 m and 0.15 m, and between -40% and 36% in terms of relative biases.

Quantile KGE Relative bias Absolute bias Correlation

5% -0.37 -53.8% -0.42 m 0.34

12.5% 0.06 -40.4% -0.23 m 0.49

25% 0.29 -28.3% -0.09 m 0.59

50% 0.51 -8.9% -0.02 m 0.70

75% 0.64 14.8% 0.04 m 0.78

87.5% 0.70 36.0% 0.15 m 0.82

95% 0.76 68.1% 0.37 m 0.86
Table 2. Evaluation scores distribution main quantiles. Each score’s value population includes 12,350 comparisons between MTMSI and

observed maxima, evaluating 1,771 NUTS-3/elevation pairs in total.
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3.2.1 Kling Gupta Efficiency

Figure 4. Modified Kling Gupta Efficiency (KGE) metric on each NUTS-3 region’s mean elevation resulting from MTMSI evaluation.

Figure 4 displays the value of KGE for 646 NUTS-3 regions at their mean elevation, out of the 671 NUTS-3 regions which

are evaluated (meaning that 25 NUTS-3 regions did not have enough observed data close to their mean elevation). These

646 KGE scores are derived from the median KGE values obtained from the different stations corresponding to these NUTS-225

3/elevation pairs, and summarize MTMSI skills in various climates, from Scandinavian countries to some Mediterranean

regions. 635 NUTS-3 regions (i.e. 98%) show KGE values above -0.41 at their mean elevation, which defines the skill threshold

indicating better skills of MTMSI compared to climatological statistics. 75% of the NUTS-3 regions have KGE values above
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0.45, indicating satisfactory skills of MTMSI at the mean elevation of those 646 NUTS-3 regions. The NUTS-3 regions from

Germany and its Eastern regions, where elevation is spanning from 0 m to 500 m, show the highest KGE values, reaching230

up to 0.84 for the NUTS-3 region ’DEC03’ in Saarland region of Germany. Lower values of KGE are obtained for NUTS-3

regions from the European Alps, where the mean elevations are higher (from about 1000 m). Scores are still satisfactory at

these elevations for some NUTS-3 regions, like the ’AT341’ from Vorarlberg region of Austria reaching 0.68 at 1600 m. Some

low and negative outlying values are displayed for a few NUTS-3 regions in the European Alps (the NUTS-3 region ’CH022’

of Freiburg region in Switzerland reaching -1.92 at 900 m), as well as the coast of Sweden and in the South of the domain.235

13



3.2.2 Bias and correlation

Figure 5. MTMSI mean snow depth maxima (a), MTMSI evaluation scores of relative (b) and absolute (c) biases, and correlation (d), on

each NUTS-3 region’s mean elevation.
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Figure 5 shows the mean of MTMSI snow depth maxima at the mean elevation of the NUTS-3 regions, along with the evaluation

scores at the mean elevation of the NUTS-3 regions, in a similar way to Figure 4. Figure 5a shows that the highest mean snow

depth maxima are obtained for NUTS-3 regions located in the Alps and in the Scandinavian region. The relative bias values

lie around 0% (Fig. 5b), and 75% of the NUTS-3 regions have relative biases between -33% and 13%. Positive biases are240

predominant in plain NUTS-3 regions, and negative biases are major in mountain NUTS-3 regions. However, the Italian

NUTS-3 region ITH41 reaches the minimum relative bias of -78% at 600 m, and -72% is reached in the Netherlands at 0 m.

Large positive values go up to 93% at 0 m in Sweden, and 81% in the Swiss Alps at 2000 m. The outlying value of 225% is

reached in the Netherlands too at 0 m and appears in grey as it is out of the color scale. Figure 5c shows that the majority of

NUTS-3 regions have small absolute biases at their mean elevation, 50% of the biases being between -0.03 m and 0.01 m and245

75% of the biases being between -0.06 m and 0.04 m. The smallest values are reached in the NUTS-3 region where the mean

elevations are below 500 m - ’DE724’ NUTS-3 region from Hesse in central Germany reaching down to 1.9×10−4 m at 300 m

elevation. Outlying positive bias values are highlighted in the coastal NUTS-3 regions of Norway, where bias values reach up

to 1.32 m at 600 m elevation. Large biases are also obtained for a few NUTS-3 regions in the European Alps, up to 0.72 m at

1500 m elevation, and down to -1 m at 1800 m elevation.250

Figure 5d displays correlation scores at the mean elevation of the NUTS-3 regions. It shows that correlation values are above

0.5 for the majority (94%) of the NUTS, and 75% of the NUTS-3 regions have correlation values above 0.65. Weak correlations

are obtained in Latvia (0.09 at 0 m), Slovakia (0.11 at 600 m elevation), in the European Alps (0.20 at 2100 m elevation) and in

some areas of the Scandinavian countries (0.25 at 500 m elevation in Sweden).

Overall, the spatial patterns of the KGE scores are in strong agreement with the absolute bias and correlation metrics. Indeed,255

the highest KGE values are reached where both bias values tend to 0 m and correlation values to 1, and vice versa. Most NUTS-

3 regions with low KGE values have both low values of correlation and high bias values, which is expected since the KGE

score is composed of these two components and the variability ratio. Figure 5 also highlights higher accuracy of MTMSI in

Northern Germany and border countries. Yet, the European Alps and coastal areas of the Mediterranean Sea include cases of

highly positive and negative bias values as well as low correlation. Scores obtained in the Scandinavian countries are more260

patchy, and one coastal NUTS-3 region from Norway has a high bias close to 1.5 m at its mean elevation.

3.3 MTMSI dataset skills as a function of elevation in NUTS-3 regions

Figure 6 shows the correlation and absolute bias of the MTMSI annual snow depth maxima, per steps of 500 m elevation

ranges, and per latitude range. The boxplots represent the dispersion of these two metrics obtained over the different stations

and corresponding NUTS-3/elevation pairs, and result respectively from 1295, 1184, and 9871 scores for latitudes above 55°N,265

between 48°N and 55°N, and below 48°N.

Correlation values are higher and less dispersed below 1500 m elevation, as 75% of the values are between 0.51 and 0.82

(Fig. 6b). This range of elevation interval is where most evaluations are carried out, as they represent 11,616 evaluations out of

a total of 12,350 (see Figure 2d). 1,368 correlation scores are below 0.5 below 1500 m, and can even reach negative values (61
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cases). Between 1500 m and 3500 m elevation, correlation values are lower in general and more variable, as 75% are between270

0.29 and 0.79.

Below 1500 m, biases are concentrated around 0 m, especially at low latitudes. However, these biases can be large for some

NUTS-3 areas (between -2.7 m reached in Norway, to 2 m reached in the Italian Alps). For 249 NUTS-3/elevation pairs, bias

scores are out of [-0.5 m; +0.5 m] between 0 m and 1500 m. As the elevation rises, bias values are broader, further away from

zero, more negative than positive (median value of the 1500-2000 m is equal to -0.10 m) - indicating an underestimation of275

snow depth maxima. As the bias is not normalized, it is expected to reach higher values at large elevations and high latitudes,

where larger snowfall amounts and extreme snow depth values generally occur. Furthermore, as indicated above, assimilation

of rain gauge measurements in UERRA might also lead to underestimations of snow accumulation at high elevations due to

wind-induced undercatch effects (Kochendorfer et al., 2020).

16



Figure 6. Correlation and bias boxplots resulting from MTMSI evaluation by 500 meter elevation bands, the three lines corresponding to

different latitude ranges.
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3.4 Variability of snow depth maxima observations associated to a given NUTS-3/elevation pair280

Figure 7. Median inter-station correlations for different 500 m elevation bands. The boxplots represent the dispersion of these median

inter-station correlations for the different NUTS-3/elevation pairs. The number above each boxplot indicates the number of corresponding

NUTS-3/elevation pairs with at least two stations used for the evaluation. At a 2500-3000 m elevation range, the boxplot is obtained using

only three median inter-station correlations corresponding to three NUTS-3/elevation pairs and whiskers are extrapolated from these three

values.

Figure 7 shows the median correlation of the pool of observations associated with each NUTS-3/elevation pair, when more than

one station was used for the evaluation. We extracted the median of the correlation values between all pairs of stations for each

NUTS-3/elevation. These median correlations, obtained solely using the observed maxima, intend to describe the variability of

observed maxima inside a NUTS-3 region, for a given elevation range, due to local meteorological effects. Median inter-station

correlations are higher and less dispersed below 1500 m elevation, as 75% of the values are contained between 0.66 and 0.89,285

and 10% are below 0.5 for this elevation range. These scores are more spread out for the 2000-2500 m elevation range, as 50%

of the values are contained between 0.51 and 0.80. This suggests lower agreement between stations within this elevation range.
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When the elevation spans from 2500 to 3000 m, values are more gathered around 0.75, but it is based on only nine stations

providing median inter-station correlations for three NUTS-3/elevation pairs.

4 Discussion290

4.1 Skills of the MTMSI reanalysis dataset for reproducing snow depth extremes on pan-European scale

Our analysis of the MTMSI reanalysis, in terms of snow depth annual maxima, across various climate contexts from the

European Alps to Scandinavia, shows that this dataset has an adequate capacity to reproduce snow depth maxima at the scale

of NUTS-3 region. Correlations with observed snow depth maxima are above 0.49 for 87.5% of the 12,350 comparisons

between observed and simulated snow depth maxima corresponding to the different pairs of NUTS-3 regions and elevations295

evaluated in this study (Table 2), and greater than 0.59 for 75% of them. Similarly, 75% of the comparisons lead to absolute

biases between -0.23 m and 0.15 m. These results can be related to the study of Monteiro and Morin (2023), who found that the

monthly snow depth values of MTMSI reanalysis were highly correlated to in-situ observations in the European Alps (around

0.9 at all elevations), and with moderate biases (normalized mean absolute errors smaller than 40% at all elevations). They also

highlighted differences smaller than 20% concerning the mean snow season in terms of amplitude and timing of the beginning,300

peak, and end of the snow season, compared to the in-situ reference.

Since MTMSI does not assimilate snow depth, these results show that the surface analysis through the MESCAN system

provided reliable snow cover primary atmospheric drivers (precipitation and temperature), which are then processed by the

Crocus model, which includes a fair representation of snow physics (Krinner et al., 2018), able to simulate relevant snow depth

and snow water equivalent values for a given meteorological forcing.305

We note that while the MTMSI dataset spans a wide range of elevations, the paucity of in-situ observations at higher

elevations limits our ability to evaluate the quality of MTMSI at the highest elevation (i.e. above 2500 m). Even if these highest

elevation locations are not the most critical for infrastructure design challenges (buildings, roads, railroads, etc.), which are

mostly implemented at lower elevations in mountain areas, or in low-lying plain areas, it must be acknowledged that very large

snow loads can lead to major hazards at these elevations, and information about extreme snow loads in these areas is critical310

for the design of defense structures in avalanche-prone areas or mountain huts. We report moderate underestimations at these

elevations, potentially due to wind-induced undercatch issues (Kochendorfer et al., 2020). Indeed, UERRA assimilates gauged

measurements which probably underestimate solid precipitation at those elevations. In addition, it must be noted that snow

depth measurements can also have large errors in complex mountainous terrains (López-Moreno et al., 2013).

In this context, we conclude that the MTMSI dataset provides, in most cases, representative and plausible values of the315

snow depth time series including annual maximum values, and supports the approach developed by Evin et al. (2025) based on

EURO-CORDEX climate projections using the MTMSI reanalysis as a reference for adjusting the climate projections. Evin

et al. (2025) provided 50-year return level estimates as a function of global warming levels, based on the historical and future

runs of the multi-model ensemble. In addition, the uncertainty of these estimates is assessed using the different runs of the

multi-model ensemble and bootstrapping techniques.320
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4.2 Limitations to MTMSI reanalysis data inherited from its specific geometry

The MTMSI reanalysis is designed to represent spatio-temporal variations of meteorological and snow data under past and

future climates, based on 0.5% of the UERRA grid points. While this choice has been shown to be efficient overall, some

choices may have consequences on the quality and fitness-for-purpose of the dataset depending on the application. The snow

depth maxima used in this study are indeed available at the scale of the NUTS-3 regions, which is compatible with other325

socio-economic indicators. However, this coarse resolution corresponds to purely administrative borders, which implies that

they sometimes do not align with the physical geography and local climate zoning (Morin et al., 2021). Still, we found that

the stations from similar NUTS-3 regions and elevation are generally highly correlated in terms of their annual snow depth

maxima, at least below 1500 m elevation. Elevations above 1500 m relate to mountainous areas where precipitations are more

heterogeneous, and for which the NUTS-3 scale could be even less relevant.330

The scale is also interfering in the elevation, as at high elevations (e.g. above 1500 m), it has proven sometimes difficult to find

NUTS-3 region’s nearby pixels with a close elevation from the UERRA reanalysis reference. This can create inconsistencies

between neighboring NUTS-3 regions for a given elevation (Evin et al., 2025), as well as inconsistencies in the elevation

dependency of the results for a given NUTS-3 region (Morin et al., 2021). This issue is highlighted on the NUTS-3 region

’CH056’ in Switzerland (Grisons canton) at the elevation of 2600 m and 2700 m (Figure 8). In 1986, we can see that MTMSI335

snow depth maxima reaches 3 m at 2600 m, while it reaches 2.37 m at 2700 m. This inconsistency might be explained by the

location of the pixels from the UERRA reanalysis reference that were picked to represent this NUTS-3 region. We can note

that this inconsistency case is highlighted by the score values, as the simulated snow depth maxima at 2600 m leads to a

median correlation of 0.18 and a median bias of -0.63 m, while the simulated snow depth maxima at 2700 m reaches a median

correlation of 0.22 and a median bias of -0.85 m.340
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Figure 8. Time series of annual snow depth maxima from MTMSI and in-situ stations on NUTS-3 region ’CH056’ located in the Swiss Alps

(Grisons canton), at 2600 m (red) and 2700 m (blue).

4.3 Limitations of the MTMSI reanalysis data inherited from the UERRA MESCAN-SURFEX reanalysis

The MTMSI reanalysis dataset is based on UERRA (UERRA MESCAN-SURFEX), and thus inherits directly from its limi-

tations. Specifically, the quantity and quality of data assimilated into the UERRA vary across the domain. Therefore, hetero-

geneities in the dataset are likely (https://confluence.ecmwf.int/display/UER/Issues+with+data).

On top of that, Dierickx (2019) pointed out that erroneous observations did enter the UERRA assimilation procedure. As345

reanalyses are grid based, it is also challenging to correctly reconstruct variables that have large space and time variability, such

as precipitation. In particular, low density of precipitation observation networks at high elevation make solid precipitations to be

often underestimated. Dierickx (2019) pointed out that in Sweden, UERRA HARMONIE 2m-temperature (which fed UERRA

with atmospheric variables) correlations are lowest in the mountain areas (north-west) and along the (east) coast. Figure 9 shows

the time series of annual snow depth maxima from MTMSI and related in-situ observations for the NUTS-3 region ’NO052’350

(Sogn og Fjordane, Norway) at 0 m and 600 m. At 0 m, MTMSI appears to underestimate snow depth maxima, while at 600 m,

it widely overestimates them. This discrepancy can be explained by the heterogeneous orography of this NUTS-3 region, that

the reanalysis-based MTMSI is having difficulties to capture. Indeed, the large pool of in-situ observations displayed in Figure

9a shows how important is the variability of the measured values of snow depth throughout this NUTS-3 region.
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Figure 9. Time series of annual snow depth maxima from MTMSI (in red) and in-situ stations (other curves) on NUTS-3 region ’NO052’

located on the coast of Norway (Sogn og Fjordane), at 0 m (left) and 600 m (right).

To summarize, results of UERRA in complex terrain, such as mountainous regions or coastal areas, are generally less reliable355

than results over a more homogeneous terrain. Similarly, Olsson et al. (2023) and van der Schot et al. (2024) highlighted

noticeable coastal effects on snowfall on the Finnish and the Greenlandic coasts, respectively.

Nevertheless, compared to larger-scale reanalyses, produced at a horizontal resolution of several tens of km, the UERRA

reanalysis at 5.5 km horizontal resolution, and its successor the Copernicus European Reanalysis (CERRA, Ridal et al., 2024)

provides more relevant results in complex terrain (Monteiro and Morin, 2023), yet to be improved based on higher-resolution360

reanalyses in the future, able to better represent meteorological phenomena in mountainous areas, and incorporate more obser-

vation data in their data assimilation systems.

5 Conclusion

In this study, we have evaluated the MTMSI reanalysis dataset over the time period 1962-2015 regarding the annual snow

depth maxima given at NUTS-3 scale. Using multiple in-situ observation datasets, we computed statistical scores to evaluate365

the MTMSI dataset on 671 NUTS-3 regions, covering a large area stretched from the European Alps to the Scandinavian

countries. The evaluation was conducted on a large elevation range as well, from 0 m to 3000 m. In addition to the correlation

and the bias, we computed the KGE score, as it enables combining different types of error into a single value. The KGE,

which had already been used for assessing reanalysis precipitations, provided useful information in our case. For 75% of

the comparisons between observed and simulated snow depth maxima, absolute bias scores between -0.23 m and 0.15 m are370

reported, as well as correlations and KGE above 0.59 and 0.29, respectively, indicating reasonable skills for most of the NUTS-

3/elevation pairs evaluated. We identified some areas where MTMSI did not adequately portray in-situ observations of snow

depth maxima, located in the European Alps, and coastal areas of the Netherlands, Norway, Sweden, and Croatia. These poorer

results agree with previous studies that evaluated UERRA (from which MTMSI is a subset) and found less correlation in some

coastal areas. They can also be explained by the coarse resolution that does not account for coastal effects as well as local375

climate from mountain areas.
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The results of our evaluation of MTMSI, combined with the one conducted by Morin et al. (2021) and Monteiro and Morin

(2023), consolidate the estimation of changes in extreme snow load conducted by Evin et al. (2025) on the pan-European

territory from MTMSI projections. The estimated changes, harmonized at the European scale, could therefore contribute to

updating the Eurocodes standards designed for building safety over the European region. Higher-resolution reanalyses and380

climate simulations, able to better represent processes conducive to major snowfall events in various environments (coastal,

mountainous, etc.), constitute a clear way forward towards improved representation of extremes in snow depth, snow water

equivalent, hence snow load extreme values, under past and future climates.

6 Code and data availability

All computations were performed with R software version 4.1.2. The codes are available from a repository (GitHub repository:385

https://github.com/elisakmr/MTMSI-evaluation, last access: 2025-04-11) which includes scripts to perform (1) the extraction

of MTMSI and in-situ observation sets; (2) the statistical scores of each NUTS/elevation pair with associated station(s); (3) the

figures depicting the data set characteristics and the scores, that are shown in the paper.

The evaluated reanalysis data set is available from a repository (https://doi.org/10.5281/zenodo.15181401) (Kamir et al.,

2025). It relates to the dataset underlying the MTMSI data set (Morin et al., 2021), available on the Copernicus Data Store390

following this url (https://doi.org/10.24381/cds.2fe6a082, last access: 2024-12-02). The dataset collection comprises a netcdf

file with the annual snow depth maxima (in meter) at the NUTS-3 scale, a metadata (netcdf) file with the latitude and longitude

of the barycenter of the NUTS-3 regions, and the GeoPackage file corresponding to the NUTS-3 regions.

The in-situ observation data set of the European Alps is the one referred to by Matiu et al. (2021), available through https:

//doi.org/10.5281/zenodo.5109574. The in-situ observation data set of Germany has been provided by the German meteorolog-395

ical service. The in-situ observation data set of Northern and Eastern Europe has been downloaded from https://www.ecad.eu/.

The in-situ observation data set of Finland has been provided by the Finnish Meteorological Institute.

Author contributions. The study was designed by EK, SM and GE. EK gathered the data and conducted the analysis with support from

SM and GE. PG and BW provided the data from the German meteorological service DWD, and ANA provided the data from the Finnish

Meteorological Institute. The draft was written by EK, SM, GE, PG, with contributions from all authors.400

Competing interests. The authors declare the following financial interests/personal relationships which may be considered as potential com-

peting interests.

23

https://github.com/elisakmr/MTMSI-evaluation
https://doi.org/10.5281/zenodo.15181401
https://doi.org/10.24381/cds.2fe6a082
https://doi.org/10.5281/zenodo.5109574
https://doi.org/10.5281/zenodo.5109574
https://doi.org/10.5281/zenodo.5109574


Disclaimer. Publisher’s note: Copernicus Publications remains neutral with regard to jurisdictional claims made in the text, published maps,

institutional affiliations, or any other geographical representation in this paper. While Copernicus Publications makes every effort to include

appropriate place names, the final responsibility lies with the authors.405

Acknowledgements. The authors thank Raphaëlle Samacoïts (Météo-France) for computing and providing the dataset of annual maxima of

snow depth, and Diego Monteiro (Météo-France - CNRS, CNRM, CEN) for providing the formatted in-situ observation data set from Matiu

et al., (2021b).

This work has been performed in the context of the “Framework Partnership Agreement for Copernicus User Uptake” (FPCUP) action

“Estimation of snow load data using Copernicus and in-situ data”, which is financed by the European Commission under the FPA no.410

275/G/GRO/COPE/17/10042.

We thank Michael Matiu, J. Ignacio López-Moreno and one anonymous reviewer for relevant and useful comments and suggestions on

the original manuscript.

24



References

Baez-Villanueva, O. M., Zambrano-Bigiarini, M., Ribbe, L., Nauditt, A., Giraldo-Osorio, J. D., and Thinh, N. X.: Temporal and415

spatial evaluation of satellite rainfall estimates over different regions in Latin-America, Atmospheric Research, 213, 34–50,

https://doi.org/10.1016/j.atmosres.2018.05.011, 2018.

Castino, F. and Wichura, B.: Forschungsvorhaben: Bereitstellung von Schneelastwerten für das Bauwesen durch den DWD, Intermediate

report, German meteorological service (DWD), 2020.

Castino, F. and Wichura, B.: Abschlussbericht des Forschungsvorhaben: Bereitstellung von Schneelastwerten für das Bauwesen durch den420

DWD, Tech. rep., German meteorological service (DWD), 2025.

Croce, P., Formichi, P., Landi, F., and Marsili, F.: Harmonized European ground snow load map: Analysis and comparison of national

provisions, Cold Regions Science and Technology, 168, 102 875, https://doi.org/10.1016/j.coldregions.2019.102875, 2019.

Croce, P., Formichi, P., and Landi, F.: Extreme Ground Snow Loads in Europe from 1951 to 2100, Climate, 9, 133,

https://doi.org/10.3390/cli9090133, number: 9 Publisher: Multidisciplinary Digital Publishing Institute, 2021.425

Dierickx, F.: Chapter 10 Regional reanalysis (UERRA-HARMONIE) & Surface Reanalysis (MESCAN-SURFEX) | Copernicus Cli-

mate Change Programme: User Learning Service Content, Tech. rep., ECMWF, https://bookdown.org/floriandierickx/bookdown-demo/

regional-reanalysis-uerra-harmonie-surface-reanalysis-mescan-surfex.html, 2019.

ECA&D, P. t.: European Climate Assessment & Dataset (ECA&D), Tech. rep., Royal Netherlands Meteorological Institut (KNMI), 2013.

EUROSTAT: Regions in the European Union: nomenclature of territorial units for statistics, NUTS 2013/EU-28, Tech. rep., Publications430

Office, https://doi.org/10.2785/53498, 2015.

Evin, G., Le Roux, E., Kamir, E., and Morin, S.: Estimating changes in extreme snow load in Europe as a function of global warming levels,

Cold Regions Science and Technology, 231, 104 424, https://doi.org/10.1016/j.coldregions.2025.104424, 2025.

François, H., Samacoïts, R., Bird, D. N., Köberl, J., Prettenthaler, F., and Morin, S.: Climate change exacerbates snow-water-energy chal-

lenges for European ski tourism, Nature Climate Change, 13, 935–942, https://doi.org/10.1038/s41558-023-01759-5, 2023.435

Gomis-Cebolla, J., Rattayova, V., Salazar-Galán, S., and Francés, F.: Evaluation of ERA5 and ERA5-Land reanalysis precipitation datasets

over Spain (1951–2020), Atmospheric Research, 284, 106 606, https://doi.org/10.1016/j.atmosres.2023.106606, 2023.

Gupta, H. V., Kling, H., Yilmaz, K. K., and Martinez, G. F.: Decomposition of the mean squared error and NSE performance criteria: Impli-

cations for improving hydrological modelling, Journal of Hydrology, 377, 80–91, https://doi.org/10.1016/j.jhydrol.2009.08.003, 2009.

Kamir, E., Morin, S., Evin, G., Samacoïts, R., Gehring, P., Wichura, B., and Arslan, A. N.: The European-wide Mountain Tourism Meteoro-440

logical and Snow Indicators (MTMSI) dataset : annual snow depth maxima, https://doi.org/10.5281/zenodo.15181401, 2025.

Klein Tank, A. M. G., Wijngaard, J. B., Können, G. P., Böhm, R., Demarée, G., Gocheva, A., Mileta, M., Pashiardis, S., Hejkr-

lik, L., Kern-Hansen, C., Heino, R., Bessemoulin, P., Müller-Westermeier, G., Tzanakou, M., Szalai, S., Pálsdóttir, T., Fitzgerald,

D., Rubin, S., Capaldo, M., Maugeri, M., Leitass, A., Bukantis, A., Aberfeld, R., van Engelen, A. F. V., Forland, E., Mietus, M.,

Coelho, F., Mares, C., Razuvaev, V., Nieplova, E., Cegnar, T., Antonio López, J., Dahlström, B., Moberg, A., Kirchhofer, W., Cey-445

lan, A., Pachaliuk, O., Alexander, L. V., and Petrovic, P.: Daily dataset of 20th-century surface air temperature and precipitation series

for the European Climate Assessment, International Journal of Climatology, 22, 1441–1453, https://doi.org/10.1002/joc.773, _eprint:

https://onlinelibrary.wiley.com/doi/pdf/10.1002/joc.773, 2002.

Kling, H., Fuchs, M., and Paulin, M.: Runoff conditions in the upper Danube basin under an ensemble of climate change scenarios, Journal

of Hydrology, 424-425, 264–277, https://doi.org/10.1016/j.jhydrol.2012.01.011, 2012.450

25

https://doi.org/10.1016/j.atmosres.2018.05.011
https://doi.org/10.1016/j.coldregions.2019.102875
https://doi.org/10.3390/cli9090133
https://bookdown.org/floriandierickx/bookdown-demo/regional-reanalysis-uerra-harmonie-surface-reanalysis-mescan-surfex.html
https://bookdown.org/floriandierickx/bookdown-demo/regional-reanalysis-uerra-harmonie-surface-reanalysis-mescan-surfex.html
https://bookdown.org/floriandierickx/bookdown-demo/regional-reanalysis-uerra-harmonie-surface-reanalysis-mescan-surfex.html
https://doi.org/10.2785/53498
https://doi.org/10.1016/j.coldregions.2025.104424
https://doi.org/10.1038/s41558-023-01759-5
https://doi.org/10.1016/j.atmosres.2023.106606
https://doi.org/10.1016/j.jhydrol.2009.08.003
https://doi.org/10.5281/zenodo.15181401
https://doi.org/10.1002/joc.773
https://doi.org/10.1016/j.jhydrol.2012.01.011


Klok, E. J. and Klein Tank, A. M. G.: Updated and extended European dataset of daily climate observations, International Journal of

Climatology, 29, 1182–1191, https://doi.org/10.1002/joc.1779, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/joc.1779, 2009.

Knoben, W. J. M., Freer, J. E., and Woods, R. A.: Technical note: Inherent benchmark or not? Comparing Nash–Sutcliffe and Kling–Gupta

efficiency scores, Hydrol. Earth Syst. Sci., 2019.

Kochendorfer, J., Earle, M. E., Hodyss, D., Reverdin, A., Roulet, Y.-A., Nitu, R., Rasmussen, R., Landolt, S., Buisán, S., and Laine, T.:455

Undercatch Adjustments for Tipping-Bucket Gauge Measurements of Solid Precipitation, Journal of Hydrometeorology, 21, 1193–1205,

https://doi.org/10.1175/JHM-D-19-0256.1, publisher: American Meteorological Society Section: Journal of Hydrometeorology, 2020.

Krinner, G., Derksen, C., Essery, R., Flanner, M., Hagemann, S., Clark, M., Hall, A., Rott, H., Brutel-Vuilmet, C., Kim, H., Ménard, C. B.,

Mudryk, L., Thackeray, C., Wang, L., Arduini, G., Balsamo, G., Bartlett, P., Boike, J., Boone, A., Chéruy, F., Colin, J., Cuntz, M., Dai,

Y., Decharme, B., Derry, J., Ducharne, A., Dutra, E., Fang, X., Fierz, C., Ghattas, J., Gusev, Y., Haverd, V., Kontu, A., Lafaysse, M.,460

Law, R., Lawrence, D., Li, W., Marke, T., Marks, D., Ménégoz, M., Nasonova, O., Nitta, T., Niwano, M., Pomeroy, J., Raleigh, M. S.,

Schaedler, G., Semenov, V., Smirnova, T. G., Stacke, T., Strasser, U., Svenson, S., Turkov, D., Wang, T., Wever, N., Yuan, H., Zhou, W.,

and Zhu, D.: ESM-SnowMIP: assessing snow models and quantifying snow-related climate feedbacks, Geoscientific Model Development,

11, 5027–5049, https://doi.org/10.5194/gmd-11-5027-2018, publisher: Copernicus GmbH, 2018.

López-Moreno, J., Fassnacht, S., Heath, J., Musselman, K., Revuelto, J., Latron, J., Morán-Tejeda, E., and Jonas, T.: Small scale spatial465

variability of snow density and depth over complex alpine terrain: Implications for estimating snow water equivalent, Advances in Water

Resources, 55, 40–52, https://doi.org/https://doi.org/10.1016/j.advwatres.2012.08.010, snow–Atmosphere Interactions and Hydrological

Consequences, 2013.

Masson, V., Le Moigne, P., Martin, E., Faroux, S., Alias, A., Alkama, R., Belamari, S., Barbu, A., Boone, A., Bouyssel, F., Brousseau, P.,

Brun, E., Calvet, J.-C., Carrer, D., Decharme, B., Delire, C., Donier, S., Essaouini, K., Gibelin, A.-L., Giordani, H., Habets, F., Jidane, M.,470

Kerdraon, G., Kourzeneva, E., Lafaysse, M., Lafont, S., Lebeaupin Brossier, C., Lemonsu, A., Mahfouf, J.-F., Marguinaud, P., Mokhtari,

M., Morin, S., Pigeon, G., Salgado, R., Seity, Y., Taillefer, F., Tanguy, G., Tulet, P., Vincendon, B., Vionnet, V., and Voldoire, A.: The

SURFEXv7.2 land and ocean surface platform for coupled or offline simulation of earth surface variables and fluxes, Geoscientific Model

Development, 6, 929–960, https://doi.org/10.5194/gmd-6-929-2013, publisher: Copernicus GmbH, 2013.

Matiu, M., Crespi, A., Bertoldi, G., Carmagnola, C. M., Marty, C., Morin, S., Schöner, W., Cat Berro, D., Chiogna, G., De Gregorio,475

L., Kotlarski, S., Majone, B., Resch, G., Terzago, S., Valt, M., Beozzo, W., Cianfarra, P., Gouttevin, I., Marcolini, G., Notarnicola, C.,

Petitta, M., Scherrer, S. C., Strasser, U., Winkler, M., Zebisch, M., Cicogna, A., Cremonini, R., Debernardi, A., Faletto, M., Gaddo, M.,

Giovannini, L., Mercalli, L., Soubeyroux, J.-M., Sušnik, A., Trenti, A., Urbani, S., and Weilguni, V.: Observed snow depth trends in the

European Alps: 1971 to 2019, The Cryosphere, 15, 1343–1382, https://doi.org/10.5194/tc-15-1343-2021, publisher: Copernicus GmbH,

2021.480

Monteiro, D. and Morin, S.: Multi-decadal analysis of past winter temperature, precipitation and snow cover data in the European Alps

from reanalyses, climate models and observational datasets, The Cryosphere, 17, 3617–3660, https://doi.org/10.5194/tc-17-3617-2023,

publisher: Copernicus GmbH, 2023.

Morin, S., Samacoïts, R., François, H., Carmagnola, C. M., Abegg, B., Demiroglu, O. C., Pons, M., Soubeyroux, J.-M., Lafaysse,

M., Franklin, S., Griffiths, G., Kite, D., Hoppler, A. A., George, E., Buontempo, C., Almond, S., Dubois, G., and Cauchy,485

A.: Pan-European meteorological and snow indicators of climate change impact on ski tourism, Climate Services, 22, 100 215,

https://doi.org/10.1016/j.cliser.2021.100215, 2021.

26

https://doi.org/10.1002/joc.1779
https://doi.org/10.1175/JHM-D-19-0256.1
https://doi.org/10.5194/gmd-11-5027-2018
https://doi.org/https://doi.org/10.1016/j.advwatres.2012.08.010
https://doi.org/10.5194/gmd-6-929-2013
https://doi.org/10.5194/tc-15-1343-2021
https://doi.org/10.5194/tc-17-3617-2023
https://doi.org/10.1016/j.cliser.2021.100215


Olsson, T., Luomaranta, A., Nyman, H., and Jylhä, K.: Climatology of sea-effect snow in Finland, International Journal of Climatology, 43,

650–667, https://doi.org/10.1002/joc.7801, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/joc.7801, 2023.

Ridal, M., Bazile, E., Le Moigne, P., Randriamampianina, R., Schimanke, S., Andrae, U., Berggren, L., Brousseau, P., Dahlgren, P., Ed-490

vinsson, L., El-Said, A., Glinton, M., Hagelin, S., Hopsch, S., Isaksson, L., Medeiros, P., Olsson, E., Unden, P., and Wang, Z. Q.:

CERRA, the Copernicus European Regional Reanalysis system, Quarterly Journal of the Royal Meteorological Society, 150, 3385–3411,

https://doi.org/10.1002/qj.4764, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/qj.4764, 2024.

Soci, C., Bazile, E., Besson, F., and Landelius, T.: High-resolution precipitation re-analysis system for climatological purposes, Tellus A:

Dynamic Meteorology and Oceanography, 68, 29 879, https://doi.org/10.3402/tellusa.v68.29879, publisher: Taylor & Francis _eprint:495

https://doi.org/10.3402/tellusa.v68.29879, 2016.

van der Schot, J., Abermann, J., Silva, T., Rasmussen, K., Winkler, M., Langley, K., and Schöner, W.: Seasonal snow cover indicators in

coastal Greenland from in situ observations, a climate model, and reanalysis, The Cryosphere, 18, 5803–5823, https://doi.org/10.5194/tc-

18-5803-2024, publisher: Copernicus GmbH, 2024.

Vernay, M., Lafaysse, M., Monteiro, D., Hagenmuller, P., Nheili, R., Samacoïts, R., Verfaillie, D., and Morin, S.: The S2M meteorological500

and snow cover reanalysis over the French mountainous areas: description and evaluation (1958–2021), Earth System Science Data, 14,

1707–1733, https://doi.org/10.5194/essd-14-1707-2022, publisher: Copernicus GmbH, 2022.

Vionnet, V., Brun, E., Morin, S., Boone, A., Faroux, S., Le Moigne, P., Martin, E., and Willemet, J.-M.: The detailed snowpack scheme Crocus

and its implementation in SURFEX v7.2, Geoscientific Model Development, 5, 773–791, https://doi.org/10.5194/gmd-5-773-2012, 2012.

WMO: Guide to Instruments and Methods of Observation (WMO-No. 8), Tech. rep., World Meteorological Organization, Geneva, 2021.505

27

https://doi.org/10.1002/joc.7801
https://doi.org/10.1002/qj.4764
https://doi.org/10.3402/tellusa.v68.29879
https://doi.org/10.5194/tc-18-5803-2024
https://doi.org/10.5194/tc-18-5803-2024
https://doi.org/10.5194/tc-18-5803-2024
https://doi.org/10.5194/essd-14-1707-2022
https://doi.org/10.5194/gmd-5-773-2012

