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Abstract
Snow is a key component in various environmental and economic sectors like winter tourism, hydrology, and ecology.
Snow cover is an important part of the cryosphere and has a high albedo, which alters the surface energy fluxes.
Therefore, snow data over Switzerland is important for monitoring the snow distribution and determining past snow
changes. In this thesis two different reanalysis data sets (ERA5, COSMO-REA6), a land surface model (ERA5-
Land), remote sensing data (AVHRR Uni Bern), two high resolution snow models (SNOWGRID, OSHD), and an
observational data set provided by MeteoSwiss and the Swiss Federal Institute for Snow and Avalanche Research are
used to analyse the Swiss snow climatology for the periods 1999-2019 and 1982-2019. Two versions of the OSHD
exist, one with data assimilation and one without data assimilation. The gridded data sets have a horizontal resolution
between 1 and 30 km. The performance of the data sets is assessed by comparing the gridded data sets against the
observational data, and the high resolution snow model output of OSHD with data assimilation (OSHD EKF). A
spatio-temporal analysis for the snow indicators SWE, number of snow days, day of maximum snow, and snow cover
fraction is conducted in 11 different regions of Switzerland and six elevation classes.

The mean SWE values for the period 1999-2019 shows that the high-resolution data sets have a very small bias
and a high correlation with OSHD EKF in all regions. For example, in the Engadine, SNOWGRID and OSHD CL
overestimate the mean SWE with a bias of 0.05 m SWE and 0.008 m SWE, respectively. The coarser data sets COSMO-
REA6 and ERA5 show weak correlations and larger biases. In the Engadine, COSMO-REA6 has a poor performance
with a bias of 0.1 m SWE. In all regions, the data sets show a negative SWE trend. A strong relative trend is found in
the Valais, with OSHDCL, SNOWGRID and ERA5-Land having almost the same percentage decrease (-35%, -37%,
-38%) and ERA5 having a slightly larger decrease (-58%). The analysis of altitude classes shows that the relative trend
is strongest in the lower three altitude classes and weaker in the higher altitude classes. For example, in the southern
part of Switzerland the relative trend of OSHD CL is -84% for 0-500 m, -40% for 500-1000 m, -31% for 1000-1500
m, -19% for 1500-2000 m, -16% for 2000-2500 m, and -17% for >2500 m.

The analysis of the number of snow days showed that all data sets overestimate the number of snow days for
all regions. For instance, the number of snow days of AVHRR in the Swiss Plateau is 16, OSHD CL shows 51,
OSHD EKF 31, and SNOWGRID 28 snow days. A negative trend is found in all regions, the trends in the northern
part of Switzerland are slightly stronger than in the southern part.

For the day of maximum snow, the high-resolution data sets show very similar results, whereas the coarse resolution
data sets vary more amongst each other. A negative trend is found in all regions, meaning that the timing of the
maximum snow occurs earlier with time. The day of maximum snow benefits from high spatial resolution. High
resolution seems to be important to accurately predict the timing of maximum snow.

The analysis of the snow indicator snow cover fraction showed that all data sets overestimate the snow cover fraction
in all regions compared to AVHRR. The 1 km data sets show biases of the same order of magnitude, whereas the other
data sets have higher differences among them. A negative trend is detected in all regions, whereby SNOWGRID and
OSHD CL show similar trends in most regions (e.g. -17% in the southern part of Switzerland).
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1 Introduction

1.1 General motivation
Snow plays a major socio-economic role in mountainous regions. The ecosystem is highly sensitive to changes in snow
cover duration and snow depth. For example, earlier snowmelt influences the timing of vegetation onset (Pettorelli et
al. 2007). Moreover, many alpine regions depend on winter tourism as a major source of income (Elsasser and Bürki,
2002). Ski tourism heavily relies on sufficient snow conditions, and there are substantial negative consequences during
snow deficient winters (Koenig and Abegg, 1997). For example, in winter 2019/2020 only the altitudes above 1700 m
had sufficient snow, while at medium and low altitudes the snow conditions were critical for winter tourism (Trachsel
et al, 2020). Further, snowfall in winter contributes to river runoff in summer as snowpack stores water during spring,
which is e.g. relevant for hydropower production (Anghileri et al., 2018). Hydropower is responsible for more than
half of Switzerland’s electricity production and is generally a major power production component in the alpine region
(Anghileri et al., 2018; Bundesamt für Energie, 2020).

Due to climate change, the amount of snow has diminished, the zero-degree line has shifted upwards 300-400 m
since the 1960s (CH2018, 2018), the number of snow days has decreased since the 1970s (CH2018, 2018), and a
decline of snow water equivalent (SWE) was detected at elevations between 500 m and 3000 m (Marty et al., 2013).
Consequently, many sectors will have to adapt to changing seasonal distribution of snow and water availability. For
example, warming leads to less snowfall and earlier snowmelt, resulting in less available water in the spring and
summer, requiring adaptation of the agricultural sector (Wu et al., 2015). Another example is the adaptation of the
tourism sector. Here, the expected warming results in a shorter skiing season and a shift of the snow line to higher
elevations (Abegg et al., 2007; Steiger, 2010) and adaptations include a higher production of artificial snow (Steiger,
2010).

Changes in snow coverage can be assessed by evaluating in-situ and modelled data sets. These data sets cover both
different spatial scales and measured quantities, and can be used for adaption measurements and management strategies.
However, little is known about their quality of representing spatio-temporal snow cover patterns in Switzerland. For
these reasons, this master’s thesis analyses various data sets to understand the Swiss snow climatology.

1.2 Background
1.2.1 Snow in the climate system

Snow is an important link between the atmosphere and the surface and has a large influence on the climate system
(IPCC, 2013). For example, snow has a higher albedo than the underlying darker surface, and therefore reflects more
radiation back to space (IPCC, 2013). This is known as the snow-albedo feedback, which is one of the most important
positive feedbacks that alters the surface energy balance (IPCC, 2013; Hall, 2004). For instance, in Switzerland, the
daily mean temperature in spring is on average around 0.4°C higher on a snow free surface compared to a snow covered
surface at the same location (Scherrer et al., 2012). Moreover, snow has a low thermal conductivity, and can therefore
have an insulating effect on the underlying ground, and the degree of insulation of the ground depends on the snow
cover (Luetschg et al., 2008). A snow cover with a thickness above 60 cm insulates the ground and protects, for
example, the permafrost from thawing when the air is warmer than the surface below the snow (Luetschg et al., 2008).

1.2.2 Spatial distribution of snow

Switzerland, the study region, is characterized by high topographic variability. It consists of the Alps, the Jura moun-
tains, and the lowland Plateau. Around 50% of the country lies above 1000 metres above sea level (m a.s.l.) and
around 25% is located at altitudes above 2000 m a.s.l. (Eidgenössische Forschungsanstalt WSL, 2012). On average,
sites around altitudes of 1500 m a.s.l. receive 30% of their annual precipitation as snow, and sites above 2000 m.a.s.l
receive even half of the precipitation as snow (Eidgenössische Forschungsanstalt WSL, 2012). Snow in alpine regions
has a high spatio-temporal variability (Scherrer et. al, 2013). The formation of snow, deposition and redistribution
of snow depends on many variables and physical processes that act on different scales. Variables that determine the
formation of snow include temperature and precipitation. In Switzerland, one of the components that determines the
distribution of precipitation is topography. In complex terrain, moist air masses that are blocked by mountains are
forced to ascend. At higher altitudes the temperatures are cooler, and the saturation pressure is lower (Whiteman,
2000). When the saturation level is reached, clouds form and the precipitation starts. Moreover, the distribution of
snow depends on temperature. The lapse rate describes how the temperature changes with altitude showing that the
temperature decreases with increasing altitude, which favours the snow formation.
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With the distribution of snow at different altitudes, it is found that snow depth increases with altitude up to a certain
point, where the peak is reached, which is followed by a decrease at the highest altitudes (Grünewald et al., 2014). This
shape is explained with a generally positive elevation gradient of snow fall, modified by the interaction of snow cover
and topography. At lower elevations, only a part of the winter precipitation falls as snow due to higher temperatures,
while total precipitation increases with elevation. (Eidgenössische Forschungsanstalt WSL, 2012). Moreover, the
variability of snow depth is influenced by the surface roughness, whereby rougher surfaces are covered with less snow
than smoother terrain as rougher terrains are steeper and have a higher wind exposure (Lehning et al., 2011). Wirz et
al. (2011) found that steeper terrains have less snow than flatter terrains in the vicinity, which could be accounted to
wind exposure, avalanching and higher irradiation.

Further, vegetation influences the snow depth. For example, in forests, the amount of snow on the ground changes
within a short distance due to snow deposition on trees and due to the shading that lead to heterogeneous melting
patterns (Stähli and Gustafsson, 2006). Observing a period of over 30 years, Stähli and Gustafsson (2006) found that
the average maximum annual SWE and the SWE in forests is about half of that in open areas.

1.2.3 Temporal distribution of snow

In the Swiss Alps, strong negative snow trends were observed in the 1980s and 1990s (Laternser Schneebeli, 2003),
which can be attributed mainly to local temperature increases, whereas precipitation is not the driving factor (Scherrer
et al., 2004). These trends have a high altitudinal dependency, at high altitudes they are less pronounced than at low and
medium altitudes (Laternser Schneebeli, 2003). The observed changes at the end of the 1980s in snow amounts are
abrupt, and a significant step-like decrease for snow days was observed (Marty, 2008). Simultaneously, the European
winter temperature shows a step-like increase at the end of the 1980s, which shows that the phenomena originates from
a larger scale rather than on a regional scale (Marty, 2008). Sippel et al. (2020) suggest that the abrupt winter warming
is caused by random atmospheric circulation variability superimposed upon a long-term and relatively homogenous
warming trend, and no external cause or change of the underlying dynamics of the system is required. This could be
explained by large scale flow patterns (Marty 2008), and no clear trend can be found after the regime shift.

Large-scale atmospheric circulation patterns such as the North Atlantic Oscillation (NAO) have an influence on
the inter-annual snow cover variability. However, the influence of the North Atlantic Oscillation on snow variability
is difficult to quantify in the Swiss Alps. It was identifed as the third major pattern of determining the snow pack
variability (Scherrer and Appenzeller, 2006). Beniston (1997) showed that winters with little snow are linked to alpine
high-pressure episodes. These persistent high-pressure systems are linked to the positive phase of NAO accompanied
by positive temperature anomalies and below average precipitation. Scherrer and Appenzeller (2006) found that 50%
of the Swiss alpine snowpack variability is related to the formation of atmospheric blocking patterns over Europe,
and the relationship is not robust over several decades as it varies over time depending on the considered variable and
altitude.

1.2.4 Applicability of existing snow data sets

For the analysis of the spatio-temporal variability and distribution of snow, various data sets such as observations
or simulations are available. These data sets cover a wide range of horizontal resolutions, from coarse (> 30 km),
intermediate (10-30 km), high (1-2 km) resolution to in-situ (point). The type of data sets includes e.g. measurements
(ground and satellite), atmospheric reanalyses and high-resolution snow models. However, each data set has its own
shortcomings, e.g. satellite data sets do not measure the amount of snow. In the following, a few examples of studies
based on different data sets are shortly described with a focus on differences in the data sets in terms of resolution
and parameterization. Dutra et al. (2011) investigated land surface model simulations and determined the impacts
of horizontal resolution, parameterization of snow physics and atmospheric forcing on snow cover representation by
running simulations at a horizontal resolution of 200, 80, and 25 km. The simulations were compared to station
data, and the analysis showed how well the model simulated different snow characteristics, like the snow mass in
Switzerland or the snow cover duration in Europe. They found a superior performance of high-resolution simulations
for areas with complex terrain. In flat terrain, the impacts of snow physics and atmospheric forcing dominate snow
characteristics. A study by Steger et al. (2013) compared regional climate models (RCM) with a spatial resolution
of 25 km over Switzerland, driven both by reanalysis and global climate models (GCM), and found that RCMs in
general reproduce the spatial and seasonal variability of snow cover well. However, the models underestimate the
SWE at low altitudes and overestimate the SWE at high altitudes (Steger et al., 2013). They state that the results
are limited by the low horizontal resolution of the data set as a 25 km RCM grid does not represent elevations above
approximately 2700 m. Moreover, Terzago et al. (2017) analysed the greater alpine region using various remote sensing

9



products of intermediate resolution and reanalysis products of low resolution. They found that different products show
a heterogeneous picture of SWE distribution, meaning that the spatial and temporal distribution of snow is variable
and is specific for each area. The knowledge of long-term variability at increased horizontal resolution is limited
and Terzago et al. (2017) suggest that data sets with high resolution can better represent the snow processes and the
topography.

1.2.5 Research gap

Various data sets have been used to analyse the snow distribution and other characteristics over Switzerland. However,
there is no spatially high resolved data set at climatological scale and it is not clear which available data set reproduces
which aspect of the Swiss snow climatology best. From previous studies, we know that coarse and intermediate scale
products are not able to resolve small scale details. Therefore, we are rather interested in the overall performance of the
coarse scale products, knowing that small scale processes are not resolved. These coarse scale products cover larger
regions seamlessly, and it is interesting to asses their performance as they can be used to study snow on larger scales.
Their performance of the spatio-temporal snow distribution in Switzerland is largely unknown. The mentioned studies
suggest that higher resolution improves the general representation of topography and captures higher altitudes. Studies
using high-resolution snow models and high-resolution reanalyses are less frequent. High-resolution snow models
which produce the climatological snow cover over Switzerland exist but knowledge on their quality is not available.
There is a knowledge gap regarding the ability of different spatial snow data sets to reproduce real snow distribution
over Switzerland. This thesis will investigate various snow data sets and their performance, and thereby provide new
insight on the Swiss snow climatology.

1.3 Research questions
In this study, we will investigate how various data sets of different resolution (i.e. point measurements to gridded data
sets of 1 km to 30 km horizontal resolution) represent the Swiss snow climatology over the last 30 years. Therefore, we
carry out a spatio-temporal analysis on different snow indicators in nine regions of Switzerland and six altitude classes.
Through these analyses, we aim at answering the following research questions:

• Do existing data sets represent the spatio-temporal variability of Swiss snow cover, and to what extent do they
agree or disagree with each other?

• Do certain products reveal superiorities or weaknesses in specific geographical regions, elevations, or seasons
(e.g. during accumulation/ablation) in representing snow cover?

• Are high-resolution reanalyses suitable for snow monitoring in the alpine region in Switzerland?
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2 Data and study region

2.1 Study region
The analysis is carried out for Switzerland, characterized by the Alps and the Jura, which form areas with more
complex terrain, and the lower laying Swiss Plateau. Based on the 149 warning regions of the Swiss Federal Institute
for Snow and Avalanche Research (SLF), Switzerland is divided into the following nine regions: Northern flanks of
the Alps (western, central and eastern part), Valais, northern and central Grisons, central part of the southern flank
of the Alps, Engadine/eastern part of the southern flank of the Alps, Jura and the Swiss Plateau (Figure 1). These
regions are further merged into northern and southern Switzerland. The regions are chosen due to their geographic and
climatological characteristics.

(a) Regions (b) Topography

Figure 1: Map of Switzerland. (a) The nine study subregions are shown: 1. Western part of the northern flank of the
Alps, 2. Central part of the northern flank of the Alps, 3. Eastern part of the northern flank of the Alps, 4. Valais, 5.
northern and central Grisons 6. Central part of the southern flank of the Alps, 7. Engadine/eastern part of the southern
flank of the Alps, 8. Jura, 9. Swiss Plateau. Subregions 6 and 7 are joined into southern Switzerland (white), the
remaining subregions merge into northern Switzerland (grey). (b) The topography of Switzerland at a 1 km horizontal
resolution is shown.

2.2 Data sets
The analyses are based on observational data, reanalysis, remote sensing, a land surface model and two high-resolution
snow models. In the following, each data set is described, and an overview of the horizontal resolution and the temporal
data availability can be found in Table 1 and Figure 3, respectively. AVHRR and OSHD EKF serve as reference data
sets because AVHRR is an observational data set and OSHD EKF has station measurements as input data. Therefore,
they are believed to be the most accurate.

2.2.1 Observational data

In-situ observations
The in-situ observations are provided by MeteoSwiss and SLF. Two data sets, which consist of daily total snow depth
(cm) and SWE (m.w.e.) are available: one contains 139 stations measuring continuously since 1999, and the second
one contains 27 stations measuring since 1982 (Figure 2). A limitation of the data set is temporal inhomogeneities,
which might affect trend analyses. Further, in-situ snow depth measurement are only representative for a larger sur-
rounding in relatively flat homogeneous terrain. In complex terrain, it is difficult to find such an area, and thus the point
scale snow measurements are only representative for the narrow vicinity of the observation sites. This is the reason
why many snow measurements are made in flat terrain, which is more predisposed to snow accumulation (due to wind
and topographic effects), and thus tends to overestimate the amount of snow. Moreover, the observation sites are not
evenly distributed across the elevations. Higher elevation sites are underrepresented due to the often difficult access.

11



(a) Regions (b) Topography

Figure 2: Station distribution over Switzerland for the period 1999-2019 on the left (a), and for the period 1972-2019
on the right (b). A circle denotes stations between 0 - 500 m, triangle stations between 500 - 1000 m, square stations
between 1000 – 1500 m and cross stations between 1500 - 2000 m. The number next to the symbols are the numbers
of stations that fall within that altitude category.

Remote Sensing Data set: AVHRR
Remote sensing data can be used to analyse the spatio-temporal snow cover variability as it covers large and also
remote areas. Optical remote sensing gives no information about the actual snow depth and only says whether a grid
cell is covered by snow or not. In this thesis, the remote sensing product Advanced Very High Resolution Radiometer
(AVHRR) of the University of Bern will be used. It covers the European Alps for the time period 1991 - 2016 at a
horizontal resolution of 1 km (Hüsler et al., 2014). Limitations of the data sets are due to cloud cover that blocks the
surface view and clouds being misclassified as snow. Moreover, it is difficult to detect snow below dense vegetation.
Due to too large data gaps some years were dropped for this analysis.

2.2.2 Model data

Model data is available for different variables and resolutions. If required atmospheric forcing data is available. Mod-
els can produce data over a consistent spatial and temporal resolution over multiple decades. However, models do
not fully represent reality as they are only an abstraction of reality and underlie systematic and random errors. Model
uncertainties arise from the simplified representation of physical processes, spatio-temporal discretisation and limited
resolution, and uncertainty in the input and model parameters.

Reanalysis
Climate reanalyses produce a record of the climate on a gridded field by combining a numerical weather prediction
model with observations (ECMWF, 2020). The reliability of reanalyses depends on the chosen location, time period,
and variable as the spatial density and types of assimilated observational data sets varies. In this thesis, the following
reanalysis products will be evaluated:

• ERA5 is the 5th generation atmospheric reanalysis produced by European Centre for Medium-Range Weather
Forecasts (ECMWF) (Copernicus Climate Change Service, 2018). It has a global horizontal coverage at a reso-
lution of 30 km and a temporal coverage from 1979 to present. ERA5 provides hourly estimates of atmospheric,
land and oceanic climate variables. The data is available on the Copernicus Climate Change Service (C3S)
Climate Data Store.

• COSMO-REA6 is a high-resolution regional reanalysis product produced by the Hans-Ertel Centre for Weather
Research and the German Weather Service (Hans-Ertel-Zentrum für Wetterforschung, 2020). The development
of COSMO-REA6 is based on the numerical weather prediction model COSMO (consortium for small-scale
modelling). It covers the European continent at a horizontal resolution of 6 km for the period 1995 - 2019, and
it is driven with ERA-Interim at lateral boundaries.

Land surface model
Land surface models (LSM) provide a consistent record of land variables for the past decades. In this thesis, the ERA5-
Land product, which has a global coverage and is available for the period 1981 to present (Copernicus Climate Change
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Service, 2019), will be used. ERA5-Land is a re-run of the ECMWF ERA5 Land component with a finer horizontal
resolution of 9 km. Information about surface variables is produced at hourly temporal resolution and available for
1981 to present from C3S.

High resolution snow models
The snow models are run as a temperature-index model which calculates the melt rates of snow from air temperature.
The available input data consist of gridded temperature and precipitation data. To run a calculation of a full clima-
tological surface energy balance for Switzerland further input data like humidity, wind speed, radiation fluxes, etc.
are needed. No data sets for these other atmospheric variables are available for Switzerland, hence temperature-index
models have to be applied. Here, we evaluate two high resolution snow models (HRSM):

• SNOWGRID-CL is the climatological version of SNOWGRID that was developed by the Austrian weather
service (ZAMG) (Olefs, 2019). In its climatological version, it is based on a temperature-index model and uses
temperature and precipitation as input data. The data sets for Switzerland consist of daily snow depth (cm) and
SWE (m.w.e.) for the period 1971 - 2019 at a horizontal resolution of 1 km. Hereafter, SNOWGRID-CL is
referred to as SNOWGRID.

• OSHD is the operational snow-hydrological model produced by SLF (SLF, 2020). The climatological version
of the OSHD is based on a temperature-index model, which uses the same precipitation and temperature data as
SNOWGRID to estimate snow quantities and melting rates. It produces daily SWE (m.w.e) over Switzerland at
a horizontal resolution of 1 km. Two versions are available:

– OSHD EKF: spans the period from 1998 to present. In this version, snow observations are assimilated
using an extended Kalman filter, which adjusts the model output to the snow depth observations of the
stations in Figure 2. OSHD EKF is used as a reference data set.

– OSHD CL: spans the period 1961 – 2019, no data assimilation was applied.

Table 1: Overview of the data sets with type and horizontal resolution. RS denotes remote sensing, HRSM high
resolution snow model, and RA reanalysis.

Name Type Horizontal Resolution
ERA5 RA 30 km

ERA5-Land LSM 9 km
COSMO-REA6 RA 6 km

SNOWGRID HRSM 1 km
OSHD CL HRSM 1 km

OSHD EKF HRSM 1 km
AVHRR RS 1 km

Station observation in-situ point
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Figure 3: Time periods of all data sets. Time spans from 1961 to 2020. The data sets are sorted from lowest to highest
resolution (from top to bottom). The dashed vertical lines indicate two time periods, one from 1999-2019 to compare
climatologies for all data sets and the longer period 1981-2019 for trend analysis.
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3 Methods
This chapter introduces the data pre-processing, which includes the identification of snow accumulating grid cells and
the temporal gap-filling of AVHRR data. Subsequently, the calculation of the yearly and monthly climatology and
trends are presented. Finally, the definition and computation of the snow indicators are described.

3.1 Data pre-processing
Before the spatial and temporal analysis can be performed, the snow data must be pre-processed due high-elevated grid
cells in the models that exhibit perennial snow accumulation. Due to the lack of a sub-grid parameterization and the
proper treatment of snow on glaciers, snow output from these grid cells must be pre-processed. Snow accumulation
over several years is a realistic phenomenon, which happens above the Equilibrium Line Altitude in glaciated areas.
However, glaciers are, due to the lack of representing relevant processes and the coarse horizontal model resolution,
not captured. Accumulated SWE values are thus somewhat arbitrary and largely depend on the previously modelled
temporal interval.

In the OSHD and the SNOWGRID model run, the amount of snow on September 1 is set to 0 because the available
quantity of water for the year is of interest. For consistency and to avoid accumulating grid cells, the same procedure
is applied for the model output of ERA5 and COSMO-REA6. Thereby, we assure that the models represent snow
accumulation for each year separately and that there is no snow from the previous year.

ERA5-Land reveals grid cells that have a minimum SWE threshold above zero for the entire time period, and a
seasonal cycle is modelled on top of that threshold. The seasonal SWE cycle modelled on top of the minimal threshold
is not realistic and too small compared to neighboring grid cells, potentially due to contamination of glacier points
during the interpolation to the regular 0.1x0.1 grid. Therefore, grid cells with a minimum SWE threshold above zero,
i.e.grid cells in which SWE does not drop below 1 cm for more than 5 years, are masked out and not implemented in
the analysis. So, one must be careful comparing the regions Valais, Engadine, and Central part of the Northern flank
of ERA5-Land with the other data sets, as not the same area is used. The masking is only applied for SWE quantities
and not snow cover days or snow cover fraction.

Some grid cells of the remote sensing product AVHRR display missing values or clouds values, which leads to
gaps in the time series. To obtain a more complete time series, a temporal filter was applied that determines a substitute
value in each grid cell without a snow value, a substitute value is sought. For this, we look if a snow value is available
seven days into the future and past at a specific gridcell. If a ground observation exists within these 14 days, then the
missing value is replaced by the value closest in time. So, if in this 14 day period a snow day is detected, the missing
day becomes a snow day. No spatial interpolation is performed. Despite this gap filling, there are still some years that
exhibit substantial gaps. Therefore, these years, i.e. 2000, 2001, 2012, and 2013, are not considered in the analysis.

3.2 Snow indicators
Snow cover can be described by snow depth, snow density and SWE. These variables are all connected with each other
as the SWE can be determined by snow density and snow depth. The snow model OSHD returns SWE as output, so
this variable is used. From the quantity SWE, various snow indicators to characterize snow cover can be derived. In
this thesis the following indicators are used:

• SWE: SWE is the depth of water if all snow is melted and its unit is meter water equivalent (m.w.e.). SWE is the
output for all models. The station observations are given in snow depth, therefore, a transformation from snow
depth to SWE assuming a density was necessary. The mean SWE value for each year or month is calculated as
described in section 3.3.

• Number of snow days: For models and station data, a snow day is defined as a day with at least 0.01 m.w.e. The
remote sensing product AVHRR has a binary output (snow day/no snow day) and no threshold must be defined.
Snow days are summed up over a year.

• Day of maximum snow: The day of maximum snow of a grid cell is the day with the maximum amount of SWE
throughout the year.

• Snow cover fraction: The snow cover fraction is defined as the percentage of the gridcells that indicate a snow
day.
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All indicators can be calculated for all data sets, except the remote sensing product AVHRR and the in-situ obser-
vations. AVHRR cannot provide the mean SWE and the day of maximum snow, while a calculation of snow cover
fraction in a region is obviously not possible with in-situ observations.

3.3 Spatio-temporal data aggregation and trend calculation
The presented analyses are based on the hydrological year instead of the calendar year. In this thesis, a hydrological year
lasts from September 1 of the previous year to August 31 of the year in consideration. For example, the hydrological
year 1999 is composed of the months September to December of the year 1998 and the months January to August of
the year 1999. This definition is chosen to record the annual balance of the precipitation that has fallen in the previous
calendar year in late autumn and winter, and that has been stored as snow during the winter months. The impact of the
stored precipitation will only become effective as meltwater in the following year when snow starts to melt. Therefore,
it is used in the analysis instead of the calendar year. Hereafter, the hydrological year as defined above is referred to as
”year”.

For each region, the data is aggregated to get a climatology. The yearly/monthly averages of SWE are calculated
as follows: for each gridcell the SWE of each year/month over the entire time period are averaged. To obtain the
yearly/monthly average over the whole time period of an entire region, the yearly/monthly means of all gridcells are
averaged. For instance, the mean of January in the period 1999-2019 for one region is calculated by averaging all
values in January over 20 years for each gridcell. To obtain a regional value, these averages of the grid cells within this
region are averaged once more.

The number of snow days per region is calculated similarly, the number of snow days per year is counted per grid
cell and the regional number of snow days is defined as the spatial median number of snow days of all grid cells in a
region. The climatology of the day with maximum snow is determined by first summing up the SWE of all grid cells
in a region for each day. Then the day with the highest sum is defined as the day of maximum snow for the region.

To calculate trends in a time series, a simple linear regression (ordinary least squares) is used for continuous
variables and a logistic regression is used for indicators that use count data.
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3.4 Elevation classes
For SWE, the climatology and trend are calculated for six different elevation classes. These elevation classes are
defined as: 0-500 m, 500-1000 m, 1000-1500 m, 1500-2000 m, 2000-2500 m and >2500 m. The data sets show a
different distribution of grid cells per elevation class (Figure 4). OSHD CL and OSHD EKF have the same elevation
profile. ERA5 does not have grid cells above 2500 m in any region.

(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 4: The distribution of grid cells at the six elevation classes for the regions (a) Engadine, (b) Valais, (c) Northern
Switzerland, (d) Southern Switzerland, and (e) the Swiss Plateau. Each color represents a data set.
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3.5 Nearest grid cell for station
For the snow indicator SWE, a comparison of the 1 km data sets and the station observations are made. As these
observations are point data, the nearest grid cell with the smallest difference in elevation is chosen for the comparison.
To identify this nearest grid cell, the grid cell in which the station is located and the eight neighbouring grid cells
are evaluated for the smallest difference in height. The height difference between the stations and the nearest grid
cell is selected to be minimal, nevertheless deviations occur. In Table 2, the biggest elevation differences are shown
for OSHD CL, the remaining stations have small elevation differences. The largest difference is found at the station
Kronberg with 103 m.

Table 2: Elevation difference between station and nearest grid cell of OSHD CL. In the first column, the station
abbreviation of the station with the largest elevation difference is given. The second column shows the elevation of the
station, the third column the elevation of OSHD CL, and the fourth column shows the difference between the station
and the nearest grid cell. The unit is meter.

[m] Station elevation OSHD CL elevation Difference
AIR 1139 1216 77
BAS 316 335 19
BSG 280 250 30
KRO 1652 1549 103
KUA 894 942 29
NEU 485 514 29
OBP 687 640 47
OTL 366 410 44

The regions are composed of stations and not all regions contain the same number of stations. The Swiss Plateau
has the largest number of stations with 57, followed by the Jura with 18, the eastern northern flank of the Alps with
15, the western northern flank of the Alps with 14, the central northern flank of the Alps with 11, Grisons with 8, the
central southern flank of the Alps with 7, the Valais with 6 stations and the Engadine with the least stations of all with
4. To calculate a mean for the region, all stations and their nearest grid cell are averaged.
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4 Results

4.1 Mean SWE
In the following sections, different aspects of the mean SWE are described. First, the climatology, variability, and
seasonal cycle are shown. Then the anomalies, the deviation of products from the reference data set, the trend, and
the distribution in height classes are shown. And afterwards, the comparison btweeen the station observations and the
nearest grid cell is shown.

4.1.1 Climatology, variability, and seasonal cycle

The calculated mean SWE over the 20 winters (1999-2019) is displayed in Figure 5 for each data set. Topographical
features determine the distribution of snow, higher (lower) altitudes have higher (lower) SWE values. The higher the
resolution, the more detail is visible. ERA5 shows the lowest mean SWE in all regions except in the Swiss Plateau
(Table 3). Differences between the 1 km data sets are apparent, e.g. OSHD CL shows more snow in the lower lowland
than both OSHD EKF and SNOWGRID. This is also well reflected in the mean SWE values over the entire period
with OSHD CL showing a mean SWE of 0.008 m in the Swiss Plateau. Whereas OSHD EKF and SNOWGRID both
show 0.003 m SWE. COSMO-ERA6 shows the lowest mean SWE of 0.0024 m, ERA5-Land is close to OSHD CL
with 0.01 m SWE, and ERA5 shows a mean SWE of 0.005 m in the Swiss Plateau (Table 3).

In the Engadine, COSMO-REA6 has more snow than the other data sets. The mean SWE over the entire 20
year period shows that COSMO-REA6 has a mean SWE of 0.26 m, ERA5 0.08 m SWE, ERA5-Land 0.19 m SWE,
SNOWGRID 0.18 m SWE, and OSHD CL and OSHD EKF both show a mean SWE of 0.13 m SWE. COSMO-REA6
shows double the amount of SWE as OSHD CL and OSHD EKF. When comparing the northern part of Switzerland,
SNOWGRID and ERA5-Land show the highest mean SWE values with 0.1 m SWE, OSHD CL and OSHD EKF
show less with 0.08 m SWE and 0.07 m SWE, respectively. COSMO-REA6 has a slightly smaller mean SWE than
OSHD EKF with 0.065 m SWE and ERA5 shows the smallest mean SWE with 0.047 m SWE. To obtain more details
such as inter- and intraannual variability, the mean SWE is shown for several regions (Engadine, Valais, north, south,
and Swiss Plateau) per year.

Table 3: Mean SWE over the period of 1999-2019 for each region.

[m SWE] ERA5 ERA5-Land COSMO-REA6 SNOWGRID OSHD CL OSHD EKF
Jura 0.003 0.007 0.012 0.018 0.029 0.015

Plateau 0.005 0.010 0.002 0.003 0.008 0.003
Engadine 0.081 0.186 0.260 0.180 0.134 0.126
Grisons 0.083 0.193 0.164 0.149 0.133 0.116

East. northern flank 0.051 0.134 0.054 0.092 0.091 0.087
West. northern flank 0.071 0.139 0.070 0.124 0.102 0.091
Cent. northern flank 0.069 0.155 0.079 0.126 0.112 0.101
Cent. southern flank 0.061 0.122 0.090 0.119 0.107 0.077

Valais 0.102 0.240 0.153 0.284 0.210 0.194
North 0.046 0.099 0.064 0.096 0.082 0.072
South 0.070 0.148 0.162 0.145 0.118 0.096
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Figure 5: Climatology of mean SWE for the period 1999-2019 for (a) ERA5, (b) ERA5-Land, (c) COSMO-REA6, (d)
SNOWGRID, (e) OSHD CL, (f) OSHD EKF. Darker colours indicate higher SWE and grey indicates that no data is
available since the respective grid cells were masked out (see Chapter 3.1).

20



(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 6: Mean SWE for the period 1999-2019 for the regions (a) Engadine, (b) Valais, (c) Northern Switzerland, (d)
Southern Switzerland, and (e) the Swiss Plateau. Each color represents a data set. Note the variable y-axis range.
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In the Engadine (Figure 6), as shown before on the map, COSMO-REA6 is most biased with 0.1 m SWE to
the reference data set OSHD EKF. At the beginning COSMO-REA6 shows the same behaviour as the other data
sets, but from 2003 on the deviation is much larger. The 1 km resolution data sets have a high correlation of 0.99
with OSHD EKF (Figure 7a) and their interannual variability is very similar. With a bias of 0.05 and 0.008 (Figure
7b), respectively, SNOWGRID and OSHD CL overestimate the mean SWE compared to OSHD EKF. The coarser
resolution data set ERA5-Land has a bias of 0.06 m SWE and has a correlation of about 0.9 with the high-resolution
data sets. ERA5 underestimates the mean SWE compared to OSHD EKF and has the lowest SWE of all the data sets.
This is likely due to the low-lying grid cells in this region.

A similar pattern of data sets is found in the Valais. However, here COSMO-REA6 shows an underestimation of
the mean SWE (bias: -0.04 m SWE). Furthermore, all data sets except COSMO-REA6 and ERA5 overestimate the
quantities of snow, with SNOWGRID showing the highest and OSHD CL the smallest overestimation. Once again,
the correlation of the 1 km data sets is the highest and COSMO-REA6 shows a low correlation with the reference data
set.

In larger regions, e.g., northern Switzerland, there is a high agreement of year-to-year variability between the 1 km
data sets and ERA5-Land. Consistent with the other regions, ERA5 shows an underestimation (bias: -0.03). On the
other hand, OSHD CL and SNOWGRID show an overestimation as well as a much stronger correlation than ERA5
and COSMO-REA6. COSMO-REA6 has a very low bias of -0.008, but a correlation of only 0.24 with OSHD EKF.
In the southern part of Switzerland a similar behaviour as in the Engadine is found. COSMO-REA6 has the highest
deviation from the other data sets, and ERA5 has the lowest absolute SWE values.

Across all regions, the high-resolution data sets are more stable in terms of variability. Coarse data sets show less
snow in higher regions because the resolution does not represent grid cells at high elevations and therefore tempera-
tures are higher, and snow is not formed. In addition, COSMO-REA6 and ERA5 show the lowest correlations with
OSHD EKF and the 1km data sets and ERA5-Land the highest (Figure 7a). The mean values for the shown regions can
be found in Table 3. Overall, SWE values in the northern and southern part are similar, ERA5 has the lowest values,
and the 1 km data sets are alike in many regions.

In the Swiss Plateau, there are greater differences among the data sets, with OSHD CL and ERA5-Land showing
the highest mean SWE. SNOWGRID has a very small positive bias and a very high correlation to OSHD EKF.

(a) Correlation (b) Bias (m SWE)

Figure 7: (a) shows the temporal mean SWE correlation of the data sets ERA5 (black), ERA5-Land (blue), COSMO-
REA6 (green), SNOWGRID (orange), and OSHD CL (red) with OSHD EKF for each region is plotted. On the right
(b), the bias to OSHD EKF is illustrated.
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Figure 8 shows the monthly climatology of SWE. In general, it can be seen that snow accumulation starts early and
melting starts late at high elevations. In particular the high-resolution data sets peak at the same time. In the Engadine,
COSMO-REA6 accumulates swiftly, has an earlier and stronger peak than the other data sets and at the end of the year
all snow has melted. In the Valais, similar behaviour is observed, but the high-resolution data sets do not reach zero.
As seen before, OSHD CL and OSHD EKF are very close, SNOWGRID overestimates the SWE, and ERA5 has the
lowest values. At lower elevations, as in the Swiss Plateau, the mean SWE is lower and the transition from peak to
melting is more abrupt. Moreover, ERA5, ERA5-Land, and OSHD CL overestimate the mean SWE compared with
OSHD EKF. SNOWGRID has high agreement with the reference data set, as in the other regions.
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(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 8: Monthly climatology over the period of 1999-2019 for the regions (a) Engadine, (b) Valais, (c) Northern
Switzerland, (d) Southern Switzerland, and (e) the Swiss Plateau. The data sets ERA5 (black), ERA5-Land (blue),
COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), and OSHD EKF (purple) are illustrated.
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4.1.2 Anomalies

Anomalies were calculated for the yearly mean SWE. Here, the years 2007 and 2009 are presented as examples. In
2007, all data sets show a strong negative deviation from the long-term mean (1999-2019) over the entire country
(Figure 9a). Figure 9b and Figure 9c depict an increase of SWE starting in November, which indicate the late onset
of snowfall in both the north and the south of Switzerland. Further, the snow maximum was reached in March, and
then in April the snowmelt proceeded rapidly. On the other hand, 1999 shows a positive deviation from the mean in
all regions except the central part of the southern flank of the Alps (Figure 10). It starts snowing early, the amount of
snow increases strongly in February and the melting takes a long time. The SWE values peak in April and the absolute
values are higher than in 2007. The variability between the data sets is larger in 1999 than in 2007. COSMO-REA6
shows a different behaviour in the south than the other data sets in both years.

(a) 2007 (b) North (c) South

Figure 9: (a) The deviation of the year 2007 from the long-time mean (1998-2019) of OSHD EKF, (b) seasonal
cycle of SWE in 2007 of the northern, and (c) southern part of Switzerland. In subfigures (b) and (c), the data sets
ERA5 (black), ERA5-Land (blue), COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), and OSHD EKF
(purple) are illustrated.

(a) 2009 (b) North (c) South

Figure 10: (a) The deviation of the year 2009 from the long-time mean (1998-2019) of OSHD EKF, (b) seasonal
cycle of SWE in 2009 of the northern, and (c) southern part of Switzerland. In subfigures (b) and (c), the data sets
ERA5 (black), ERA5-Land (blue), COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), and OSHD EKF
(purple) are illustrated.

In Figure 11, the deviation from the mean is shown for the period 1999-2019 for the regions Valais and the Swiss
Plateau. It can be observed that the percentage deviation is smaller in the Valais than in the Swiss Plateau. This is due
to the fact that small amounts of snow in a region like the Swiss Plateau, where there is not much snow, cause large
differences. For example, in a region with a lot of snow, a difference of 1 mm SWE does not make a big difference, but
in a region with little snow, it is significant. In addition, the variability between data sets is greater in the Swiss Plateau
than in the Valais. In both regions it is the case that the 1 km data sets agree very well and the more coarsely resolved
ones show deviations in the other direction in many years (e.g. ERA5 in 2004).
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(a) North (b) South

Figure 11: Percentage deviation of SWE from the mean (1999-2019) for (a) the northern and (b) the southern part
of Switzerland. The data sets ERA5 (black), ERA5-Land (blue), COSMO-REA6 (green), SNOWGRID (orange),
OSHD CL (red), and OSHD EKF (purple) are illustrated. Note the variable y-axis range.

4.1.3 Deviation of products from the reference data set OSHD EKF

The data sets deviate to varying degrees from OSHD EKF (not shown). Across all regions, we see that OSHD CL
and SNOWGRID have the smallest percentage deviations from the mean SWE over the entire period, followed by
COSMO-REA6, ERA5 and ERA5-Land. The strongest deviations are observed in the Swiss Plateau with up to 250%
deviation by ERA5-Land and the region with the smallest deviation is the eastern part of the northern flank, which
shows deviations between 5% (SNOWGRID) and 60% (ERA5-Land).
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4.1.4 Trend

Figure 12: Residual analysis of SWE from OSHD CL
for the Swiss Plateau during the period of 1982-2019.

The trend is calculated from 37 winters (1982-2019). The
results of the linear regression are shown in Figure 13, il-
lustrating the climatology, and Figure 14, illustrating the rel-
ative trend. All data sets show a negative trend in all re-
gions. In the Engadine, the relative trend is rather weak, it
ranges from -17% to -7%, and the weakest relative trend is
seen from ERA5-Land. A strong relative trend is found in
the Valais, with OSHD CL, SNOWGRID and ERA5-Land
having almost the same percentage decrease (-35%, -37%,
-38%) and ERA5 having a slightly larger decrease (-58%).

An even stronger relative trend is found in the Swiss
Plateau, here all data sets show a similar value, apart from
ERA5-Land, which showing a weaker trend. Comparing the
northern and southern part of Switzerland, the northern part
shows a stronger trend than the southern part. It is impor-
tant to note that the residual analysis revealed that the data is
not normally distributed (Figure 12). Different transforma-
tions, i.e. log- and square-root transformation, were tested.
But the normal distribution was not achieved and in the end
no data transformation was applied. Therefore, extrapola-
tion into the future is erroneous as SWE would reach values
below zero at sometime in the future, which is unphysical.

Figure 15 and Figure 16 show the mean SWE per year for
the period 1971-2019 for OSHD CL and SNOWGRID, re-
spectively. The interannual variability and years with heavy
(e.g. 1982, 1999) or light (e.g. 1990, 2007) snowfall can be
recognized very well. Furthermore, it can be seen that the winters in recent years have less snow than the winters 30
years ago The two snow model show very similar results, however, regional differences, such as OSHD CL having less
snow in the Swiss Plateau than SNOWGRID are visible.
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(a) Engadine (b) Valais

(c) Swiss Plateau

Figure 13: Mean SWE with calculated trend line for the period 1982-2019 for the regions regions (a) Engadine, (b)
Valais, and (c) Swiss Plateau. The data sets ERA5 (black), ERA5-Land (blue), SNOWGRID (orange), and OSHD CL
(red) are shown.
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Figure 14: Relative trend in percent of SWE over the period of 1982-2019 for all regions. The data sets ERA5 (black),
ERA5-Land (blue), SNOWGRID (orange), and OSHD CL (red) are shown
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Figure 15: Map of Switzerland. Mean SWE of OSHD CL for each year in the period of 1972-2019.
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Figure 16: Map of Switzerland. Mean SWE of SNOWGRID for each year in period of 1972-2019. Darker colours
indicate higher SWE.
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4.1.5 SWE distribution in height classes

In Figure 17, the mean SWE at different elevation classes is shown for the Engadine. Here, no grid cells are present at
the lowest altitude level, while at the second (500-1000 m) the high-resolution have grid cells. The SWE values vary
between 0 and 0.04 m SWE, with OSHD EKF having the lowest values and SNOWGRID deviating the most from it.
In some years, like 2009 or 2014, the deviation is very strong. At the third altitude class (1000-1500 m), ERA5 land is
also included, displaying the highest SWE values. As before, OSHD EKF and OSHD CL show very similar behaviour,
and SNOWGIRD shows a surplus in some years. Here the data sets reach snow values up to 0.3 m SWE. At 1500-2000
m, all data sets hold grid cells and they all show a large variability among one another. The highest SWE values are
shown by COSMO-REA6 and ERA5-Land. ERA5 underestimates the snow quantity and shows similar behaviour to
the other data sets during the first couple of years, but from 2008-2011 SWE values are significantly lower. In 2012
and 2013 SWE values increase, although all other data sets see an intensification. As in the other elevation classes,
SNOWGRID has higher values as OSHD EKF and OSHD CL, but the 1 km data sets agree well. Here the SWE values
reach up to 0.35 m SWE. For the fifth altitude level (2000-2500 m), all data sets are available. Looking at the data,
it can be seen that ERA5-Land is in the same range as the 1 km data sets. While COSMO-REA6 is within the same
range as the other data sets for the first five years, but afterwards it shows a strong deviation. Here the SWE reaches up
to 0.7 m and never reaches no snow. At the highest level (¿2500 m), all data sets have grid cells except ERA5. Like the
last elevation class, ERA5-Land and the high-resolution data sets coincide well. COSMO-REA6 also shows the same
behaviour as before. The SWE values never reach zero and range up to 0.75 m.

In the Valais (see Appendix), there are grid cells at the lowest altitude class (0-500 m) for the 1 km data sets.
Only the 1 km data sets have grid cells in this category. The data sets agree nicely, none of the data sets over- or
underestimate in all years. The values range between 0 and 0.02 m SWE. At the second altitude class, both the 1 km
data sets and COSMO-REA6 have grid cells. The data sets agree well, COSMO-REA6 has the most snow of all the
data sets. Among the 1 km data sets SNOWGRID has the highest values, in some years this is very pronounced (e.g.
2009, 2014). Furthermore, OSHD CL has higher values than OSHD EKF. On the whole, all data sets behave similarly
and vary between 0 and 0.045 m SWE. At 1000-1500 m, all data sets are represented. ERA5-Land stands out, as
it shows large SWE values compared to the other data sets. OSHD EKF and OSHD CL are very similar in pattern
and magnitude. SNOWGRID and COSMO-REA6 both have higher SWE values than OSHD EKF and OSHD CL.
However, the pattern through the years is similar. ERA5 shows an overestimation at the beginning, with time it
resembles SNOWGRID and COSMO-REA6 increasingly, but the pattern is differently. The SWE values go from 0 to
0.3 m SWE. On the 5th height class (2000-2500 m), all data sets except ERA5 are represented. Here, the high-resolution
data sets show more snow than the coarser resolution data sets. Of the 1 km data sets, SNOWGRID shows the highest
amount of snow, followed by OSHD CL. OSHD EKF and OSHD CL are in very good agreement. COSMO-REA6
and ERA5-Land both show less snow than OSHD EKF, and ERA5-Land follows the pattern of OSHD EKF more
closely than COSMO-REA6.
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(a) Engadine: 500-1000 m (b) Engadine: 1000-1500 m

(c) Engadine: 1000-1500 m (d) Engadine: 1500-2000 m

(e) Engadine: >2500 m

Figure 17: Mean SWE in the Engadine at different elevation classes (a) 500-1000 m, (b) 1000-1500 m, (c) 1500-2000
m, (d) 2000-2500 m, and (e) >2500m.

In low-altitude regions (see appendix), such as the Swiss Plateau, only the first three elevation classes are covered.
At 0-500 m, all data sets except ERA5 are available. The snow amounts vary between 0 and 0.01 m SWE. ERA5-
Land and OSHD CL show the highest amount of snow and COSMO-REA6 the lowest. OSHD EKF and SNOWGRID
display a high agreement, SNOWGRID shows only higher SWE in a few instances (e.g. 2006). The variability of
OSHD EKF, COSMO-REA6 and SNOWGRID increases with time. At 500-1000 m, all data sets are represented and
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the behaviour is very similar to before: OSHD CL and ERA5-Land show the largest amount of snow, SNOWGRID,
OSHD EKF, COSMO-REA6 and ERA5 display snow in the same order of magnitude and with the same year-to-year
variability. At this height, the data sets reach up to 0.03 m SWE. At 1000-1500 m all data sets are available and attain
values up to 0.1 m SWE. Compared with the previous altitude classes, the data sets show high variability. No data set
shows the lowest or highest SWE values across all years. The closest to the OSHD EKF is SNOWGRID.

Larger regions such as the northern part of Switzerland (not shown) cover all elevation classes. At the first elevation
class (0-500 m), all data sets display a small variability and reach values up to 0.012 m SWE. SNOWGRID and
OSHD EKF are similar, ERA5 and COSMO-REA6 show lower values, and OSHD CL and ERA5-Land show the
highest values. Like the first elevation class, the data sets show similar behaviour for the second altitude class (500-
1000 m). The variability is small, ERA5-Land shows the highest values (up to 0.04 m SWE), and the remaining data
sets have a similar SWE range. In the 3rd class (1000-1500 m), the variability among the data sets is more pronounced.
The SWE values go up to 0.2 m SWE and again ERA5-Land shows the highest values. SNOWGRID and OSHD CL
have similar SWE values as OSHD EKF, but in some years the peaks are higher (e.g. 2014). COSMO-REA6 is within
the same magnitude as the 1 km data sets and shows the same year-to-year variability. During the first years ERA5
shows an exceedance compared to the 1 km data sets, but from 2005 on it is in the similar magnitude as the high-
resolution data sets and COSMO-REA6. At 1500-2000 m, the data sets show a large variability and the SWE values
range from 0.05 to 0.3 m SWE. The year-to-year variability is similar among the data sets, again ERA5-Land shows
the highest values and the 1 km data sets have a similar pattern and snow values. Only in year 2003 OSHD EKF shows
a less pronounced peak than the other two. At the beginning, ERA5 has a different pattern and stronger peaks than
the high-resolution data sets, and from 2009 to 2012 displays a flat pattern with almost no year-to-year variability.
COSMO-REA6 shows similar variability to the 1 km data sets, but in some years has either too much or too little snow.
At 2000-2500 m, the data sets again exhibit greater variability and obtain values between 0.05 to 0.4 m SWE. Larger
differences exist between the 1 km data sets, with SNOWGRID showing more snow than the other two. ERA5 and
ERA5-Land have the same pattern over the years, but the values of ERA5 are low and ERA5-Land is high, e.g. the
year-to-year variability is very small in some years (2005-2006). COSMO-REA6 has higher values than the 1 km data
sets and does not show peaks in the same years (e.g. 2001). On the 6th elevation class (>2500 m) all data sets are
available except ERA5. The variability is large and the SWE values ranges from 0.18 to 0.8 m SWE. SNOWGRID has
the highest SWE values, followed by OSHD CL and OSHD EKF. COSMO-REA6 and ERA5-Land underestimate the
snow compared to OSHD EKF.

All altitude classes are found in the southern part of Switzerland (see appendix). At the lowest altitude, OSHD CL
and SNOWGRID have the most snow and correlate well with each other. OSHD EKF shows lower values and a smaller
interannual variability, which is especially pronounced in the later years. ERA5 and COSMO-REA6 have lower snow
values than OSHD EKF and show a small year-to-year variability throughout the entire time. ERA5-Land is within
the same magnitude as OSHD EKF but does not consistently show an over- or underestimation. Values range from 0
to 0.025 m SWE. On the 2nd elevation class (500-1000m), the data sets show a greater variability and the SWE values
go up to 0.085 m SWE. ERA5 shows the lowest values in most years. SNOWGRID, OSHD CL, and ERA5-Land are
in the same order of magnitude and estimate larger amounts of snow than OSHD EKF. COSMO-REA6 is close to
OSHD EKF in many years, but in some years it also shows quite different behaviour such as in 2012. At 1000-1500
m the 1 km data sets show the same order of magnitude and ERA5-Land for many years has more snow than the other
data sets, but none of the data sets always display the low-est value. COSMO-REA6 is good in terms of the order
of magnitude, but the pattern does not always coincide, e.g. in 2013. On the 5th altitude class (2000-2500 m), the
values range between 0.1 and 0.8 m SWE. ERA5 shows the lowest values. Among the 1 km data sets and ERA5-Land,
SNOWGRID shows the highest values and ERA5 the lowest. COSMO-REA6 displays similar values to the other data
sets in the first five years, but afterwards it overestimates the snow amounts compared to OSHD EKF. In 2012 and
2013, COSMO-REA6 shows almost the same snow amounts as SNOWGRID. The highest elevation class shows very
similar behaviour like the 5th elevation class (2000-2500 m).

The trend analysis shows that the higher altitude classes undergo a smaller change over time. Figure 18 depicts
the relative trend in percent in the Engadine at all elevation classes. It can be seen that the trends of OSHD CL and
SNOWGRID are highest at 1000-1500 m, and decrease with height. The same altitudinal decline can be observed for
ERA5 and ERA5-Land. Across all regions (for Figures see appendix section 7.1.2), OSHD CL and SNOWGRID show
trends of similar magnitude, ERA5 shows the strongest relative trend throughout all altitude classes, and the trends at
higher elevations are smaller.
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Figure 18: Trend at different altitudes in the Engadine for the period 1999-2019. The unit is m SWE.

4.1.6 Comparison station and nearest gridcell

The SWE climatology of the stations and the nearest grid cell of the 1 km data set is shown in Figure 19, and the bias
with respect to the station is shown in Figure 20. Considering all regions, the smallest bias is seen in OSHD EKF.
Since station data are assimilated in this data set, it is not surprising that this bias is the smallest. Furthermore, it can
be observed that SNOWGRID shows higher snow amounts in most regions and has the strongest bias.

Figure 20 shows that the Engadine has the largest bias, with OSDH CL deviating the most. In the Valais, SNOW-
GRID overestimates the snow amounts, and OSHD CL and OSHD EKF both underesti-mate the snow amounts in
comparison to the station. In the Swiss Plateau, the data sets show a larger variability than in the other regions. Here,
all data sets overestimate the station values, most strongly by SNOWGRID.
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Figure 19: Mean SWE of the stations and the nearest gridcells for the regions (a) Engadine, (b) Valais and (c) Swiss
Plateau. The station data is shown in black, SNOWGRID in orange, OSHD CL in red, and OSHD EKF in purple.
Note the different y-axis range for the Engadine.

Figure 20: Bias of the nearest grid cells of snow models OSHD CL (red), OSHD EKF (purple), and SNOWGRID
(orange) to station data. One plot for each region. CNF denotes central part of the northern flank, CSF the central part
of the southern flank, ENF the eastern part of the northern flank, and WNF the western part of the northern flank. Note
the different y-axis range for the Engadine.
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Figure 21 shows data from two stations, Scoul and Sion, for one year as an example to illustrate the unprocessed
time series of individual stations and their corresponding grid cells. The maximum of all data sets is reached approx-
imately at the same time in 1999. In Scoul, the end of the snow cover is reached later by OSHD EKF and OSHD CL
than by the station and SNOWGRID. In Sion the models display much more snow at the beginning than measured at
the station.

(a) Sion (b) Scoul

Figure 21: SWE of the winter 1999 for the station Scuol on the left and the station Sion on the right. Plotted are the
station data in black, the nearest gridcells of OSHD CL in red, OSHD EKF in purple and SNOWGRID in orange. The
start, end and the maximum of SWE are indicated by black lines.
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4.2 Number of snow days
In the following sections, different aspects of the number of snow days are described. First, the climatology and then
the anomaly and deviation of products from the reference data set, and lastly, the results of the trend analysis are shown.

4.2.1 Climatology

In this section, the results of the number of snow days for the period 1999-2016 are presented. The climatology is
shown in Figure 22 for the data sets ERA5, ERA5-Land, COSMO-REA6, SNOWGRID, OSHD CL, OSHD EKF,
and AVHRR. Due to the gaps in AVHRR, some years (i.e. 2000, 2001, 2012, and 2013) were discarded. At higher
elevations, snow is found throughout the year, which can be seen in AVHRR. ERA5 shows no grid cells, which are
covered with snow all year round. There are also differences among the 1 km data sets: In comparison with AVHRR,
the other high-resolution data sets show too many snow days in the low-altitude areas.

In Table 4 the mean number of snow days for the entire period is given. The lowest number of snow days is found in
the Swiss Plateau (17-63 snow days) and in the Jura (25-98 snow days). The regions with the highest number of snow
days are the Engadine with 202-245 snow days, the Valais with 188-238 snow days, and Grisons with 168-232 snow
days. Followed by the central part of the northern flank showing 92-201 snow days, the western part of the northern
flank with 97-197 snow days, eastern part of northern flank with 99-191 snow days, and the central part of the southern
flank with 77-187 snow days. Dividing Switzerland into the northern and southern part shows that the southern part
experiences more snow days (158-228 snow days) than the northern part (49-156 snow days).

Table 4: Mean number of snow days over the period of 1999-2016 for each region.

[#snow days] ERA5 ERA5-Land COSMO-REA6 AVHRR SNOWGRID OSHD CL OSHD EKF
Jura 25 53 53 38 64 98 68

Plateau 17 63 16 26 28 51 31
Engadine 202 245 234 205 231 235 227
Grisons 195 232 182 168 197 213 207

East. northern flank 141 191 113 99 131 152 148
West. northern flank 183 197 124 97 132 153 152
Cent. northern flank 190 201 122 92 144 163 162
Cent. southern flank 171 187 143 77 135 148 148

Valais 207 238 188 201 223 226 221
North 156 155 88 49 91 113 105
South 187 228 190 158 187 193 184
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Figure 22: Climatology of snowdays for the period 1999-2016 for (a) ERA5, (b) ERA5-Land, (c) COSMO-REA6, (d)
SNOWGRID, (e) OSHD CL, (f) OSHD EKF, and (g) AVHRR.

Figure 23 shows the evolution of the number of snowdays and Table 6 shows the mean number of snow days for
five regions from 1999-2016. In the Engadine all data sets except ERA5 overestimate the number of snowdays relative
to AVHRR. All data sets have a positive correlation with AVHRR, the highest with 0.93 belongs to SNOWGRID. Next
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come OSHD CL and OSHD EKF with 0.78 and 0.8, respectively. ERA5 has the lowest correlation with AVHRR at
0.52 and ERA5-Land a correlation of 0.68. COSMO-REA6 behaves differently in the first five years with less year-to-
year variability compared to the other data sets. But afterwards the behaviour is quite similar and the correlation over
the whole period is 0.71.

In the Valais (Figure 23b), a similar pattern is found again with the 1 km data sets and ERA5-Land counting more
snow days than AVHRR. The correlations with AVHRR are worse than in the Engadine and range from 0.27 to 0.35.
In the north, all data sets overestimate the number of snow days, with the strongest being ERA5 and ERA5-Land.
COSMO-REA6 has the highest correlation with 0.66, followed by SNOWGRID (0.43), OSHD CL and OSHD EKF
(both 0.3), ERA5-Land (0.27) and ERA5 (0.12).

In the south (Figure 23c), the variability of the data sets is smaller, and all data sets record more snow days than
AVHRR. ERA5-Land shows the most snow days and the other data sets all show lower but approximately the same
number of snow days. The correlation in the south is higher, SNOWGRID shows the best correlation with 0.88. Close
to it are OSHD EKF (0.86) and OSHD CL (0.85). The coarser resolved products have a lower correlation with a range
from 0.61 to 0.69.

In the Swiss Plateau (Figure 23d), the variability of the data sets and the year-to-year variability is large. Compared
with AVHRR, the 1 km data sets show a small positive and ERA5-Land a large positive bias, and COSMO-REA6 and
ERA5 show a small underestimation of the number of snow days (Figure 24). All data sets show a positive correlation
with AVHRR, SNOWGRID was found to have the highest correlation at 0.71, followed closely by ERA5-Land and
OSHD EKF both at 0.69. Next at 0.58 is COSMO-REA6, then OSHD CL at 0.52 and ERA5 at 0.5.

The correlation is not positive in all regions, e.g. COSMO-REA6 in the central flank of the southern Alps shows
a negative correlation. Across all regions, SNOWGRID has the highest correlation, followed by COSMO-REA6,
OSHD CL and OSHD EKF. ERA5 and ERA5-Land correlate poorest with AVHRR.
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(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 23: Climatology of snow days for the period 1999-2016 for (a) Engadine, (b) Valais, (c) Northern Switzerland,
(d) Southern Switzerland, and (e) the Swiss Plateau. The data sets ERA5 (black), ERA5-Land (blue), COSMO-REA6
(green), SNOWGRID (orange), OSHD CL (red), OSHD EKF (purple), and AVHRR (yellow) are illustrated. Note the
variable y-axis range.
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(a) Correlation (b) Bias

Figure 24: On the left, the temporal correlation of the number of snow days of the data sets ERA5 (black), ERA5-Land
(blue), COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), and OSHD EKF (purple) with AVHRR for
each region is plotted. On the right, the bias to OSHD EKF is illustrated and some regions are abbreviated: CNF
denotes central part of the northern flank, CSF the central part of the southern flank, ENF the eastern part of the
northern flank, and WNF the western part of the northern flank.

4.2.2 Anomaly

The data sets show the same deviation in percent during the same time period and are in good agreement with the
AVHRR deviation (e.g. northern and southern part of Switzerland (Figure 25)). Only in the Engadine and in the Valais
COSMO-REA6 shows a different interannual variability of the deviation. Considering all data sets, the deviation is
small in many years, which can be observed for OSHD EKF in 2010 (Figure 26c). In the years where a larger deviation
is detected, predominantly the Swiss Plateau is affected. For example, there was a negative deviation in 2007 (Figure
26a) and a positive one in 2009 (Figure 26b). These deviations are consistent within all data sets and the magnitude of
change is the same.

(a) North (b) South

Figure 25: Percentage deviation from the mean number of snow days (1999-2016) for the northern and southern part
of Switzerland. Note the variable y-axis range.
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(a) 2007 (b) 2009 (c) 2010

Figure 26: Percentage deviation of OSHD EKF from the mean number of snowdays (1999-2016) for the years 2007,
2009 and 2010. Red indicates less and blue indicates more snow days than on average.

4.2.3 Deviation of products from the reference data set AVHRR

The data sets tend to overestimate the number of snow days in all regions except the Swiss Plateau and the Jura. In the
Jura, ERA5 underestimates the snow days while in the Swiss Plateau ERA5 and COSMO-REA6 both underestimate the
snow days (Figures not shown). The largest percentage deviation with up to 150% is also found in these two regions.
The regions with the smallest deviation are the western part and the southern part of the northern flank. Consider-
ing all regions, SNOWGRID and COSMO-REA6 show the smallest percentage deviation, followed by OSHD EKF,
OSHD CL, ERA5 and ERA5-Land. Of course, this is highly dependent on the selected threshold. A threshold above
1 cm SWE would lead to different results.

4.2.4 Trend

The relative trend of the number of snow days was calculated for the period 1982-2019. During this period, a negative
trend is detected in all regions. The variability between data sets is greatest at lower elevations, while higher elevations
are more stable.

For example, ERA5 shows the strongest trend in the Swiss Plateau with an 83% decrease in snow days (Figure
28). However, SNOWGRID has only half the trend (42%), OSHD CL has a 27% decrease, and ERA5-Land has a 6%
decrease. The range of the relative trend in the Engadine and Valais is more consistent, ranging from -6% to -14% and
-16% to -18%, respectively. Northern Switzerland experiences a larger reduction in snow days than the southern part.
Across all regions, ERA5-Land has the lowest trend, OSHD CL and SNOWGRID are of the same order of magnitude,
with SNOWGRID showing a slightly stronger trend in more regions. ERA5 shows a more pronounced trend in the
Jura and eastern part of the northern flank than the other data sets. However, in all other regions it is of the same order
of magnitude.
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(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 27: Mean number of snowdays with trend line for the period 1982-2019 for the regions regions (a) Engadine,
(b) Valais, (c) Northern Switzerland, (d) Southern Switzerland, and (e) the Swiss Plateau. The data sets ERA5 (black),
ERA5-Land (blue), COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), and OSHD EKF (purple) are
plotted. Note the variable y-axis range.
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Figure 28: Relative trend in percent over the period 1982-2019 for each region are shown. The data sets ERA5 (black),
ERA5-Land (blue), SNOWGRID (orange) and OSHD CL (red), OSHD EKF (purple) are displayed. Some regions are
abbreviated: CNF denotes central part of the northern flank, CSF the central part of the southern flank, ENF the eastern
part of the northern flank, and WNF the western part of the northern flank.
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4.3 Day of maximum snow
In the following sections, different aspects of the day of maximum snow are described. First, the climatology, then the
anomaly and deviation of products from the reference data set, and lastly, the results of trend analysis are shown.

4.3.1 Climatology

The climatology of the day with maximum snow is shown in Figure 29. In general, the lower-lying regions reach
their maximum earlier than the higher-lying regions. In some data sets, in the highest altitude regions of the Alps,
snow accumulates throughout the year. As the models set the snow to zero on September 1, the maximum in these
accumulation-only grid cells occurs always at the end of the year (August 31). Hence, the grid cells with continuous
accumulation are masked out and the maximum is considered as undefined in these regions. In Figure 29 these grid
cells are marked in grey. ERA5-Land, SNOWGRID, OSHD CL and OSHD EKF contain such grid cells. Small
differences can be observed among the 1 km data sets, the most distinctive difference being the later maximum in the
Swiss Plateau for OSHD CL than for the other two data sets.

Table 5 shows the average date at which the the maximum is found for each region and data set. It displays that
COSMO-REA6 simulates the day of the maximum the earliest most regions. In the regions Jura and Swiss Plateau,
OSHD CL finds the maximum the latest. There are very small differences among the high-resolution data sets for most
regions, the largest difference of 14 days (betweeen SNOWGRID and OSHD CL) is found in the Swiss Plateau.

In the Jura, the maximum snow is reached at the end of February according to the 1 km data sets, whereas the
coarse resolution data sets find the maximum at the beginning of February (Table 5). In the Swiss Plateau, all data
sets except COSMO-REA6 agree that the maximum is found on the beginning of February. COSMO-REA6 finds the
maximum already at the end of January. The more elevated the region, the later the maximum is simulated. In the
Engadine, ERA5 and COSMO-REA6 find the maximum in the middle of March, whereas the remaining data sets find
it much later in April. In Grisons, the range among the data sets is larger. The 1 km data sets agree on a maximum at
the end of March, while the coarser data sets vary between end of February and the middle of March. For the northern
flanks of the Alps (western, central and eastern part), the 1 km data sets show the maximum in the middle of March.
Once again, the other data sets vary between end of February and end of March. The latest detection of the maximum
is found in the Valais. Here all data sets except COSMO-REA6 exhibit the maximum at the end of March/beginning
of April. For COSMO-REA6 the day of maximum snow occurs at the beginning of March. In the Southern part of
Switzerland, the day of maximum snow is found later than in the northern part.

Table 5: Mean day of maximum snow over the period of 1999-2019 for each region. The unit is the date (day.month)

[date] ERA5 ERA5-Land COSMO-REA6 SNOWGRID OSHD CL OSHD EKF
Jura 3.2 5.2 9.2 24.2 26.2 21.2

Plateau 8.2 10.2 20.1 1.2 15.2 6.2
Engadine 16.3 27.4 10.3 17.4 14.4 6.4
Grisons 9.3 18.3 24.2 30.3 27.3 30.3

East. northern flank 23.3 23.3 10.2 13.3 13.3 14.3
West. northern flank 17.3 27.3 17.2 11.3 12.3 13.3
Cent. northern flank 16.3 27.3 14.2 21.3 14.3 25.3
Cent. southern flank 18.3 3.4 17.2 20.3 27.3 26.3

Valais 24.3 21.4 3.3 3.4 31.3 4.4
North 18.3 31.3 17.2 11.3 6.3 13.2
South 11.3 13.4 27.2 5.4 30.3 29.3
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Figure 29: Climatology of the day with maximum snow for the period 1999-2019 for (a) ERA5, (b) ERA5-Land, (c)
COSMO-REA6, (d) SNOWGRID, (e) OSHD CL, and (f) OSHD EKF. The legend shows the date and the grey area
denotes masked grid cells.

Figure 30 depicts the day of maximum snow per region. The maximum per region is defined as the day with
the highest mean SWE over the entire region. As mentioned earlier, the maximum is not defined in some grid cells.
Therefore, caution must be taken when comparing data sets in these regions.

In the Engadine and Swiss Plateau, the data sets have different interannual variability and the variability between
data sets is most pronounced for the coarse resolution data sets, while the 1 km data sets have little variability among
themselves. Furthermore, the maximum in the Engadine is later (end of March/beginning of April) than in the lowlands
(between January and February) and the coarse resolution data sets simulate the maximum earlier. For example, in the
Engadine, ERA5 reaches the maximum earliest in most years, since it does not represent the very high grid cells, which
reach their maximum later. In the Swiss Plateau, the agreement between the data sets is high, the largest discrepancy
is found from 2012-2016, and in some years (e.g. 2009) COSMO-REA6 shows larger discrepancies.

In the Valais, the variability among the data sets is large and all data sets show the day of the maximum later than
in the lower lying regions. COSMO-REA6 tends to simulate the maximum the earliest in many years and ERA5-Land
the latest. The 1 km data sets are very similar, especially in recent years. ERA5 does not consistently show an earlier
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or later maximum compared to the other data sets and in some years (e.g. 2015) it is not far off the 1 km data sets.
In the northern and southern part of Switzerland, the 1 km data sets agree well with each other and the coarse

resolution data sets show higher variation. COSMO-REA6 reaches the SWE maximum earlier than OSHD EKF,
whereas ERA5 and ERA5-Land show a later SWE maximum in many years. In the south, COSMO-REA6 shows an
earlier maximum as well. ERA5 also detects the maximum earlier and ERA5-Land later in many years.

In Figure 31, the bias to OSHD EKF is illustrated. It shows that ERA5 has by far the largest bias, it simulates the
day of maximum snow earlier. COSMO-REA6 also shows an earlier detection than OSHD EKF in all regions, but the
bias is much smaller. The remaining data sets show much smaller biases and do not consistently detect an earlier or
later occurrence of the maximum.
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(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 30: Climatology of the mean day of maximum snow for the period 1999-2019 for the regions (a) Engadine, (b)
Valais, (c) North, (d) South, and (e) the Swiss Plateau.

When considering the correlation with OSHD EKF, OSHD CL has the highest correlation across all 11 regions.
It is followed by SNOWGRID, ERA5-Land, ERA5, and COSMO-REA6. COSMO-REA6 has the largest range of
correlation values, for half of the regions (e.g. central part of the southern flank) it is even negative. For the other
regions, the correlation is positive, e.g. in the Jura the correlation attains 0.82. SNOWGRID fluctuates less than
OSHD CL, but still performs slightly worse across all regions. ERA5-Land and ERA5 have a correlation close to zero
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in the Engadine and Grisons, respectively. Whereas in the other regions it is positive.

(a) Correlation (b) Bias

Figure 31: On the left, the day of maximum snow correlation of ERA5 (black), ERA5-Land (blue), COSMO-
REA6 (green), SNOWGRID (orange), and OSHD CL (red) with OSHD EKF are plotted. On the right, the bias to
OSHD EKF is displayed. Some regions areabbreviated: CNF denotes the central part of the northern flank, CSF the
central part of the southern flank, ENF the eastern part of the northern flank, and WNF the western part of the northern
flank.

4.3.2 Anomaly

At lower altitudes, such as the Swiss Plateau (Figure 32), the data sets correspond to the same deviation from the mean
value in many years. However, in some years, e.g. 2000, 2009 or 2014, the deviations are larger. At higher elevations,
the variability between the data sets is more pronounced, e.g., in the central part of the southern Alps, OSHD CL and
OSHD EKF are consistent, but SNOWGRID shows a stronger deviation in 2005 and 2011. In addition, the coarse-
resolution data sets show a large variability, especially COSMO-REA6, which deviates from the mean percentage of
the other data sets in most years.
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(a) Engadine (b) Central Part of the southern flank

Figure 32: Percentage deviation from the mean of the day of maximum snow for (a) the Swiss Plateau and (b) the
central part of the southern flank of the Alps. The data sets ERA5 (black), ERA5-Land (blue), COSMO-REA6 (green),
SNOWGRID (orange), OSHD CL (red), and OSHD EKF (purple) are illustrated.

4.3.3 Deviation of products from the reference data set OSHD EKF

The percentage deviation of the day of maximum to OSHD EKF has a high variability between the data sets (not
shown). The percentage deviations lie between -20% and 15% distributed over all regions with no region showing
all data sets deviating in the same direction. COSMO-REA6 shows a negative deviation from OSHD EKF and spans
between -18 and -10% across all regions. ERA5 has negative deviation in most regions and a small positive deviation in
some regions (range: between -10 and 4%). Whereas ERA5-Land shows a positive deviation, i.e. a maximum arriving
later, in all regions except the Jura. Both 1 km data sets SNOWGRID and OSHD CL have lower deviations (-4% to 5%
and-5% to 8%, respectively) thereby underestimating or overestimating the timing in half of all regions. SNOWGRID
has smaller deviations like OSHD CL.

4.3.4 Trend

The results of the trend analysis are illustrated in Figure 33. It can be seen that all data sets in all regions, apart from
the Jura and the Swiss Plateau, have a negative trend. The decadal trend of OSHD CL in the Jura shows an arrival of
the maximum 3 days earlier, whereas SNOWGRID shows almost no change (-0.07 days/decade). In the other regions,
all data sets except ERA5 show an approximately equal negative trend. ERA5 shows either a much smaller or larger
trend. It shows a very small decadal trend in the north, the central part of the southern and northern flank of the Alps.
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Figure 33: Decadal trend of day of maximum snow for all regions. The data sets ERA5 (black), ERA5-Land (blue),
SNOWGRID (orange), and OSHD CL (red) are displayed. A negative trend indicates a earlier occurrence of the
maximum. Some regions are abbreviated: CNF denotes the central part of the northern flank, CSF the central part of
the Southern flank, ENF the eastern part of the northern flank, and WNF the western part of the northern flank.
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4.4 Snow cover fraction
In the following sections, different aspects of the snow cover fraction are described. First, the climatology and anomaly
and then the the results of the trend analysis are shown.

4.4.1 Climatology

The mean snow cover fraction for the period 1999-2016 is shown in Figure 34. The coarse-resolution data sets dis-
play lower values than the high-resolution ones in regions with complex topography. While at the lower elevations,
they show similar values. This indicator is also dependent on elevation. High elevations can be covered with snow
throughout the year, while low elevations are covered with snow for a shorter period of time. Compared to the AVHRR
satellite data set, the other 1 km data sets show a greater percentage of snow cover over the Jura Mountains. Further-
more, OSHD CL shows a higher snow cover fraction over the Swiss Plateau than the other 1 km data sets.

In Table 6 the mean snow cover fraction over the period 1999-2016 is given. It shows that the 1 km data sets have
similar snow cover fraction values in all regions. Considering all data sets, the regions with the highest values are
the Engadine with a range between 54% and 68%, Grisons (45%-63%) and the Valais (51% -73%). The mean snow
cover fraction for the eastern part of the northern flank ranges between 29% and 51%. Similar ranges are found for the
Western and Central part of the northern flank, and the central part of the southern flank with 31%-57%, 30%-57%,
and 26%-48%, respectively. In the lower lying regions the data sets simulate a smaller snow cover fraction: Jura with
10%-28% and the Swiss Plateau with 6%-20%. With a range of 23%-43%, the northern part of Switzerland shows
lower values than the southern part with 41%-57%. Over the entire period, ERA5-Land shows the highest snow cover
fraction over all regions except the Jura. The lowest snow cover fraction is shown by AVHRR and COSMO-REA6.

Table 6: Mean snow cover fraction over the period of 1999-2016 for all regions.

[%] ERA5 ERA5-Land COSMO-REA6 AVHRR SNOWGRID OSHD CL OSHD EKF
Jura 10 18 15 12 20 28 22

Plateau 12 20 6 8 10 18 11
Engadine 55 68 63 54 61 59 60
Grisons 53 63 50 45 52 56 55

East. northern flank 41 51 31 29 37 43 42
West. northern flank 49 57 34 31 39 44 43
Cent. northern flank 51 57 34 30 42 46 44
Cent. southern flank 44 48 37 26 38 41 39

Valais 58 73 51 53 59 60 59
North 34 43 27 23 32 37 34
South 49 57 48 41 48 49 47
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Figure 34: Climatology of snow cover fraction for the period 1999-2016 for (a) ERA5, (b) ERA5-Land, (c) COSMO-
REA6, (d) SNOWGRID, (e) OSHD CL, (f) OSHD EKF, and (g) AVHRR.

54



(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 35: Climatology of the snow cover fraction in the regions (a) Engadine, (b) Valais, (c) Northern Switzerland,
(d) Southern Switzerland, and (e) the Swiss Plateau. The data sets ERA5 (black), ERA5-Land (blue), COSMO-REA6
(green), SNOWGRID (orange), OSHD CL (red), OSHD EKF (purple), and AVHRR (yellow) are illustrated.
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Figure 35 shows the climatology for the selected regions. The results show that ERA5-Land consistently records
the highest snow cover fraction. In the Engadine the snow cover fraction is overestimated by all data sets except
ERA5 compared to AVHRR. Furthermore, AVHRR shows a different year to year variability in the first years (2000,
2001) and the correlation over the entire period is strongest with SNOWGRID (correlation of 0.92), closely followed
by OSHD CL (0.91), OSHD EKF (0.85), COSMO-REA6 (0.78), ERA5-Land (0.66) and finally ERA5 (0.46) (Figure
35).

In the Valais, the year-to-year variability is smaller and AVHRR shows a much smaller snow cover fraction in 2001
and 2002 than the other data sets. As in the Engadine, the best correlation is with SNOWGRID (0.71), OSHD CL
(0.67) and OSHD EKF (0.62). Next come ERA5-Land (0.53), COSMO-REA6 (0.47), and ERA5 (0.21).

In the north and south, the behaviour of the data sets is quite similar: all show an overestimation. In the north, the
variance between the 1 km data sets is larger. The correlation in the south is larger than in the north (see Figure 35).
In the Swiss Plateau, the variability of the data sets is larger, and all data sets show a higher snow cover fraction than
AVHRR. Further, a very similar correlation among the data sets is observed, the highest being SNOWGRID with 0.8
and the lowest being ERA5 with 0.61.

Looking at the bias in all regions, ERA5-Land shows the largest bias in all regions except the Jura. The remaining
data sets show a similar bias as the differences between the data are of a rather small magnitude. The bias is mostly
positve, only ERA5 underestimates the snow cover fraction in the Jura and COSMO-REA6 has a slight underestimation
in the Valais and the Swiss Plateau. Out of the 1 km data sets, OSHD CL has the largest positive bias in most
regions, however, the difference is not substantial. Considering the correlation of all data sets with AVHRR is positive.
SNOWGRID performs best with a correlation of 0.56-0.95, followed by COSMO-REA6, OSHD CL, ERA5-Land,
OSHD EKF, and lastly ERA5. However, the correlation should be taken with caution as the time series is rather short.

(a) Correlation (b) Bias

Figure 36: On the left, the snow cover fraction correlation during the period of 1999-2016 of the data sets ERA5
(black), ERA5-Land (blue), COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), OSHD EKF (purple)
with AVHRR are plotted. On the right, the bias to AVHRR is illustrated. Some regions are abbreviated: CNF denotes
the central part of the northern flank, CSF the central part of the southern flank, ENF the eastern part of the northern
flank, and WNF the western part of the northern flank.

4.4.2 Anomaly

As seen in Figure 37, the mean percentage deviation is smaller in the elevated regions than in the lower regions. The
scatter is much larger among the data sets in the Swiss Plateau (Figure 37a) and ranges between -100% and 130%.
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Furthermore, not all data sets deviate equally from the mean in all years, especially in the first 5 years the spread is
larger, but all data sets indicate the same direction of deviation.

Whereas in the Valais (Figure 37b), the spread and the deviation are much smaller with a maximum of 24%. The
behaviour of the low and high altitudes is also shown in the maps of the single years (Figure 37c and Figure 37d). The
low-lying areas show stronger deviations from the mean compared to the higher regions. During the winter of 2009,
which had a relatively high snowfall, the snow cover fraction was above the mean in the lower regions and below the
mean during the winter of 2007, which had less heavy snowfall.

(a) Swiss Plateau (b) Valais

(c) 2007 (d) 2009

Figure 37: Subfigures (a) and (b) show the percentage deviation of the snow cover fraction from the mean during the
period of 1999-2019 for the Swiss Plateau and the Valais. The data sets ERA5 (black), ERA5-Land (blue), COSMO-
REA6 (green), SNOWGRID (orange), OSHD CL (red), OSHD EKF (purple), and AVHRR (yellow) are illustrated.
Subfigures (c) and (d) show the mean percentage deviation of OSHD EKF for the years 2007 and 2009, respectively.
Red indicates less and blue indicates a higher snow cover fraction than on average.

4.4.3 Trend

A negative relative trend is observed in all regions for each data set, and ERA5-Land shows the smallest trend in all
regions (Figure 38 and Figure 39). For instance, in the Engadine, ERA5-Land with -6% shows only half the trend as the
other data sets. In the Valais, ERA5 shows the largest trend with -17%, followed by OSHD CL (-13%), SNOWGRID
(-12%) and ERA5-Land (-10%), hence there are only minimal differences between the data sets. In the Swiss Plateau
bigger differences between the data sets and the largest trend are found. Specifically, a decrease of -56% is shown by
ERA5, -35% by SNOWGRID, -26% by OSHD CL, and -5% by ERA5-Land.

Across all regions, the second strongest trend is seen in the eastern part of the northern flank with -11% to -42%.
In the Jura, the third strongest trend is observed at a range of -4% to -30%. The other regions show similar trends,
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varying from -9% to -23%. SNOWGRID and OSHD CL have minor differences in trend, with SNOWGRID showing
a stronger trend more often.

(a) Engadine (b) Valais

(c) North (d) South

(e) Swiss Plateau

Figure 38: Trend of snow cover fraction for the period 1982-2019 for the regions (a) Engadine, (b) Valais, (c) North,
(d) South, and (e) the Swiss Plateau. The data sets ERA5 (black), ERA5-Land (blue), SNOWGRID (orange), and
OSHD CL (red) are shown.
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Figure 39: Relative trend of the snow cover fraction in percent over the period 1982-2019 is shown. ERA5 in black,
ERA5-Land in blue, SNOWGRID in orange and, OSHD CL in red. Some regions are abbreviated: CNF denotes the
central part of the northern flank, CSF the central part of the southern flank, ENF the eastern part of the northern flank,
and WNF the western part of the northern flank.
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5 Discussion
SWE
The snow characteristics in Switzerland are described by various snow indicators. The mean SWE for the period 1999-
2019 showed topographical features, higher (lower) elevations have higher (lower) SWE values. The reference data set
OSHD EKF shows a mean SWE of 0.194 m SWE in the Valais, 0.096 m SWE in the southern part of Switzerland, and
0.003 m SWE in the Swiss Plateau. Considering all regions, COSMO-REA6 has a very poor performance regarding
the temporal correlation with OSHD EKF. The correlation of other data sets with a lower spatial resolution such as
ERA5 or ERA5-Land perform mostly better and have a higher correlation with the reference data set. ERA5-Land’s
correlation with the 1 km data sets is strong. However, it shows a positive SWE bias in most regions.

Looking at the snow distribution from the years 1982-2019 for the various regions of Switzerland showed that
snow has not decreased to the same extent everywhere, but that large regional differences occur. Further, not all data
sets show the same magnitude of decrease. We found, that the mean SWE has the strongest decline (range: -53% to
-39%) in the northern regions of Switzerland. The analysis of altitude classes shows that the relative trend is strongest
in the lower three altitude classes (0-500 m, 500-1000 m and 1000-1500 m) and weaker in the higher altitude classes
(1500-2000 m, 2000-2500 m, >2500 m). Moreover, the magnitude of the trend varies between the data sets and the
variation is stronger in the lower regions. The 1 km data sets show similar trends at all altitudes and ERA5-Land the
weakest. Matiu et al. (2020) investigated the snow depth using in-situ measurements and they found similar behaviour
for the altitude classes with stronger decreases of snow depth at lower elevations. Further, Laternser and Schneebeli
(2003) also found the same elevation dependencies of trends. This coincides mostly with the results of this master’s
thesis, where the model data showed a stronger trend at lower elevations.

Comparing the station data with the nearest grid cells of the high resolution data, we find that SNOWGRID over-
estimates the amount of snow, especially in the central part of the northern and southern flank. OSHD CL generally
has a smaller bias than SNOWGRID in all regions expect in the Engadine. OSHD EKF has the smallest bias, which is
not surprising as the snow model assimilates these station observations. Overall, all 1 km data sets coincide well with
the station data.

Number of snow days
The number of snow days is also dependent on the elevation. Higher lying regions experience more snow days through-
out the year. For example, OSHD EKF counts 221 snow days for the Valais, 184 days for the Southern part of Switzer-
land, and 31 days for the Swiss Plateau. Comparing all data sets with AVHRR reveals that most data sets correlate
relatively well with the AVHRR data. Accross all regions, SNOWGRID shows the strongest and ERA5-Land the
weakest correlation. For some regions (Valais and all parts of the northern flank (western, southern, and central)) a
comparably low correlation (0-0.25) is found for all data sets. This could be caused by a lower performance of the
AVHRR data for these regions.

The data sets mostly overestimate the number of snow days compared to AVHRR. This is likely related to the
applied threshold of 1 cm SWE for determining a snow day. Increasing this value, whose exact numerical value is
relatively uncertain, would enhance the overall agreement. Furthermore, the overestimation might also be due to the
gaps in the AVHRR data.

The relative trend of this indicator showed a negative trend in all regions for all data sets. In the Valais, the trend
of all data sets is of similar magnitude: ERA5 and OSHD CL with -18%, ERA5-Land and SNOWGIRD with -14%
and -16%, respectively. In the southern part, a relative trend of -14% is found for ERA5 and SNOWGRID. Smaller
trend are found for OSHD CL (-13%) and ERA5-Land (-9%). In the Swiss Plateau ERA5 shows a large trend of -83%,
while the other data sets show a much smaller trend with -6% for ERA5-Land, -42% for SNOWGRID, and -27% for
OSHD CL.

Day of maximum snow
The results of this thesis showed that the day of maximum snow is found earlier in the regions with lower elevation.
This thesis revealed that the high resolution data sets have very small differences among each other. For instance, in the
Valais the 1 km data sets simulate the day of maximum snow at the beginning of April. A similar timing with the end
of March is found in the southern part of Switzerland. In the Swiss Plateau, the day with maximum snow occurs at the
beginning of February. For regions at high elevations, grid cells which only accumulate over a year and therefore reach
their maximum at the end of the year, were masked out. So this might influence the results as not the same number of
grid cells were taken out of the analysis.

The 1 km data sets have a strong temporal correlation with OSHD EKF and the smallest bias across all regions.
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This indicator clearly benefits from high spatial resolution. I.e. a high resolution seems to be important to accurately
predict the timing of maximum SWE. This is important for snow hydrology and connected sectors like hydropower
production, agriculture, etc.

The trend analysis revealed mostly negative trends, meaning that the timing of the maximum snow is shifted for-
ward in time over the last 30 years. In the Valais and the southern part of Switzerland, the data sets ERA5, ERA5-Land,
OSHD CL, and SNOWGRID have a trend around -8 days/decade. In the Swiss Plateau, the decadal trends are weaker.
ERA5 shows a positive trend of 3 days/decade, ERA5-Land shows almost no trend, OSHD CL and SNOWGIRD have
a trend of -2 days/decade, and -4 days/decade, respectively.

Snow cover fraction
The mean snow cover fraction shows that coarse-resolution data sets display lower values than the high-resolution ones
in regions with complex topography. For example, OSHD EKF has a snow cover fraction of 59% in the Valais, 47% in
the southern part of Switzerland, and 11% in the Swiss Plateau. In comparison with the AVHRR data, a positive bias
is found in most regions. The high resolution data sets show a similar bias in most regions and SNOWGRID also has
the highest temporal correlation with AVHRR. As previously with the snow indicator number of snow days, the results
might be improved by choosing a higher threshold for determining the snow cover fraction.

A negative trend is found in all regions for all data sets. For instance, in the Valais, the trend is -17% for ERA5, -
10% for ERA5-Land, -12% for SNOWGRID, and -13% for OSHD CL. At lower regions like the Swiss Plateau, ERA5
shows a stronger trend of -56% and ERA5-Land shows a weaker trend of -6%. The differences between the 1 km data
sets SNOWGRID (-35%) and OSHD CL (-12%) are larger in this region.

In the following, the research questions are discussed:

• Do certain products reveal superiorities or weaknesses in specific geographical regions, elevations, or
seasons (e.g. during accumulation/ablation) in representing snow cover?
The data sets demonstrated different SWE climatologies for the period 1999-2019. COSMO-REA6 overesti-
mates the SWE amount in the Engadine, OSHD CL in the Swiss Plateau, and ERA5 underestimates the SWE in
most regions. The data revealed year-to-year variability and in general, the high-resolution data sets OSHD EKF,
OSHD CL and SNOWGRID show similar snow amounts and a strong correlation with each other. Compared to
OSHD EKF, OSHD CL and SNOWGRID slightly overestimate the snow amount in all regions, where SNOW-
GRID has a larger bias. The data sets with lower resolution show larger biases, whereby ERA5-Land over-
estimates the mean SWE in most regions, and COSMO-REA6 and ERA5 show an underestimation in many
regions. ERA5-Land shows a correlation with OSHD EKF almost as large as the 1 km data sets, whereas ERA5
and COSMO-REA6 show much weaker correlations. The differences among the data sets can be attributed to
horizontal resolution, forcing data, and the complexity of the model.

Several data sets show weaknesses in certain regions and elevations as well. In the Valais and Engadine, ERA5
Land provides an incomplete spatial coverage because some grid cells had to be masked out and consequently
less snow is accumulated. Furthermore, we see that in elevation classes 3 (1000-1500 m) and 4 (1500-2000 m),
ERA5-Land strongly overestimates the amount of snow. COSMO-REA6 shows deficiencies in the Engadine,
here it overestimates the SWE amount and has a low correlation with the remaining data sets. Considering the
different elevations, these weaknesses are also observable in the altitude classes 5 (2000-2500 m) and 6 (>2500
m) for the regions Engadine, Grisons and the eastern part of the northern flank. Moreover, COSMO-REA6 shows
an earlier maximum of SWE. The fact that COSMO-REA6 is driven by ERA-Interim and differences in model
physics might explain part of the observed differences.

• Do the existing data sets represent the spatio-temporal variability of Swiss snow cover, and to what extent
do they agree or disagree with each other?
The gridded snow data sets agree on the snow climatology on different levels. The highest agreement is found
among the 1 km data sets for all snow indicators. Considering the indicator SWE, the temporal correlation with
the reference data set OSHD EKF is strong for all data sets except COSMO-REA6 and ERA5. COSMO-REA6
does not represent the variability in the Engadine well.

Looking at the number of snow days and the snow cover fraction, AVHRR shows substantially less snow days
and a smaller snow cover fraction compared to the other data sets. For the snow days, the correlation is weak
for the western and central parts of the northern flank. However, the chosen threshold of the snow day definition
and the short time series may be responsible for this. Regarding the snow cover fraction, ERA5 shows a very
small correlation with AVHRR, whereas the other data sets show medium to large correlation. All data sets show
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positive biases with the reference data set, whereby COSMO-REA6 has the smallest bias. All data sets show the
deviation from the mean in the same years in all regions.

For the day of maximum snow, the correlation of COSMO-REA6 with OSHD EKF is weak and displays a high
negative bias in all regions. ERA5 also has a low correlation with OSHD EKF and a small bias. The 1 km data
sets show a high correlation and a small bias with OSHD EKF. ERA5-Land has a medium to high correlation
with the reference data set, however the biases are large in many regions. The 1 km data sets show the anomalies
in the same year, and the coarse resolution data sets are more variable.

• Are high-resolution reanalyses suitable for snow monitoring in the alpine region in Switzerland?
Depending on the region and snow indicator, COSMO-REA6 is suitable for snow monitoring. Considering the
SWE, COSMO-REA6 shows a small bias and a good correlation in all regions expect the Engadine. In all
regions, COSMO-REA6 detects the peak earlier and starts to melt earlier. For the number of snowdays, it has
a small bias and a good correlation in all regions expect the central part of the northern flank. For the day of
maximum snow, the correlation with the reference data set is small and the bias rather large. For the snow cover
fraction a small bias and a medium correlation with AVHRR was found.

ERA5-Land has a high correlation with the 1 km data sets and a small bias considering the snow indicator SWE.
It is suitable for monitoring in all regions except the Valais as many grid cells are masked out in this region. For
the number of snow days, the correlation with AVHRR is small in many regions (Valais, western and central part
of the northern flank, and the northern part of Switzerland). For the other regions, the correlation is higher, but
the bias is large in all regions. However, this depends on the chosen threshold for the definition of a snow day.
ERA5-Land has small biases for the day of maximum snow in the regions Swiss Plateau, eastern and central part
of the northern flank, and in the central part of the southern flank. In these regions, ERA5-Land can be used for
monitoring.

To sum up, in the following the advantages and disadvantages of the data sets are shortly listed in the tables below.

Table 7: Advantages and disadvantages of ERA5

Advantages Disadvantages
Long time period, suitable for trend analysis Coarse resolution

Similar trend compared to other data sets in many regions Low correlation with AVHRR
No gridcells above 2000 m

Table 8: Advantages and disadvantages of ERA5-Land

Advantages Disadvantages
Long time period, suitable for trend analysis Coarse resolution

Good correlation with OSHD EKF Not suitable for high elevation regions like the Valais
medium correlation with AVHRR Overestimates the amount of snow compared to OSHD EKF

Table 9: Advantages and disadvantages of COSMO-REA6

Advantages Disadvantages
Good correlation with AVHRR Intermediate resolution

Seasonal cycle shows earlier peak
Overestimates snow in the Engadine and has little correlation

Overestimates the SWE at altitude classes 5 and 6
Weak/negative correlation with OSHD EKF
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Table 10: Advantages and disadvantages of SNOWGRID

Advantages Disadvantages
High resolution Overestimates snow in all regions, especially in the Valais

Long time period, suitable for trend analysis Shows larger station bias than OSHD CL
Shows similar trend as OSHD EKF

Good correlation with OSHD EKF and AVHRR
suitable for analysing elevation dependent snow distribution

Table 11: Advantages and disadvantages of OSHD CL

Advantages Disadvantages
Long time period, suitable for trend analysis Overestimates snow in all regions, especially in the Swiss Plateau

High resolution Medium correlation with AVHRR
Shows similar trend as OSHD EKF

Shows small station bias
Good correlation with OSHD EKF

suitable for analysing elevation dependent snow distribution

Table 12: Advantages and disadvantages of OSHD EKF

Advantages Disadvantages
High resolution Short time period

Reference data set including assimilation of snow observations Medium to low correlation with AVHRR
Shows smallest station bias

suitable for analysing elevation dependent snow distribution

Table 13: Advantages and disadvantages of AVHRR

Advantages Disadvantages
High resolution Short time period with missing data points

Reference data set Medium to low correlation with OSHD EKF
suitable for analysing elevation dependent snow distribution binary data and no information about snow quantity

63



6 Conclusion and outlook
In this thesis, an analysis of the Swiss snow climatology for the two time periods 1999-2019 and 1982-2019 of various
data sets was presented. Further, a trend analysis was conducted for the longer time period. The data sets were used to
derive snow indicators such as the mean SWE, number of snow days, day of maximum snow, and snow cover fraction in
eleven regions of Switzerland. The data sets were validated against the reference data sets OSHD EKF (high resolution
snow model with assimilation of snow observations), AVHRR (remote sensing product), and station data.

The data reveals a high year-to-year variability and the data sets agree well on the Swiss snow climatology with
small biases for the 1 km data sets. Strong seasonal cycles were found in all regions and data sets. The highest
agreement is found for the indicator mean SWE, here the bias ranges from -0.03 m SWE to 0.03 m SWE among all
data sets. The performance of the data sets varies, COSMO-REA6 does not represent the snow climatology in the
Engadine, and ERA5-Land has a poor representation of the mean SWE in the Engadine and the Valais. In addition,
when considering the day of maximum snow, many regions do not compare well because many grid cells are masked
out.

The trend analysis showed a decrease in mean SWE, snow cover fraction, number of snowdays, and an earlier
occurrence of the day with maximum snow. The magnitude of the trends is highly dependent on the region (respectively
the orography) and altitude. The results of the trend of the mean SWE showed a higher decrease for the lower elevations
and lower decrease for the higher elevations. This behaviour of the trend was found in all data sets. For example, in
the northern part of Switzerland the relative trend of SNOWGRID ranges from -78% (0-500 m) to -31% (>2500 m).

This thesis has shown the spatial and temporal variability of the Swiss snow climatology for different data sets.
There are further approaches to extend this analysis. It would generally be desirable to include more data sets with
long time periods, high resolution, or more observational data. Moreover, it would be interesting to analyse additional
snow indicators such as onset, duration, and end of the continuous snow cover, changing the threshold for the number
of snow days, analysing all indicators for the different altitude classes, and choosing a smaller time period (e.g. winter
months) for the trend analysis. Furthermore, it would be interesting to see if a Theil-Sen trend yields different results
than the linear regression. This would lead to better understanding of the distribution of snow for the different regions.
Another interesting aspect would be to look at the forcing data of the models such as temperature or precipitation to
make statements about their influences. This might help to understand what causes the behaviour of COSMO-REA6 in
the Engadine and the higher altitude classes in the regions of Grisons or eastern part of the northern flank. Further, large
scale phenomena like the NAO could also be included in the analysis to understand its influence. The development of
a reliable spatial and temporal snow climatology and the results of this analysis is of relevance for various sectors such
as winter tourism, hydrology and ecological purposes.
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7 Appendix

7.1 SWE
7.1.1 Climatology

(a) Jura (b) Grisons

(c) Eastern part of the northern flank (d) Western part of the northern flank

(e) Central part of the northern flank (f) Central part of the southern flank

Figure 40: Mean SWE for the period 1999-2019 for the regions (a) Jura, (b) Grisons, (c) Eastern part of the northern
flank, (d) Western part of the northern flank, (e) Central part of the northern flank, and (f) Central part of the southern
flank. Each color represents a data set and note the variable y-axis range.
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(a) Jura (b) Grisons

(c) Eastern part of the northern flank (d) Western part of the northern flank

(e) Central part of the northern flank (f) Central part of the southern flank

Figure 41: Monthly Climatology over the period of 1999-2019 for the regions (a) Jura, (b) Grisons, (c) Eastern part of
the northern flank, (d) Western part of the northern flank, (e) Central part of the northern flank, and (f) Central part of
the southern flank. The data sets ERA5 (black), ERA5-Land (blue), COSMO-REA6 (green), SNOWGRID (orange),
OSHD CL (red), and OSHD EKF (purple) are illustrated.
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(a) Jura (b) Swiss Plateau

(c) Eastern part of the northern flank (d) Western part of the northern flank

Figure 42: Percentage deviation of SWE from the mean (1999-2019) for (a) Jura, (b) the Swiss Plateau, (c) Eastern
part of the northern flank, (d) Western part of the northern flank. The data sets ERA5 (black), ERA5-Land (blue),
COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), and OSHD EKF (purple) are illustrated. Note the
variable y-axis range.

72



(a) Central part of the northern flank (b) Central part of the southern flank

(c) Grisons (d) Valais

(e) Engadine

Figure 43: Percentage deviation of SWE from the mean (1999-2019) for (a) Central part of the northern flank, (b)
Central part of the southern flank, (c) Grisons, and (d) the Engadine. The data sets ERA5 (black), ERA5-Land (blue),
COSMO-REA6 (green), SNOWGRID (orange), OSHD CL (red), and OSHD EKF (purple) are illustrated. Note the
variable y-axis range.
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(a) Eastern part of the northern flank (b) Western part of the northern flank

(c) North (d) South

Figure 44: Mean SWE with calculated trend line for the period 1982-2019 for the regions regions (a) Eastern part of
the northern flank, (b) Western part of the northern flank, (c) Northern, and (d) Southern part of Switzerland. The data
sets ERA5 (black), ERA5-Land (blue), SNOWGRID (orange), and OSHD CL (red) are shown.
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(a) Jura (b) Grisons

(c) Central part of the northern flank (d) Central part of the southern flank

Figure 45: Mean SWE with calculated trend line for the period 1982-2019 for the regions regions (a) Jura, (b) Grisons,
(c) Central part of the northern flank, and (d) Central part of the southern flank. The data sets ERA5 (black), ERA5-
Land (blue), SNOWGRID (orange), and OSHD CL (red) are shown.
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7.1.2 Trend at different elevation classes

Figure 46: Trend at different altitudes in the Jura for the period 1999-2019. The unit is m SWE.

Figure 47: Trend at different altitudes in the Swiss Plateau for the period 1999-2019. The unit is m SWE.
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Figure 48: Trend at different altitudes in the Grisons for the period 1999-2019. The unit is m SWE.

Figure 49: Trend at different altitudes in the Northern part of Switzerland for the period 1999-2019. The unit is m
SWE.

77



Figure 50: Trend at different altitudes in the Southern part of Switzerland for the period 1999-2019. The unit is m
SWE.

Figure 51: Trend at different altitudes in the eastern part of the northern flank of Switzerland for the period 1999-2019.
The unit is m SWE.
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Figure 52: Trend at different altitudes in the western part of the northern flank of Switzerland for the period 1999-2019.
The unit is m SWE.

Figure 53: Trend at different altitudes in the central part of the northern flank of Switzerland for the period 1999-2019.
The unit is m SWE.
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Figure 54: Trend at different altitudes in the central part of the southern flank of Switzerland for the period 1999-2019.
The unit is m SWE.

7.2 Number of snow days

Figure 55: The climatology of the number of snow days in the Jura.
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Figure 56: The climatology of the number of snow days in Grisons.

Figure 57: The climatology of the number of snow days in the eastern part of the northern flank of the Alps.

Figure 58: The climatology of the number of snow days in the western part of the northern flank of the Alps.
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Figure 59: The climatology of the number of snow days in the central part of the northern flank of the Alps.

Figure 60: The climatology of the number of snow days in the central part of the southern flank of the Alps.
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7.3 Snow cover fraction

Figure 61: The climatology of the snow cover fraction in the Jura.

Figure 62: The climatology of the snow cover fraction in Grisons.
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Figure 63: The climatology of the snow cover fraction in the eastern part of the northern flank of the Alps.

Figure 64: The climatology of the snow cover fraction in the western part of the northern flank of the Alps.

Figure 65: The climatology of the snow cover fraction in the central part of the northern flank of the Alps.
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Figure 66: The climatology of the snow cover fraction in the central part of the southern flank of the Alps.

7.4 Day of maximum snow

Figure 67: The climatology of the day of maximum snow in Grisons.
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Figure 68: The climatology of the day of maximum snow in the eastern part of the northern flank of the Alps.

Figure 69: The climatology of the day of maximum snow in the western part of the northern flank of the Alps.

86



Figure 70: The climatology of the day of maximum snow in the central part of the northern flank of the Alps.

Figure 71: The climatology of the day of maximum snow in the central part of the southern flank of the Alps.

87



7.5 Climatology of SWE at different elevations
7.5.1 Elevation class 1

Figure 72: The climatology of SWE at elevation 0-500m from 1999-2019 in the Jura.

Figure 73: The climatology of SWE at elevation 0-500m from 1999-2019 in the Swiss Plateau.
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Figure 74: The climatology of SWE at elevation 0-500m from 1999-2019 in northern Switzerland.

Figure 75: The climatology of SWE at elevation 0-500m from 1999-2019 in the Grisons.
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Figure 76: The climatology of SWE at elevation 0-500m from 1999-2019 in the eastern part of the northern flank of
the Alps.

Figure 77: The climatology of SWE at elevation 0-500m from 1999-2019 in the eastern part of the northern flank of
the Alps.
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Figure 78: The climatology of SWE at elevation 0-500m from 1999-2019 in southern Switzerland.

Figure 79: The climatology of SWE at elevation 0-500m from 1999-2019 in the Valais.
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7.5.2 Elevation class 2

Figure 80: The climatology of SWE at elevation 500-1000m from 1999-2019 in the Engadine.

Figure 81: The climatology of SWE at elevation 500-1000m from 1999-2019 in the Jura.
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Figure 82: The climatology of SWE at elevation 500-1000m from 1999-2019 in the Swiss Plateau.

Figure 83: The climatology of SWE at elevation 500-1000m from 1999-2019 in northern Switzerland.
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Figure 84: The climatology of SWE at elevation 500-1000m from 1999-2019 in Grisons.

Figure 85: The climatology of SWE at elevation 500-1000m from 1999-2019 in the eastern part of the northern flank
of the Alps.
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Figure 86: The climatology of SWE at elevation 500-1000m from 1999-2019 in southern Switzerland.

7.5.3 Elevation class 3

Figure 87: The climatology of SWE at elevation 1000-1500m from 1999-2019 in the Engadine.
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Figure 88: The climatology of SWE at elevation 1000-1500m from 1999-2019 in the Jura.

Figure 89: The climatology of SWE at elevation 1000-1500m from 1999-2019 in the Swiss Plateau.
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Figure 90: The climatology of SWE at elevation 1000-1500m from 1999-2019 in northern Switzerland.

Figure 91: The climatology of SWE at elevation 1000-1500m from 1999-2019 in Grisons.
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Figure 92: The climatology of SWE at elevation 1000-1500m from 1999-2019 in the eastern part of the northern flank
of the Alps.

Figure 93: The climatology of SWE at elevation 1000-1500m from 1999-2019 in southern Switzerland.
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Figure 94: The climatology of SWE at elevation 1000-1500m from 1999-2019 in the Valais.

7.5.4 Elevation class 4

Figure 95: The climatology of SWE at elevation 1500-2000m from 1999-2019 in the Engadine.
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Figure 96: The climatology of SWE at elevation 1500-2000m from 1999-2019 in the Jura.

Figure 97: The climatology of SWE at elevation 1500-2000m from 1999-2019 in northern Switzerland.
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Figure 98: The climatology of SWE at elevation 1500-2000m from 1999-2019 in Grisons.

Figure 99: The climatology of SWE at elevation 1500-2000m from 1999-2019 in eastern part of the northern flank of
the Alps.
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Figure 100: The climatology of SWE at elevation 1500-2000m from 1999-2019 in southern Switzerland.

Figure 101: The climatology of SWE at elevation 1500-2000m from 1999-2019 in the Valais.
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7.5.5 Elevation class 5

Figure 102: The climatology of SWE at elevation 2000-2500m from 1999-2019 in the Engadine.

Figure 103: The climatology of SWE at elevation 2000-2500m from 1999-2019 in northern Switzerland.
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Figure 104: The climatology of SWE at elevation 2000-2500m from 1999-2019 in Grisons.

Figure 105: The climatology of SWE at elevation 2000-2500m from 1999-2019 in the eastern part of the northern flank
of the Alps.
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Figure 106: The climatology of SWE at elevation 2000-2500m from 1999-2019 in southern Switzerland.

Figure 107: The climatology of SWE at elevation 2000-2500m from 1999-2019 in the Valais.
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Figure 108: The climatology of SWE at elevation 2000-2500m from 1999-2019 in the western part of the northern
flank of the Alps.

Figure 109: The climatology of SWE at elevation 2000-2500m from 1999-2019 in the central part of the northern flank
of the Alps.
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7.5.6 Elevation class 6

Figure 110: The climatology of SWE at elevation >2500m from 1999-2019 in the Engadine.

Figure 111: The climatology of SWE at elevation >2500m from 1999-2019 in northern Switzerland.
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Figure 112: The climatology of SWE at elevation >2500m from 1999-2019 in Grisons.

Figure 113: The climatology of SWE at elevation >2500m from 1999-2019 in the eastern part of the northern flank of
the Alps.
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Figure 114: The climatology of SWE at elevation >2500m from 1999-2019 in southern Switzerland.

Figure 115: The climatology of SWE at elevation >2500m from 1999-2019 in the Valais.
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Figure 116: The climatology of SWE at elevation >2500m from 1999-2019 in the western part of the northern flank
of the Alps.

Figure 117: The climatology of SWE at elevation >2500m from 1999-2019 in the central part of the southern flank of
the Alps.
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