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Chapter |

Summary

How does the homogenisation of snow measurements impact snow climatology
in the Alps?

The general principles of homogenisation are well known due to the numerous studies covering the
homogenisation of temperature and precipitation. However, to date, there has been no attempt
to tackle the homogenisation of the Swiss snow series. To tackle this problem, we must first
establish which is the best variable to use when looking for breakpoints. This allows us to develop
the toolboxes and methods to be able to then apply established homogenisation methods to snow

time series.

During this thesis, the three steps of homogenisation (identify breakpoints in a time series,

verify the breakpoints, and adjust the time series accordingly) are carried out in detail.

Before we could check the series for breakpoints, knowledge about which variable to use had
to be acquired. We did this by using a unique purpose-built parallel snow data set. In the initial
analysis of this data set, we used various snow climate indicators and found the number of days
with snow on the ground (dHS1) to be more robust than the seasonal mean snow depth (Hsavg).
This analysis was carried out regardless of existing breakpoints in the series, which has implications
for future climatological studies, where the homogeneity of a network or single series cannot be
adequately tested. For the first time, we quantified the local-scale variability of the various snow
indicators. These snow indicators included Hsavg, dHS1, and return values for 50-year return
periods of seasonal maximum snow depth, as well as snow onset (Dstart) and disappearance
dates (Dstop). The latter three parameters have particular relevance for engineering and ecological
studies, respectively. We found that seasonality is important, and most of the variability can be

associated with the spring months.

For the breakpoint analysis, we selected Hsavg (as used by other existing snow studies) and
dHS1 as the most robust of the snow variables. We used three well-established and state-of-
the-art homogenisation methods for the break detection task. On the one hand, this enabled
us to compare the methods when applied to a snow series. On the other hand, using the three
independent methods allowed for a more robust approach, as for breakpoints to be interpreted
valid, they had to be identified by at least two of the three methods. This is especially important
as there is no ground truth where real-world observational are used. Incomplete or inaccurate
metadata is quite common. Therefore, events recorded in the station history, as documented in

the metadata can, but do not have to, lead to breakpoints. Combining the breakpoints identified



using either Hsavg and dHS1, we identified 45 valid breakpoints in 41 of the 184 investigated
Swiss snow series. It is evident from the available metadata, that the majority of these breakpoints
can be attributed to station relocations.

Having identified and verified the breakpoints in the Swiss snow network, the affected series
can be adjusted. Here we used two established homogenisation methods (HOMER and Climatol)
which allow the input of a manually adjusted break file, and a newly developed quantile matching
method (interpQM). InterpQM yields daily homogenised values, whereas Climatol and HOMER
deliver monthly homogenised values in our analysis framework. Running HOMER and Climatol
with daily input data is computationally not feasible with the entire network. As the automation
of these methods is one of their core advantages, the required pre-treatment (i.e. manual net-
work building to reduce the number of possible stations to be able to deliver daily homogenised
values) would remove that advantage. To answer the question; “how does the homogenisation
of snow series impact snow climatology in the Alps?”, trends are calculated for both the original
homogeneous series and the subset of inhomogeneous and subsequently homogenised series. Here
we found that trends for HSavg become more pronounced and the number of significant trends
increased for the homogenised series. However, the variability in the series remained roughly the
same. The only difference is that for stations between 1450 and 1650 m a.s.l., trends are no
longer significant for all three homogenisation methods.

Dealing with snow depth and a diverse network (in terms of topography, climatic region,
amount of snow, elevation, and micro-climate), elevation dependence is an ongoing issue in
a mountainous study region, such as Switzerland. Network density, a crucial factor for the
availability of suitable reference series, is also dependent on elevation as not many stations or
available records exist below 500 and above 2000 m a.s.l., for a variety of reasons. Stations
around and below roughly 500 m a.s.|. typically do not experience a continuous winter snow
cover and were excluded from the analysis. The interesting elevation band of 2000 m a.s.|. and
above is scarcely populated with manual snow stations due to the feasibility of manual support
during the snowy winter months. The exception is for a few mountain resorts and cable car
stations, however, as these places are normally only manned during the operational season of the
resort, other issues can occur (i.e. no data in November).

One of the challenging issues encountered during the course of this thesis is the lack of ground
truth via any reference data. This could be be in the context of analysing parallel measurements,
breakpoints in a series, or the comparison between raw and homogenised data. Nevertheless, by
quantifying the variability of snow climate indicators, using a robust approach for the detection of
breakpoints, and comparing various homogenisation methods, the issue of uncertainty or variability

is addressed, studied, and accounted for.
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Chapter 1

Introduction and structure

Chapter [1] sets the scene, describes the project, presents a short data overview, and formulates
the research questions. Chapters[2] [3] and [4] are the published articles. Chapter [5]is an article in
preparation for submission. Chapter [6] summarises the work, draws conclusions, and provides an
outlook. Chapter [A]is a co-authored paper relevant for the Hom4Snow project. Chapter [B]is a

draft manuscript for a data paper covering the parallel data set.



1.1 Background and motivation

Snow is an integral part of the global climate system and hydrological cycle, and has many
regional socio-economic implications and important physical properties (Armstrong and Brun|,
2009)). Its high albedo influences the global energy balance through the snow-albedo-feedback
and decreases the local temperatures over snow-covered ground (e.g. |Scherrer et al., 2012; Winter
et al., 2017)), whereas its thermal insulation enables plants and animals to survive under snow
cover during the winter (e.g. Wipf et al., [2009). Dependent on a complex interplay between
meteorological (temperature and precipitation) and topographical parameters, snow depth is more
than a mere combination of the two (e.g. |Gray and Male, [1981)). The importance of snow depth
is further reflected by it being one of the Essential Climate Variables (ECV) defined by the
World Meteorological Organization (WMO) and its use as ground truth in model verification and
forecasts (e.g. |Brown et al} 2003; Essery et al., [2013).

For an Alpine country such as Switzerland, snow is of particular importance as it influences
freshwater availability (e.g. Beniston et al., 2011), hydropower (Hanggi and Weingartner, 2012,
e.g.), ecology (e.g. Jonas et al., [2008; Vorkauf et al., 2021, winter tourism (e.g. Beniston et al.,
2018; |Steger et al., 2012; Schmucki et al., [2017)), and natural hazards such as avalanches and
floods (e.g. |Beniston), [2003; Beniston et al., [2011). In all these fields, there is a need for accurate
and good quality data in order to understand the underlying processes and predict future states.

Long-term snow measurements are paramount for climate monitoring and climatological anal-
yses (e.g. |Aguilar et al., 2018; |Venema et al/) [2020). Snow climatology is well-studied (e.g.
Laternser and Schneebeli, 2003} [Marty, 2008; [Scherrer et al., 2013} (Schoner et al., 2019; [Matiu
et al 2021; Brown et al., 2021)), as are trends of other derived variables such as snow onset
and disappearance dates (e.g. [Klein et al., [2016). However, non-climatic shifts and their possible

impacts have received less attention.
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1.1.1 Inhomogeneities

As with every other meteorological variable, manual snow measurements are prone to inhomo-
geneities (shifts or breakpoints) introduced either naturally (climate change) or artificially by
station relocation, observer change, change of the station environment (plant growth or urbanisa-
tion) or a combination of the above. Instrument change or automation are also potential causes
for breakpoints. However, this thesis only focuses on manual measurements with no changes in
instruments since the early 20th century. Knowledge about such inhomogeneities is key, because
not every event is recorded in the station history, nor does every recorded event necessarily lead
to a detectable breakpoint within the series. The existence of non-climatic inhomogeneities is es-
pecially important for climatological analyses such as trends or analysis of extreme values, where
shifts or breaks within the series can have dramatic effects on the results.

To only focus on non-climatic shifts, relative breakpoint detection tests are used where the
difference or ratio of two series (candidate and reference) is analysed for breakpoints, thus elimi-
nating any climate signals (in contrast to absolute tests which focus on one series alone).

Homogenisation is the step-wise process of finding and correcting these breakpoints and is a
well-established field in climate sciences with numerous contributions to temperature (e.g. Begert
et al., 2005} Kuglitsch et al., [2012) and precipitation data sets (e.g. Kuya et al., [2021a; |Scherrer
et al., [2013; |Guenzi et al. [2020} |Coll et al} [2020)). However, homogenisation has rarely been
used when evaluating large snow data sets (Marcolini et al., 2017a, |2019; |Schoner et al., [2019).
Many homogenisation methods are available, most of them developed with temperature and
precipitation in mind (WMO, 2017). However, as snow can be thought of as a (albeit complex)
combination of temperature and precipitation, homogenisation should be feasible with the existing
methods. First, a suitable variable is selected and then the series is checked for inhomogeneities
or breakpoints. These identified breakpoints are verified and eventually adjusted (using suitable
reference series), leading to homogenised series, which are not the same as homogeneous series
(Peterson et al., [1998]).

3 Introduction and structure
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Figure 1.1: Shown here are the research articles of the Hom4Snow project (Austrian and Swiss
part) and their relationship. First-authored articles belonging to this thesis are coloured green,
numbered and marked as either published (Px) or as manuscript in preparation (Mx). Green and
grey colours indicate Swiss and Austrian data sources respectively.

1.1.2 Hom4Snow

The Hom4Snow project (SNF grant Nr 175920) aims to investigate the impact of homogenisation

of snow measurements on snow climatology (trends) in the Alps. Figureshows the relationship

of the various components of the Hom4Snow project. As an integral part of the project, this thesis

contributes towards that aim by providing steps (a), (b), (c), (e), and (f) from the following list:

(a)

(b)

Preparatory groundwork (Buchmann et al., [2020)): compiling a set of parallel snow measure-
ments and analysing the robustness of derived snow climate indicators given their suitability

for breakpoint detection and homogenisation (first step of the homogenisation process).

In-depth analyses (Buchmann et al., 2021) of local-scale variability of in-situ snow mea-
surements using high-quality parallel series. The quantitative assessment of the natural
variability associated with the snow measurements allows for a better evaluation of the

eventually homogenised snow series.

Proposing and applying a robust approach for the homogeneity assessment (breakpoint
detection) of Swiss snow series (Buchmann et al.,2022a)) (second step in the homogenisation

process).

InterpQM (Resch et al., 2022)), a new method to homogenise snow depth time series using

a quantile matching approach (third step).

Impact assessment: Investigating the impacts of various homogenisation methods on trends

and extreme values (Buchmann et al., 2022b) (fourth step).

Furthermore, a detailed description of the compilation of the unique parallel data set - used
in steps (a), (b) and (d) - is supplied as a draft manuscript in the appendix (Chapter [B).
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Figure 1.2: Manual snow measurements in Switzerland: The map shows the spatial distribution
of the stations used and analysed in this thesis.

1.1.3 Measurements and networks

Snow depth is an essential climate variable that is monitored on a global scale by programmes
such as GCW, GCOS and measured either manually (high quality, point measurement), auto-
matic (point measurement) or remotely with various accuracy and spatial resolutions, with the
manual measurements treated as ground truth and best-quality observations. Snow is measured
as snow depth (HS) or height of new snow (HN). Until today, HS and HN are both, measured
manually at around 200 locations in Switzerland. Figure [I.2] shows the spatial distribution of the
stations used. The vast majority of manual snow stations in Switzerland are maintained by the
Federal Office of Meteorology and Climatology (MeteoSwiss) or the WSL Institute for Snow and
Avalanche Research (SLF). The various focuses of the two institutions are evident when looking
at the spatial distribution of their networks. The SLF’s priority is first and foremost the assess-
ment of the avalanche situation (seasonal observations between November and April), in contrast
to MeteoSwiss’ focus on providing weather forecasts all year round. MeteoSwiss' stations are
distributed over the entire country, covering valleys and the main plateau, whereas SLF-stations
are predominantly situated in mountainous areas and ski resorts with seasonal observations. A de-
tailed description of the two measurement networks used in this thesis can be found in
as well as in Chapter [B] or the introductions in [Buchmann et al. (2020) and [Buchmann|

et a1 (2021).
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1.1.4 Research questions and specific objectives

We aim to answer the main question; How does the homogenisation of snow measurements
impact snow climatology in the alps? This was broken down into the following research questions

addressed in the following articles.

Paper 1: Robustness of snow climate indicators using parallel measurements
1. Which snow climate indicators are most robust for climate analyses?
2. Are there any elevation dependencies?

3. Study various error metrics including mean absolute deviations and relative changes

Paper 2: Local-scale variability of in-situ snow depth and snowfall measurements

1. Is the behaviour of the local bias a function of time series length; i.e. are relative percentage
deviations dependent on the length of parallel series?

2. Is there any seasonal dependence of the local bias?
3. What is the impact of the local bias on return levels based on a commonly calculated return
period of extreme events?
Paper 3: Homogeneity assessment of Swiss snow series
1. Which method or set-up works for breakpoint detection in Swiss snow depth time series?

2. Is there any elevation dependence affecting the capability of the methods for breakpoint
detection?

3. How do results from the detection methods agree with available metadata?

4. How homogeneous (in terms of detected breakpoints) are the Swiss snow depth series
investigated in our approach?

5. How does the use of different variables (average snow depth and days with snow cover)
affect breakpoint detection?
Manuscript 4: Impact of homogenisation on trends (climatology)

1. How do the homogenised subset series compare across the three methods (Climatol, HOMER,
and InterpQM)?

2. What is the impact on decadal trends of average snow depth?

3. How do the various homogenisation methods impact important metrics such as snow cover
duration and maximum snow depths?

4. To what extent are maximum snow depths with a 50-year return period affected?

Manuscript 5: Data paper - Unique parallel snow data set

1. Description of the difficulties encountered and solutions applied during the preparation of
the parallel data set

2. Provide a publicly available parallel snow data set for further analyses and use cases

Introduction and structure 6



Chapter 2

Evaluating the robustness of snow
climate indicators using a unique set
of parallel snow measurement series

Status: Published in International Journal of Climatology https://doi.org/10.1002/joc.6863
Author contributions: The study was devised by CM, MBT, MBU, and SB. Data were compiled
by CM, MBU with input from MBT. MBU performed the analysis, produced the figures and wrote
the draft. MBU revised and wrote the final manuscript with inputs from CM, MBT, and SB.

This article investigates the robustness of popular snow climate indicators by analysing a purpose-
built set of parallel snow measurements. Under the assumption that not all series are perfectly
homogeneous, the aim is to see which of these indicators are more robust or less affected by
inhomogeneities. Error metrics such as mean absolute deviations, root mean squared errors, and

relative changes are used.
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1 | INTRODUCTION

| Michael Begert®

| Stefan Bronnimann®* |

Abstract

Snow on the ground is an important climate variable which is normally mea-
sured either as snow depth or height of new snow. Like any other meteorologi-
cal variable, manually measured snow is prone to local influences, changes in
the environment or procedure of the measurements. In order to investigate the
robustness of snow measurement series towards such non-climatic changes, a
unique set of parallel manual snow measurements over 25 years from 23 sta-
tion pairs between 490 and 1800 m a.s.l. was compiled. A sensitivity analysis
based on typical snow climate indicators (e.g., mean snow depth, sum of new
snow) from these parallel time series was carried out to find the most robust
snow climate indicators for climatological analyses. Results show that there
are only small differences in the sensitivity of the various snow climate indica-
tors with regards to local changes. However, the indicators number of days
with snow on the ground as well as the maximum snow depth are least
affected by local influences and changes at station level. Median values of all
station pairs reveal relative differences of about 7% for the number of days with
snow cover and 11-16% for all other indicators. However, in extreme cases, the
deviations within a single station pair can reach 25-40%.

KEYWORDS

climate, climate indicator, parallel time series, snow, snow measurements

relatively short history in science with first studies starting
in the 1990s (Beniston et al., 1994; Spreitzhofer, 1999).

Snow has multiple implications for a wide range of areas
like ecology, economy and society: ranging from plants,
animals, habitats and cycles of life (Jonas et al., 2008; Wipf
et al., 2009; Resano-Mayor et al., 2019) to winter tourism,
hydro power, fresh water availability, floods, avalanches
and climate feedbacks (Marty, 2008; Scherrer et al., 2012;
Marcolini et al., 2017b; Schmucki et al., 2017). Modern cli-
matological studies of past snow trends in the Alps have a

Since then, various studies have focused on a variety of
aspects (such as trends, variations, or forecasts and model-
ling) in all the above-mentioned fields, although there are
still questions regarding the quality and the representative-
ness of the actual measurements and corresponding clima-
tological time series.

The longer a time series, the more likely it has experi-
enced breaks due to changes of observer, location,

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2020 The Authors International Journal of Climatology published by John Wiley & Sons Ltd on behalf of Royal Meteorological Society.
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instrument or procedure. Such breaks can affect the qual-
ity of the data as mentioned by Aguilar et al. (2003) and
Della-Marta and Wanner (2006). This is a fundamental
issue in climate sciences which has been well-studied for
temperature and precipitation, (e.g., Begert et al., 2005;
Scherrer et al., 2013; Acquaotta et al., 2019; Guenzi
et al., 2020) but very rarely addressed for snow (Marcolini
et al., 2017a). 1t is widely accepted that “snow” measured
in either height of new snow (HN) or snow depth
(HS) can be spatially quite heterogeneous and the mea-
surements are prone to local influences (e.g., Neumann
et al., 2006; Lopez-Moreno et al., 2015). Snow is not only
a function of temperature and precipitation but also
dependent on elevation, exposure to wind, solar irradia-
tion, and to a large extent on its instability on a micro-
structural level (e.g., settlement, metamorphism). To
address such issues, sensitivity analyses of parallel time
series are paramount and have been conducted for tem-
perature and precipitation (Acquaotta et al., 2016; Gubler
et al., 2017; Hunziker et al., 2017). For snow only few
studies exist (e.g., Accquaotta et al., 2015; Baronetti
et al., 2019) analysing parallel snow series. However, data
from two different measurement techniques were used
(manual and automatic), large distances (up to 20 km)
were allowed within their station pairs and no impact on
indicator series was investigated.

The present study benefits from the fact that in
Switzerland snow is monitored by two independent insti-
tutions (WSL Institute for Snow and Avalanche Research
Davos SLF and Federal Office of Meteorology and Clima-
tology MeteoSwiss) and that the measurement principle
has not changed since the beginning. This circumstance
allows the exploitation of a carefully constructed unique
set of long-term, daily, manual data of independent, par-
allel snow measurements. The aim is first to investigate
the sensitivity of indicators, derived from snow depth and
new snow with regards to local changes (in either loca-
tion or observer). Throughout this paper, the influence of
such changes (environment, instructions, observer) is not
accounted for because of lack of trustful metadata. Never-
theless, this is exactly the point of this study - to find the
least sensitive indicators regardless of any changes that
might have occurred during the analysed time period.
This last point has practical implications, as normally
neither observer metadata nor environmental changes of
a station itself are completely documented.

The results of this analysis are used to assess which
snow indicators are most robust for climate studies, that
is, least sensitive to local changes. This has practical
implications for any further homogenisation approaches
as well as for climate services where recommendations
about trend analyses of usually un-homogenised snow
time series can be improved. This will be accomplished
by introducing and analysing derived snow climate

indicators, like mean snow depth, number of days with
snowfall, etc. and assessing the stability by making use of
the parallel long-term measurements.

This paper is organised as follows: Section 2 intro-
duces the data set and outlines the statistical methods
used for the analyses. Results are presented in Section 3,
followed by a discussion in Section 4. Conclusions are
drawn in Section 5.

2 | DATA AND METHODS

Switzerland consists of three major parts: Swiss Plateau in
the north, Jura mountains in the west, and Prealps and
Alps in the south. Topography and climate are conse-
quently complex and diverse. Typical mean maximum
annual snow depths range from 15cm for the Swiss
Plateau to 300 cm in the Alps, and 70-100 cm for inner
Alpine valleys and pre-Alpine regions. Starting at an alti-
tude of 1,200-1,500 m above sea level, precipitation during
winter predominantly falls as snow, such that the area is
often covered by a solid layer of snow for weeks, and even
months at higher altitudes. Snowfall is relatively rare in
the low-lying areas of western Switzerland (greater Geneva
area) and northern Switzerland (greater Basel area) as well
as in the lowland in the southern tip of Switzerland.

Daily operational, manual snow measurements usu-
ally entail at least two variables: height of new snow as a
24 h sum (HN) and snow depth (HS). HN has to be mea-
sured, as the difference in HS (retrieved, say in a 60 min
interval) is usually not the amount of new snow accumu-
lated in said interval due to settlement of the snow pack.
In Switzerland, snow is measured since the late 19th cen-
tury. Manual measurements, which are solely used in
this study, are still conducted today, using basically the
same instruments as in the beginning. Both MeteoSwiss
and SLF maintain a network of manual snow observa-
tions, be it for slightly different objectives. For
MeteoSwiss, as the Federal Office of Meteorology and
Climatology, snow is one of many variables they are
interested in and basically just one form of precipitation,
in contrast to the SLF where snow and snowfall are
important due to its main brief of avalanche forecasting.
The station distribution of the two networks reflects that
focus, as the MeteoSwiss-stations are located throughout
Switzerland, whereas SLF-stations are distributed solely
over the mountainous and alpine areas.

2.1 | Measurement procedures

Daily measurements are conducted each morning by
reading off the value from a stake with centimetre scale
(HS) and by taking three measurements with a ruler on

9 Evaluating the robustness of snow climate indicators
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the snow measurement board (HN) both at 06:00 UTC
(Haberkorn, 2019). Instructions vary slightly when it
comes to reporting as SLF stations normally only mea-
sure between November and April (unless there is
already or still snow present) in contrast to MeteoSwiss
stations which measure all year round. Unlike
MeteoSwiss, where HN smaller than 0.5 cm is recorded
as zero, SLF allows to put in traces (fixed default value of
0.3 cm) for HN smaller than 0.5 cm. These traces have
been subsequently set to zero in the data analysis in order
to be consistent with MeteoSwiss procedures. Values are
stored in two databases and have already been processed
independently in terms of initial quality control and gap
filling. But both data sets have been analysed again with
a systematic manual quality control looking for gaps
and implausibilities (see Section 2.2) prior to being used
for the analyses in this study. However, according to
MeteoSwiss and SLF experts, there is no publication
available documenting the various QC methods.

2.2 | Parallel data set
Because of the various operational focuses, there are loca-
tions where both institutions operate (or have operated)
an observer site within the same village at some period in
time. To build the parallel station set, the candidates have
to meet the following criteria: Roughly within the same
village (+3 km), similar elevation (+ 100 m), data from
November to April, independent data (as we cannot
exclude instances in which data were copied), and paral-
lel measurement series for at least 20 consecutive years.
Stations can, but do not have to be part of the same
network.

For simplification, we define the hydrological year as
follows:

hyear1980: =1.10.1979 t0 30.9.1980 (1)

and subsequently winter or snow season as the period
from November to April.

Unfortunately, it is not just a question of comparing
the coordinates from the two networks to build the sta-
tion pairs. Stations can have two names and different
coordinates but still be identical, due to the fact that the
coordinates represent the meteorological station, rather
than the actual location of the snow measurements, as
they, for practical reasons often cannot be conducted too
close to the measurement field of the automatic instru-
ments. Additionally, in the past it was not deemed impor-
tant to know the exact location of the snow
measurements. Starting off with a rough list of possible
station pairs, compiled on available metadata such as
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current elevation and location, each case had to be
analysed in detail in order to make sure the pair was
independent. A possible pair of two existing stations has
then to be checked for independent data and overlap.

Sometimes a station pair only appears to be indepen-
dent, but contains in fact exactly the same data. This
could happen for the following reasons: In order to fill in
missing values for one station, sometimes the data from
the corresponding “partner” station was simply copied
during one or multiple short periods of time. Or one
observer reports to both networks separately. Moreover,
the search for station pairs proved to be cumbersome as
approximately one third of the MeteoSwiss stations was
not digitally available and had gaps that needed careful
treatment first.

Station metadata such as coordinates and observer
names could sometimes help solving the conundrum.
Unfortunately, these data are not always available and
trustworthy, especially for past changes. Even if available,
observer names such as “Swiss Border Force” are still
vague (e.g., station Santa Maria 1970s). Additionally,
each institution has its own data base and therefore dif-
ferent or no quality codes that inhibits a simple query to
check whether some data were copied in the first place.

To address these issues, a simple quality control
mechanism is introduced. Stations are treated as inde-
pendent if more than 60% of the data are not equal (with-
out counting zeros) for any given winter (empirical value,
gained by visual analysis). The above criteria yield a pre-
liminary set of more than 55 possible station pairs. By
selecting only station pairs where its members have more
than 80% of data available for each annual winter season
the number of possible station pairs is further reduced.
Considering the length of the overlap and the benefit of
looking at the same period, a dataset of 23 station pairs
(see supplementary material Table S1) results for the
25-year period between 1980 to 2004 (see map in
Figure 1).

Data is subjected to quality control focusing on
implausibilities (like for example, snow depth decrease of
50 cm within one day) and consistencies between HN
and HS. All cases of possible implausibilities and incon-
sistencies were manually checked. It is important to men-
tion that the number of such cases were rare, which is
not surprising as most of the time series have already
been checked by the data owners. Missing values were
interpolated by manually fitting the evolution derived
from the best correlated neighbouring station using
median ratios (again, the occurrences were rare, as the
80% cut-off meant that only high-quality stations [almost
complete series] were selected in the first place). After
the interpolation process all analysed time series were
complete. However, not all inconsistencies can be

Evaluating the robustness of snow climate indicators 10
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FIGURE 1

Map of Switzerland, showing the distribution of the station pairs used in this study. The red dots (THS and CAV) highlight

station pairs that were excluded for the HN and trend analyses due to inadequate HN series

addressed as MeteoSwiss stations assign HN to the previ-
ous, rather than the actual day. This issue is historically
partly addressed in the observer form, in the digitisation
and/or in quality control process by simply moving the
HN time series by one day. For these reasons this shift is
unfortunately not always constant for all stations, time
periods and sometimes not even an entire winter season.
All possible combinations of no shift, two-day shift or
shifts in the wrong direction can occur. Sometimes, even
HS series have been affected. However, these cases could
be easily detected and have been corrected accordingly.
Fortunately, the HN shift does not affect the calculations,
as the indicators are defined as annual values. For two
stations the HN series had to be omitted, because HN
was most of the time just calculated from the difference
between today's and yesterday's snow depth (see red sta-
tions in map in Figure 1), resulting in 23 station pairs for
HS- and 21 for HN-indicators. Hereafter, only the term
“23 station pairs” is used for improved readability.
Finally, all station pair time series were visually checked
for possible remaining issues.

2.3 | Snow climate indicators

To be able to compare the station pairs and carry out the
sensitivity analysis, snow climate indicators are intro-
duced and defined as annual values from the daily HS
and HN measurements similar to WMO's Global Climate
Indicators; only with focus on snow and calculated for
each station pair and hydrological year. Only years that
have valid values for both stations are used to determine
the snow climate indicators, which are:

Number of days with HS of at least 1 cm (dHS1) is
widely used to establish whether the ground is snow-cov-
ered, an important factor for ecologists and climate scien-
tists alike. To account for the fact that dHS1 might be
sensitive to the observation time and method, dHS5 with
a 5 cm threshold is introduced, as HS > =5 cm can still
be regularly observed at all stations in the data set (see
Section 4.3). The same applies to number of days with
HN of at least 1 or 5cm (dHN1 and dHNS5) which are
mainly of interest for tourism, road maintenance and cli-
matology. The maximum sum of three consecutive

11 Evaluating the robustness of snow climate indicators
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