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Abstract

The spatial distribution of snow depths is crucial for addressing various scientific questions
in Alpine regions. Information on snow distribution helps to better manage water resources
and risks such as snow avalanches or flooding. Snow depth in Switzerland is measured con-
tinuously in a network of selected automatic weather stations. In this thesis a Random Forest
(RF) algorithm is used to model the snow distribution in the Davos region at different spatial
scales. The importance of input parameters such as interpolated snow depth measurements,
satellite-based information average snow cover and topographic variables is investigated. The
RF-model is trained and validated with drone- and aircraft-based snow depth maps. Variables
that provide direct information about the distribution of snow, such as snow cover duration
(SCD) or interpolated snow depths from gauging stations, are preferred over topographic vari-
ables (elevation, aspect, slope, Topographic Position Index (TPI) and Diurnal Anisotropic Heat
(DAH)). To investigate the effect of spatial resolution on RF-model accuracy, different resolu-
tions from 6 m to 100 m were tested. Validation of the RF-model reveals that model accuracy
increases with decreasing spatial resolution. The average coefficient of determination (R?) at
6 m and 100 m resolution, being 0.41 and 0.56. In addition, we analyzed the performance of the
RF-model on inter-annual and intra-annual time scales. Inter-annual comparison of the snow
distribution from the peak of the snow season (in March or April) yields high model accu-
racy due to similar spatial distribution patterns of snow depth tied to topography. In contrast,
an intra-annual comparison results in lower model accuracy due to repeated redistributions
during the build-up phase of the snowpack. To test the general validity of the RF-model, we
validated the snow model in different regions of Switzerland. The accuracy of the the RF-model
varies between a R? of 0.28 and 0.51 depending on the test region. Similar topographic charac-
teristics of the training and validation region lead to more accurate model results of the snow
distribution. The RF approach chosen in this thesis makes a valuable contribution to improved
snow distribution modeling. Future area-wide measurements of the evolution of snowpack
can contribute significantly to a better understanding and modeling on the intra-annual snow

distribution.
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1 Introduction

1.1 Relevance of snow

Snow is an important freshwater reservoir in mountain areas (Viviroli et al., 2007). The popu-
lation, agriculture and electricity industry around snow-rich areas depend on clean melt-water
which is used for drinking, irrigation or for hydro-power electricity (Farinotti et al., 2012).
Large amounts of melt-water within a short time can cause flooding (Di Marco et al., 2021).
Beside flooding, snow avalanches are another natural hazard strongly influenced by snow dis-
tribution. Especially in populated mountain areas like the Swiss Alps, it is important to monitor
the current danger of avalanches. Avalanches depend on the absolute amount of snow as well
as the snow distribution (Btihler et al., 2015; Schweizer et al., 2003) and the water stored in the
snow (Snow Water Equivalent SWE) (Jonas et al., 2009).

1.2 Snow depth mapping

Snow depth or height of snowpack (HS), defined as the vertical distance from the base to the
surface of the snowpack (Fierz et al., 2009), can be measured with two different approaches:
specific points or area wide measurements (Eberhard et al., 2021; Biihler et al., 2021). Point mea-
surements can be done manually or by automatic weather stations. In many mountain regions
a network of automatic snow measuring stations is maintained (Winstral et al., 2019; Vionnet
et al., 2016; Serreze et al., 1999). Other automatic point measurement techniques are snow pil-
lows (Archer and Stewart, 1995) and sonic distance sensors (Senese et al., 2014). Snow pillows
measure the SWE automatically based on the weight of the snow cover per area. Sonic dis-
tance sensors (Senese et al., 2014) release ultrasonic pulses and measure the snow depth based
on the travel time difference. Such automated point measurements have been employed suc-
cessfully for many years. Area-wide manual measurements are done with ground-penetration
radar (GPR) (McGrath et al., 2019). But manual data collection involves entering technically
challenging terrain, which is often highly susceptible to avalanches. Therefore, the data set
often includes several data gaps in regions of interest. To fill these gaps, more automated field
measurement techniques as for example Magnaprobe (Sturm and Holmgren, 2018) are used.
Modeling is successful to get from discrete point data to the area wide scale (Nolan et al., 2015;
Liston et al., 2007; Serreze et al., 1999). Especially in high Alpine regions where the snow
distribution is irregular, point measurements are not sufficient to assess the avalanche danger

because of strong local snow depth variations.



To account for these shortcomings, remote sensing techniques allow for area-wide coverage
of snow depth measurements including inaccessible terrain (Biihler et al., 2015). Airborne Li-
DAR is a successful tool for mapping snow depths (Nolan et al., 2015). Inaccuracies in the snow
depths occur especially on steep slopes. These inaccuracies occur due to horizontal localization
inaccuracies of the airborne LiDAR system (Nolan et al., 2015; Schirmer et al., 2011). Terrestrial
laser scanning (TLS) measure the snow height with a accuracy below 10 cm, but are not appro-
priate by covering larger areas (Mendoza et al., 2020). Passive photogrammetric snow depth
mapping can be done satellite-based, airplane-based, unmanned aerial system (UAS)-based
and from terrestrial imagery. The different heights of the platforms have advantages and dis-
advantages in spatial and temporal resolution as well as measurement accuracy (Eberhard et
al., 2021). Modeling combines the fine temporal resolution of the measurement stations with
the area-wide measurement data of the RS-systems. Adapted to the final application, a snow

depth map can be modeled at the desired temporal and spatial resolution.

1.3 Snow depth modeling

The snow depth in mountain areas has large spatial heterogeneity, which is mainly driven by
the complex interactions between low atmospheric levels and local topography (Sturm and
Holmgren, 2018; Sturm and Wagner, 2010; Trujillo et al., 2009). Despite substantial effort by the
scientific community to determine the spatial scale at which the various processes act, a number
of snow processes directly related to terrain characteristics are not fully understood. Several
statistical methods have commonly been used to determine the relationship between snow-
pack distribution and topographic variables. These include linear regression models (Zheng
et al., 2016; Fassnacht et al., 2003), multiple linear regression models (Griinewald et al., 2013),
binary regression trees (Gleason et al., 2017), and general additive models (Sturm and Wagner,
2010). More recently, random forests gained attention by accurately modeling snow depth dis-
tributions in different alpine environments, while providing an improved understanding of the
underlying snow distribution processes (Revuelto et al., 2020; Cartwright et al., 2022; Nasim
etal., 2022).

The snow models already developed use different input variables (Revuelto et al., 2020; Cartwright
et al., 2022; Griinewald et al., 2013; Lopez-Moreno et al., 2017; Daudt et al., 2022). The relation
between elevation and snow depth has already been studied by Griinewald et al., 2014 and
is usually integrated into snow depth models. Based on the composition and operation of
the model, the parameter weighting can vary greatly. The large variety of variables in exist-
ing snow depth models shows that the influence of the variables on the snow models has not
yet been fully understood. The validation data and their spatial coverage often determine the

spatial resolution. Griinewald et al., 2013; Revuelto et al., 2014 shows the tendency of more



precise snow depth models with increasing pixel size. Revuelto et al., 2020, Daudt et al., 2022,
Cartwright et al., 2022 and Lépez-Moreno et al., 2017 model with a more detailed spatial reso-
lution in the meter range in contrast to Griinewald et al., 2013 who gains his insights with pixel
sizes from 100 m to 800 m. But generally, the influence of spatial resolution has been barely dis-
cussed. The time dependency of the training and validation data has hardly been considered so
far. This requires validation data at different points in time. Training times are selected based
on available data in the developed snow models. The effect of the timing in a snow season of
the training data on model accuracy has not been sufficiently considered in previous studies.
The application of the snow model in an arbitrary region is a goal of the snow depth model.
Griinewald et al., 2013 and Revuelto et al., 2020 show difficulties of snow distribution for re-
gions which were not integrated in the training set. The application areas of snow depth maps,
such as the assessment of avalanche danger, require snow depth models that are as flexible as

possible in terms of time and space.

1.4 Research objectives

In this thesis, I aim to better understand the role of topography on snow depth distribution at
different spatial scales. I will analyse the weighting of different topographic variables in ex-
plaining the snow depth distribution with random forests in different spatial resolutions and
study areas in the Swiss Alps. The adaptability of the model to the variation in snow distribu-
tion over the course of a snow season will be tested. This intra-annual analysis will be com-
pared with an inter-annual evaluation, with snow depth maps at a similar time in the snow
season but in a different year. Using the larger training region, I optimize the transferability
of a snow distribution model. The unique datasets obtained by aerial surveys from the WSL
Institute for Snow and Avalanche Research SLF will serve as reference datasets for training and
validation in my modeling approach. In this context, I will investigate the following Research
Questions (RQ):

RQ1: Which parameters are most relevant to model the spatial snow depth distribution?

RQ 2: Which influence imposes the spatial scale on the modeling accuracy?

RQ 3: How does inter-annual and intra-annual snow modeling differ?

RQ4: To which degree can RF-models be transferred among different alpine locations?



2 Study area

The main study area is located in the eastern part of the Swiss Alps around the village Davos.
Due to different data availability, I use multiple study regions (Figure 2.1) to answer the four
research questions. In this thesis, the study region Davos serves as the basis for all snow mod-
elings. Other study regions (inset map in Figure 2.1) in the Swiss Alps are included to test the
transferability of the trained model.

2.1 Target area Davos

Varying flights routes during image acquisition results in different extents of the derived snow
depth maps. Different parts of the big study area in Davos have already been used for other
snow mapping studies as: the Weissfluhjoch (Wirz et al., 2011), Jakobshorn (Biihler et al., 2014;
Biihler et al., 2016), Latschiielfurgga (Schweizer et al., 2003), the Dischma valley which runs
from Davos to the south (Griinewald et al., 2014; Biihler et al., 2015; Eberhard et al., 2021) and
the parallel Fliiela valley (Biihler et al., 2016).

The Davos area is located in a transit zone between the humid north-alpine climate and the
drier central Alps climate (Kulakowski et al., 2011). Many snowfall events are associated with
a northwestern or northern orographic lift. Therefore, the snowfall is often combined with a lot
of wind. In the Davos area the maximum snow peak is between March an April (Begert et al.,
2005). The average snow depth of the study area during the snow peak varies around 1m to
2.5m.

The diversity of the terrain includes settlements, heavily forested, vegetation less and glaciated
areas. Therefore, the region is representative for many Alpine regions (Kulakowski et al., 2011).
Beside the great variety in surface coverage also the terrain diversifies in slope steepness and
exposition. Figure 2.2 represents the elevation distribution of all study regions. The main re-
gion Davos reaches over 1700 m from 1500 m.a.s.l. to 3200 m.a.s.l. Therefore, the region Davos
includes most of the elevations of other study regions (see Figure 2.2). This is the most im-
portant altitude zone for observing snow amounts in Alpine region (Griinewald et al., 2014;
Laternser and Schneebeli, 2003).

To answer the four research questions, I use different study regions due to the data basis and
location. The skin area in which the RF-model is trained is the Davos region (framed in red

in Figure 2.1). Additionally model tests at different spatial resolutions and the variable im-
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FIGURE 2.1: Overview of the Davos study area with the different study regions of the snow depth
surveys and the locations of the IMIS station in the Swisstopo national map (LK25). The inset map on
the lower left corner contains the position of the study regions used for extrapolation outside the Davos
region as well as the location of the main map.

portance are investigated in the Davos region. For a more detailed consideration of the mod-
eling at different times in a snow season, I use two sub-study areas within the Davos region,
Latschiielfurgga (blue in Figure 2.1) and Schiirlialp (green in Figure 2.1). Latschiielfurgga and
Schiirlialp have additional drone-based data at different times throughout a snow season. To
test the transferability of the RF-model to other Alpine regions, I use additional study regions
distributed over the Alps. In the additional study regions (Saflischpass, Berninapass, Laucher-



enalp and Wiégital) the trained model can be tested in other conditions and independently from
the test region Davos. As reference, the Davos region is also tested in an extrapolation proce-
dure. For this purpose, the main Davos region (red in Figure 2.1) is divided into a north and a
south part of the main valley. The northern part (yellow in Figure 2.1) acts as test region for the
model, which is trained in the southern part of the Davos region. Due to the spatial proximity
of the training region to the testing region, I check whether the proximity of the test and train-
ing regions brings advantages to the RF-model predictions. The different study areas allow to
test several time and spatial resolutions as well as the spatial transferability of the model to

other alpine regions.

2.2 Validation sites in Switzerland

I test the extrapolation of the RF-model, which is trained in the Davos region, in four other
Alpine areas (dark blue dots in the inset map in Figure 2.1). Laucherenalp is located on a
southeast slope in the Lotschental in the canton of Valais. The very one-sided exposure with
large altitude differences and glaciated patches in this Laucherenalp, covers similar elevations
as the training region Davos (Figure 2.2). The barely vegetated Saflischpass includes a topo-
graphically diverse region in the canton of Valais. The highest study area is located at the Berni-
napass. The considered area reaches from Lago Bianco 2234 m.a.s.l., upward into the southwest
exposed hillside. The terrain, crossed by the railway line and the pass road, includes a south-
western slope with many couloirs. Of all comparison regions, the Wigital is by far the lowest.
It is situated in the canton of Schwyz and the study area stretches from 1200 m.a.s.l. to just
below 2000 m.a.s.l. (Figure 2.2) and consists of a heavily forested northwestern slope, while the
upper part of the study area is covered with typical prealpine grassland and vegetation-free
rocky areas. In order to test the transferability of the model region independently, a part of the
study region Davos is separated. The northern part marked in yellow in Figure 2.1 is tested
with the RF-model trained in the southern part. These five study areas are intended to show

whether the RF-model can accurately model snow depths in regions not used for training.



Elevation distribution of all study regions

Davos

Wagital
Schurlialp
Berninapass
Latschuelfurgga
Saflischtal
Laucherenalp

16

[
[
1

Percentage of pixels [%]
o0
|

1250 1500 1750 2000 2250 2500 2750 3000 3250
Elevation [m.a.s.l.]

FIGURE 2.2: Elevation distribution of the normalized number of pixels within the individual study
regions. This analysis is based on the swissALTI 3D elevation model with a spatial resolution of 10 m.
The y-axis shows the number of pixels from each study region in percentage. One bin lasts over 20m
elevation. The colored area represents 100% in each study region.



3 Data

The modeling of snow depths is based on four sets of data: (1) the snow depth maps recorded
by photogrammetric combination of aerial photographs, (2) a Digital Elevation Model (DEM)
to calculate all topographic variables, (3) the interpolated snow depths from measuring stations
(interp. HS) and (4) a satellite-based snow cover duration (SCD). These data sets are described
in detail in this chapter.

3.1 Snow depth surveys

To train and validate the snow depth model, I use HS maps from drone and aircraft surveys.
All measured snow depth maps are preprocessed from the WSL (Swiss Federal Institute for
Forest, Snow and Landscape Research) for Snow and Avalanche Research (SLF) in Davos. The
photogrammetric technique is suitable for the processing of an area-wide and precise snow
depth map (Biihler et al., 2015; Biihler et al., 2016; Eberhard et al., 2018; Eberhard et al., 2021;
Biihrle et al., 2022).

3.1.1 Data and sensor

The number of snow depth maps in the different study regions varies considerably. In the
main study area Davos, repeated snow depth measurements are available every year. These
were carried out area-wide at the respective snow maximum around March or April (Table 3.1).
The exact spatial coverage of the resulting snow map changes slightly from year to year (Fig-
ure A.5). Since all snow depth maps of the Davos region are based on aircraft overflights, large
study regions with detailed spatial resolution between 0.5m and 2 m are available. In contrast
to the annual surveys in the Davos region, there are several overflights within a winter sea-
son on Latschiielfurgga and Schiirlialp. These drone-based surveys allow for a intra-annual
comparison, but no direct inter-annual analysis. Figure 3.1 shows a HS map of the Latschiiel-
furgga region. In the study areas outside the Davos region: Wagital, Berninapass, Saflischpass
and Laucherenalp, one or two drone-based overflights were recorded (detailed overview Table
3.1). Drone-based snow depth maps contain details with high spatial frequency and an spatial
resolution of 10 cm. Compared to aircraft-based snow depth maps, drones cover a smaller area.
The high precision of the resulting snow amounts is useful for training and validating the snow
depth model.



TABLE 3.1: The table includes all snow depth maps used in this thesis. Besides the date and the region,
the resolution in pixel size, the covered area and the mean snow depth are noted.

Date | Study region | Resolution [m] | Area[km2] | Mean HS [m]
16.04.2010 Davos GR 2 118.39 2.16
20.03.2012 | Davos GR 2 127.13 1.96
15.04.2013 Davos GR 2 125.10 1.56
17.04.2014 | Davos GR 2 98.03 1.11
15.04.2015 Davos GR 2 104.77 1.29
26.01.2016 | Davos GR 2 104.60 0.72
09.03.2016 | Davos GR 2 109.84 1.5
20.04.2016 | Davos GR 2 104.51 1.1
16.03.2017 Davos GR 0.5 76.34 0.97
11.04.2018 | Davos GR 0.5 24.54 1.35
16.03.2019 | Davos GR 0.5 69.73 1.95
06.04.2020 | Davos GR 0.5 65.43 1.11
16.04.2021 | Davos GR 0.5 145.58 1.63
16.03.2022 | Davos GR 0.5 164.92 1.05
06.04.2018 | Wagital SZ 0.1 2.45 1.86
02.04.2019 Wagital SZ 0.1 2.45 1.21
23.02.2022 | Saflischpass VS | 1 | 6.16 1.98
24.02.2022 | Laucherenalp VS | 1 | 3.18 1.15
01.04.2021 ‘ Berninapass GR ‘ 0.1 ‘ 242 1.45
28.10.2020 | Latschiielfurgga GR 0.1 3.40 0.43
18.12.2020 | Latschiielfurgga GR 0.1 3.47 0.52
24.02.2021 Latschiielfurgga GR 0.1 3.60 1.33
26.03.2021 | Latschiielfurgga GR 0.1 3.49 1.35
09.02.2022 | Latschiielfurgga GR 0.1 3.43 1.14
23.02.2018 Schiirlialp GR 0.1 3.36 1.48
07.04.2018 | Schiirlialp GR 0.1 3.38 1.41
18.02.2019 Schiirlialp GR 0.1 3.45 1.37
17.12.2020 | Schiirlialp GR 0.1 3.09 0.39
16.04.2021 Schiirlialp GR 0.1 2.83 1.04




All snow depth maps were produced using photogrammetric methods. The aerial photographs
were acquired by overflights with an aircraft or with different types of drones. The snow maps
in the smaller study areas are based on drone surveys. Drone types range from quatrocopters
such as the Phatom4 to the single-rotor eBee to the advanced vertical takeoff and landing
(VTOL) WingtraOne (Figure 3.1 b) (Biihrle et al., 2022). Reference points are distributed in the
study area and measured with Differential Global Navigation Satellite System (DGNSS) (Biih-
ler et al., 2015). This procedure is done as a control in addition to the automatic georeferencing.
The larger HS map of Davos, is calculated from aircraft imagery (Appendix A, Figure A.5).
Since the technical progress in camera technology are currently developing rapidly, different
cameras have been used over the long periods of data release. The first snow depth map used
from 2010, was taken with the ADS40/80 optoelectronic scanner. The successor sensor ADS100
was first used in winter 2015. The spatial resolution of the input images with the settings used
is 0.25m for the ADS40/80 and improved to 0.18 m for the AS100. From 2017 since now the
Ultracam series (Vexcel Ultracam X and Ultracam Eagle M3) was utilized (Biihrle et al., 2022).
The more modern survey camera allows aerial photography with a higher spatial resolution
of 0.1 - 0.15m. This improves the spatial resolution of the snow depth map from 2m to 0.5m
since 2017.

Measured HS in the
Latschuelfurgga from 09.02.2022

1187298

1185052

2777656 2779784

FIGURE 3.1: (a) Snow depth map from Latschtielfurgga. We recorded the basis data with (b) the Wing-
traOne on February 9, 2022.
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3.1.2 Processing snow depth maps

To produce a snow depth map from the individual aerial photographs, many processing steps
are required. These are described in detail in Biihrle et al., 2022. The Scale Invariant Feature
Transform (SIFT) algorithm from Lowe, 2004 transforms image data into scale-invariant coor-
dinates relative to local features. Each individual image is localized and assembled into an
area-wide mosaic in the Agisoft Metashape software. Due to the pixel tracking of the software,
each pixel is re-localized. The result is a three-dimensional point cloud. Based on the principle
of photogrammetry, the distance to the sensor can be measured by taking pictures of the same
object from different viewing angles. With the help of the exact sensor positions at each point
in time, the Digital Surface Model (DSM) is generated. This DSM contains the topmost point
of the surface. Therefore the snow depth is integrated into the DSM. As a comparison to the
snow covered surface, a ground truth reference image is generated based on snow free imagery
during summer (Marti et al., 2016). To generate the HS map, the DTM is subtracted from the
DSM. The difference should then represent the snow depth.

Since this simple principle relies on an undesirable time difference between the two images, ad-
ditional changes can lead to errors in the results. Therefore, areas with the following landscape
coverages are masked out: urban area, summer snow, glaciers, water areas and high vegeta-
tion. Outliers in the measured snow depth maps are also masked out. This masking of surface
types is necessary because of the time gap between the snow-free ground truth recording and
the snow-covered overflight. Due to changes in glacier extent and volume as well as the dif-
ferent water levels of lakes and rivers over time, there is a inconstant snow-free ground truth
observation. Therefore, snow amounts on glaciers or frozen lakes cannot be recorded precisely
with the photogrammetric technique. In areas with high vegetation, snow depth measuring is
very challenging (Gleason et al., 2017). The amounts of snow in vegetation-rich areas are partly
distributed on top of and underneath the vegetation. In addition, the strong variation in the
DSM is a further difficulty. If small shifts in the georeferencing or other errors can lead to very
large or negative snow depths, these are filtered out of the snow depth map. In case of strange
structures in the snowdrift map or extreme values, a comparison with the ortofoto or the map

can help to understand the generated snow depth maps.

3.2 Digital Terrain Model (DTM)

The Swiss federal office for topography (swisstopo) generates every six years an updated DTM
called swissALTI3D. This DTM includes the terrain elevations in 2 m spatial resolution without
buildings or vegetation. The product covers Swizerland and the Principality of Liechtenstein
and is georeferenced in the Swiss coordinate system CH1903+. The DTM is based on differ-
ent databases. The base grid below 2000 m.a.s.]. was generated by laser measurement points.

Above 2000 m.a.s.l., point values are calculated by means of stereo correlation and specifically
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revised photogrammetric. From the point clouds of the laser measurements as well as the
stereo correlation and the manually recorded tracking, the desired grid is calculated by means
of linear interpolation and triangulated irregular network (TIN). The tracking is done by pho-
togrammetry based on current aerial photographs from swisstopo in a six-year cycle. Due to
the different databases and survey methods, swissALTI3D does not have a uniform accuracy.
With respect to the fine-meshed 2 m grid, an accuracy of & 0.5 - 1 m below 2000 m.a.s.l. and + 1
- 3m above the 2000 m.a.s.l. the limit can be calculated. Manual re-surveys (measuring points,

break lines and surfaces) maximize the accuracy to a mean deviation of 0.25 - 1 m.

3.3 Automated measurement stations

The change in snow depths over time can be recorded by automated measuring stations. Snow
depth measurements from permanently installed meteorological stations serve as important
reference points for the cumulative amount of water stored in snow. In the Swiss Alps and the
Jura, snow depths have been systematically recorded since 1996 by the meteorological mea-
suring station network IMIS (Intercantonal Measuring and Information System). Most IMIS
stations are located near potential avalanche starting areas. In order to generate an initial es-
timate of the spatial snow distribution from these point measurements, they were spatially
interpolated using the ordinary kriging method. Measured snow depths from neighboring sta-
tions in Austria and Italy as well as the DTM were included in the spatial interpolation. This
spatial interpolation snow depth distribution was kindly provided by Bernhard Sassik, who
already had these data available. The interpolated snow depth distribution serves as the basis
for the amount of snow measured at the time of modeling. Since the positional characteris-
tics of the measuring stations are different, the kriging procedure with the DEM is intended
to provide an initial estimate of the snow depth distribution and to quantify its change over
time. By using many station values, even at greater distances from the study region, extreme
values are smoothed. This can be caused, for example, by a strongly wind-exposed location of
the measuring station. In addition to snow depths, IMIS stations also provide information on
weather conditions prior to the survey of an areal snow depth measurement. These data help
in the interpretation of exceptional snow distributions, such as heavy snow drift during storm

events.
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Interpolated snow depth

1187298

1185052

2779784

IMIS station

FIGURE 3.2: (a) Interpolated snow depth map with SwissALTI3D hillshade from the Latschiielfurgga
study region, based on fixed installed measurement stations (b) IMIS snow-station Puoz Bass on

2625m.a.s.l.

3.4 Snow Cover Duration (SCD)

Snow cover duration (Figure 3.3) aver-
aged over several years gives a spatial
distribution of temporal snow cover pat-
terns.  These data are useful for mod-
eling snow depth distributions, assum-
ing that regions with longer snow cover
also have higher snow depths.  Snow
cover duration data in the study area
was generated by Hendrik Wulf based on
Sentinel-2 data from 2016 to 2021. Here,
the Sentinel-2 scenes were binary clas-
sified for their snow cover (snow free
or snow covered) and cloud covered ar-
eas were masked. The large number of
images over the six years results in a
percentage value of average snow cover
per pixel with a spatial resolution of
10m.

Snow Cover Duration (SCD)

‘??7555 277978| '

FIGURE 3.3: Proportion of the Snow Cover Dura-
tion (SCD) in the Latschiielfurgga region over the
hillshade from SwisssALTI3D.
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4 Methods

41 Overview

In this thesis, a RF-model (Figure 4.1) is used to model snow depths. The RF-model utilizes
topographic variables, SCD and the interpolated snow depth to model the snow distribution
over a region. Feature Importance (FI) describes the importance of variables in the RF-model.
In three data analysis steps, the correlations of the input variables are examined. The model

precision is examined using different statistical distribution measures.

Input Data Random Forest Research Questions

RQ1: variable importance

e ( Snow depth )
IMIS data | (kriging interpolation) J —>
—> Elevation
= RQ2: spatial resolution
—> ope 0
2 — -
x :
—> Aspect L
DEM swissAlti3D 5 § 2 o pred
Topographic position index S 2
iy (TPI) =2 RQ3: temporal variations
e
Diurnal anisotropic heat index <
R

(DAH) @

RQ4: transferability
(3

—— > Snow Cover Duration (SCD)

Sentinel-2 data

s Y —. N

e : : L Vi (s
HS (aerial ]—7 Height of Snowpack (HS) (I e \éu

reference) ) T ; Q;"'!{\ }AL?{.“VQ

FIGURE 4.1: This flowchart summarizes the working process from input data through the Random
Forest-model to answering the four research questions. The yellow fields are not time bounded data or
variables. Input data or model variables that are highlighted in blue vary over time. The dotted outline
of the model variable highlights the snow depth maps as the resulting variable. This is modeled by the
Random Forest but also used in the training procedure. In the right column, the four research questions
are shown symbolically.
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4.2 Topographic variables

Terrain information is integrated into the RF-model with the elevation, slope, aspect, Topo-
graphic Position Index (TPI) and the Diurnal Anisotropic Heat index (DAH) as topographic
variables. All topographic variables based on the snow-free DEM from swissAlti3D (swisstopo,
2022) with a spatial resolution of 2m. The selection of the topographic variables is based on
the findings of published studies (Revuelto et al., 2020; Griinewald et al., 2013; Golding, 1974).
Slope and aspect are calculated from the DEM using QGIS algorithms from Zevenbergen and
Thorne, 1987. The DAH and TPI are calculated in the System for Automated Geoscientific
Analyses (SAGA). To analyze the dependence of spatial resolution on model precision, I re-
scale the DEM into coarser pixels from 2m to 6m, 10m, 20m, 50 m and 100m. The average
combines neighborhood cells into one pixel to achieve a coarser spatial resolution. The calcu-
lations of the other topographic variables are based on the re-scaled DEM.

Elevation Slope
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FIGURE 4.2: From the (a) elevation model of the Latschiielfurgga region, the (b) slope, (c) aspect and (d)
Diurnal Anisotropic Heat index (DAH) were calculated. These four topographic variables are presented
on a hillshade, based on the swissAlti3D.
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4.2.1 Diurnal Anisotropic Heat Index (DAH)

The DAH represents a simplified solar irradiance by combining the slope and aspect. The
diurnal course of the sun is not considered in the DAH. Incoming solar energy per area is
important during the snow melting process. The DAH developed by Bohner and Antoni¢,
2009 uses the maximum total heat surplus («,4y) from 202.5°. The aspect («) and slope (B) are
calculated individually for each grid-cell in the DEM.

DAH = cos(@max — o) * arctan(B) 4.1)

4.2.2 Topographic Position Index (TPI)

The TPI describes the local concavity or convexity of the terrain. As a focal operation, the
TPI considers the neighbouring pixels in a defined radius (De Reu et al., 2013). The TPI shows
whether the considered raster element of the DEM is higher or lower than its neighbours within
radius (R). The TPI is defined by the difference between the height of a central pixel (zp) and
the average height (2) of the predefined neighbourhood (Wilson and Gallant, 2000):

TPl =z — 2 (4.2)

I
Z—%Z (4.3)

If the considered pixel elevation is larger than the averaged neighbours, the TPI is positive.
Positive TPI values represents ridges or peaks. On the other hand negative TPI values repre-
sent locations that are lower than their surroundings, like valleys or gullys (Weiss, 2001). The
TPI shows if the pixel lies on a concave or convex surface in the predefined neighborhood. This

implements in snow modeling the eolian transport of snow amounts.

The choice of the appropriate radius for TPI calculation depends on the final use and spatial
resolution. Therefore, I designed a sensitivity analysis to evaluate the model performance of
different TPI radii. Figure 4.3 shows the effect of different radii on the TPIL. The change in the
integrated neighborhood affects the range of TPI values. The histograms in Figure 4.3 show
that larger radii result in higher TPI values (De Reu et al., 2013; Weiss, 2001).

Due to the different spatial resolutions depending on the model setup, the radius has to be
adjusted. It is not possible to use a smaller radius then the pixel size. Otherwise no more
neighbouring areas will be included in the calculations. The appropriate radius of the TPI is
searched by modeling known snow distributions in different spatial resolutions. For this pur-
pose, all model variables are included in the snow depth model and the TPI is tested with
varying radii. The Feature Importance (FI) (Chapter 4.4.1) shows at which radius the snow
depth model uses the TPI most as a decision maker. Accordingly, the optimal TPI radius is

defined for each spatial resolution used.
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Topographic Position Index with various radii

10 m radian 20 m radian 50 m radian 100 m radian 200 m radian
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FIGURE 4.3: Topographic position index in the Latschiielfurgga region with different radii (first row).
For each topographic position index map (first row), a histogram (second row) shows the difference in
data distribution. By increasing the radius, more neighborhood cells are integrated into the topographic
position index.

In the TPI calculations the neighborhood pixels are weighted depending on their distance.
Nearby pixels influence the TPI value more than pixels with greater distances to the exami-
nation pixel. I test spatial weighting, gaussian weighting, exponential weighting and inverse
weighting and decide with the FI which weighting works best for the snow modeling. The FI
does not show significantly more intensive use of the TPI depending on a specific weighting.

The inverse weighting with the power of two is used as the default setting in all model runs.
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4.3 Data correlation analysis

To better understand the effect of acquisition timing on snow depth maps, the used snow depth
maps are examined for similar spatial patterns. The correlation of the interpolated and area-
wide measured snow depth is evaluated to detect possible deviations. The correlation between
different model variables shows to what extent the individual variables differ to avoid too sim-

ilar variables.

4.3.1 Snow depth maps analysis

In comparison to absolute HS maps, the normalized HS maps have the advantage of being
independent of the absolute amount of snow. These normalized maps enable a direct compar-
isons of the relative snow depth distributions at different stages throughout the snow season.
Comparing the normalized HS maps pixel by pixel, statistical similarity measures as the R? and
the RMSE (Chapter 4.4.4) give a value for variability in snow distribution. This data analysis
further helps to understand and interpret varying model performances pending on the tempo-
ral input data consistency. It also provides a foundation to select suitable data to train the snow
depth model.

The RF-model is based on the assumption that the snow depth distribution patterns remain
constant over time. To verify this assumption, all HS maps are checked for spatial correlation
with each other. For this purpose, each HS map is normalized individually. The normalized HS
of each recording time is calculated by the ratio of the HS in contrast to the mean snow depth
of the selected area and time (Biihrle et al., 2022).

4.3.2 Correlation between interpolated snow depth from stations and area-wide
measured snow depth

Interpolated HS data of the measuring stations is the only time-bound variable which is imple-
mented in the snow depth model. It contains information about the absolute snow amounts in
the study region. The snow depth interpolation is a rough HS map. The mean snow depths of
the interpolated HS should correspond as closely as possible to the mean HS of the area-wide
measured snow depths at the same time. By subtracting the mean interpolated HS from the
mean area-wide measured snow depth, the time-related deviations become directly visible. In
order to achieve an identical comparison of the mean HS of the interpolated station data and
the area-wide measured HS maps, only those pixels are added to the average calculation for
the interpolated HS maps which also have a measurement in the area-wide measured HS map.

This direct snow comparison also serves to explain possible difficulties in modeling.
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4.3.3 Random Forest-variable correlation analysis

The RF-model is based on combinations of different variables. The better a variable directly
correlates to the snow distribution, the more the model uses this specific variable. The correla-
tion analysis of the variables helps to understand the variable importance (Feature Importance
FI) in the model. In contrast to the model-bound FI, the correlation analysis shows a value-
independent relationship of the individual variables. Multiple strictly correlating variables can
be combined or one of the similar variables can be omitted, for more efficient model building.
The variables are normalized to compare data with different units. The normalization scales all
variables depending on their minima and maxima between zero and one. This coefficient from
Asuero et al., 2006 indicates the strength of the relationship between variables. The correlation

coefficient can take values from -1 to 1 and is calculated as follows:

oo X3y —7)
SO o (&9

ryy is the correlation coefficient of the linear relationship between the variables x and y. The

values of the variables are called x; and y;. The average of all values of the variables x or y is
called % or 7. A close correlation between a variable and the HS map simplifies the modeling

process for the snow depth model.

4.4 Random Forest regression

Random Forest (RF) is a commonly used Machine Learning (ML) algorithm for classification
and regression problems. The principle of randomly generating decision trees was first intro-
duced by Breiman, 2001. In this thesis, I use a RF-regressor from Pedregosa et al., 2011 (Scikit-
learn) to model specific snow depth. Scikit-learn is a free ML-software library for the Python
programming language. The RF-algorithm for classification consists of a collection of decision
trees. These decision trees were generated from the training data-set using the bootstraping
method. In this process, a random selection of the test data is used to define the decision nodes
and snow depth in the leaves. The structure of each tree are defined by the hyper-parameters.
After generating a large number of tree-structured classifiers, each tree gives the expected snow
depth. By having more decision trees, the model is generalized. The model outputs the arith-
metic mean of the predictions from all decision trees. Figure 4.4 shows the general flow of
training and testing with the RF-regressor. The RF-model runs well on large data-sets and al-
lows the importance of each predictor to be output in the learning procedure (Liaw, Wiener, et
al., 2002). Due to the large amount of data, over-fitting is minimised (Segal, 2004). The random
structure of the training data makes the algorithm sensitive to observations in the training set.
A large amount of training data can stabilize the model’s decisions (Segal, 2004). The principle

of RF allows efficient model building with large amounts of data.
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FIGURE 4.4: The flowchart shows the training and validating of the Random Forest-model. The blue
colored boxes represent in training and the orange colored boxes show the application and validation
of the model. Magenta symbols indicate the snow depths. Green symbols represent model variables.
The model output are the modeled snow depths and statistical values (gray box) which show the model
precision.

4.4.1 Feature selection

The Feature Importance (FI) defines the variable significance in the RF-model. FI is based on
the Gini importance (Biau and Scornet, 2016; Strobl et al., 2007; Louppe et al., 2013). For the FI
the number of separations in the decision trees based on the respective variable are counted. It
is defined as the proportion of decisions in the nodes of the considered variable to all nodes.
Regarding to the example tree of Figure 4.5, the Fl is divided as follows: the interpolated snow
depths make up 43 % (3 nodes), the SCD has a decision share of 29 % (2 nodes) and the slope
and the TPI 14 % (1 node). The FI of all variables should always be 100 %. Since the RF is based
on many independent decision trees, the FI of all decision trees is considered together. The FI
depends only on the training data. During the model training the trees where constructed. The
RF-model leaves the user nearly no information about its inner workings. Therefore, the FI

brings a insight into the interior variable use of the RF-model.
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Decision variable - Predicted snow
Interp.station <= 120 heightin m 2m
D Interpolated snow height from stations Samples = 21775
Value = 0.879

SCD

D Slope
SCD <= 0.645 Slope <= 32.1
D TPI Samples = 10964 Samples = 10811
Value = 0.466 Value = 1.295
om
SCD <= 0.6 Interp. station <= 68.1 Interp. station <= 0.65 TPl <=-19.8
Samples =5051 Samples = 5913 Samples = 6029 Samples = 10'000
Value = 0.375 Value = 0.545 Value = 1.539 Value = 0.986
Samples = 1774 Samples = 3277 Samples = 3541 Samples = 2370 Samples = 2370 Samples = 3659 Samples = 214 Samples = 4568
Value = 0.304 Value = 0.414 Value = 0.483 Value = 0.636 Value = 1.169 Value = 1.774 Value = 1.863 Value = 0.944

FIGURE 4.5: Example of one decision tree from the Random Forest-model. This decision tree shows a
maximum depth of 3 with three levels of decisions until the tree ends in 8 leaves (last row). Each leaf
contains the number of samples, meaning how often this node is used for decision, and the predicted
model output, in this case the predicted snow height. This decision tree shows 4 types of decision,
marked with the colored edging. The node has a red edging if the decision base on interpolated snow
height form stations, green if the decision base on snow cover duration, dark blue if the decision base
on the slope and bright blue if the decision base on the Topographic Position Index.

4.4.2 Hyper-parameter tuning

Hyper-parameters predefines the structure of the decision trees and the number of trees in a RF-
model. The RF-principle can only be influenced in a limited extent. In addition to the training
variables, the user can define the number of decision trees and their rough structure. Maximiz-
ing the number of decision trees increases the computation time, but minimizes the variability
between the individual model runs (Luo et al., 2022). To compare the results independent of
the model settings, I use the following hyper-parameter settings for each experimental setup:

— Absolute number of single decision trees: 300 trees

Maximum depth of the tree: 10 nodes

Minimum number of samples to separate a node: 2 samples

Minimum number of samples in a leaf (a separation is only done if this minimum number
of samples is included in the resulting leaves): 1 sample
— Maximum number of features that will be checked when splitting the tree: 6 variables

These hyper-parameters were defined by an automatized process of many model runs. In each
model run, different hyper-parameters were tested and the model precision was checked using
statistical parameters. The hyperparameters were tested at predefined intervals. The different
combinations of hyper-parameter values are then checked for the suitability of the decision
tree. This process is repeated several times until the RF hyper-parameters settings for the test-
ing data set no more improve. Statistical values are used in modeling to represent the model
precision and therefore select the best hyper-parameters. The number of features used must
be adjusted manually. By optimizing the hyperparameters based on the statistical values, the
diversity of snow modeling can be lost. The model tends to use few variables and to model

a homogeneous snow depth close to the mean. In this way, the statistical quantities of the
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resulting snow depth maps improve, but deviate more from the measured validation maps.
Accordingly, the number of variables to be used in the hyperparameter optimization process

was predefined to 6 variables.

4.4.3 Training procedure

A large and diverse data-set for training the RF-model is crucial for accurate snow depth mod-
eling. The spatial dimension of the data structure is removed for training and validating the
RF-model. Pixel locations that feature a data gap in one of the variables must be completely ex-
cluded from the training process. The flowchart in Figure 4.4 shows that the available data are
differentiated into training and validating data. The k-fold cross-validation (k-fold CV) (Stone,
1974) is used to divide training and validation data. The k-fold CV corresponds to the number
of available snow maps at different recording times. In k-fold CV, one snow depth map is used
as validation data and all other available maps of the considered region are included in the
model training. In a next run, a new validation time is used and all other available snow depth
maps are used to train the model. With the k-fold CV method all time points are used for the
validation and the model training. Depending on the modeling question, the data set of the
Davos region from one point in time was used for validation and the others for training the
model. For the transferability analysis all available snow depth maps of the Davos region were
used for training and the respective extrapolation region for validation of the RF-model. The
snow depth maps (Flowchart 4.4 in magenta) are separated from the other variables (Flowchart
4.4 in green). The snow depth maps are the leaves to be achieved in the RF decision tree. The
following variables are used for the decision nodes:

— Elevation

— Slope

— Aspect
Diurnal Anisotropic Heat index (DAH)

— Topographic Position Index (TPI) (radius depends on the spatial resolution)
Snow Cover Duration (SCD)

Interpolated snow depth from measurement station

The leaves are based on the values of the HS-maps. The training set does not include the scan-

based snow depth information at the time of modeling.
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4.4.4 Evaluation metrics

To verify the settings and precision of the RF-model, I use statistical quantities from the mea-
sured and modeled snow depth distribution. Frequently used statistical values in snow models
are: coefficient of determination (R?), Mean Absolute Error (MAE), Median Absolute Deviation
(MAD), Root Mean Square Error (RMSE) and the Regression Line Slope (RLS) (Biihrle et al.,
2022; Revuelto et al., 2020; Griinewald et al., 2013; Sturm and Wagner, 2010; Hu et al., 2021;
Daudt et al., 2022). The determination coefficient R? represents the ratio between the depen-
dent and the independent variable. The R? indicates how much scattering of the data can be
explained by the RF-model. The better the modeled values fits on the predicted line, the closer
is the R%-value to one. R? is the deviation of the residual sums of squares (SS;.s) by the total
sum of squares (SS;,¢) (Miles, 2005). The SS,,; is the residual sum of squares (blue line in Figure
4.6). The SS¢,+ explains the proportional to the variance of the data (yellow line in Figure 4.6).
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FIGURE 4.6: Scatter plot showing predicted versus measured data. The §S;,; represent the yellow
squared residuals with respect to the average value. The blue square represents the residual to the
linear regression. The better the linear regressor (dotted line) fits the data in comparison to the simple
average (red line), the closer the value R? is to one.

The Mean Absolute Error (MAE) is a scale-dependent metric that measures the average abso-
lute error between a set of predictions and their ground-truth labels. The unit of the statistic
coefficient is similar to the modeled unit of the snow height. It includes estimates based on
the calculation, where y; is the measured values at position in, fi(RF) is the obtained value at

position i from the RF-model with n elements.

MAE= ) (yi — £57)) = mean(yi — £*7)) (49)
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Similar to MAE, the Median Absolute Deviation (MAD) is a robust statistical metric of the
model-error which ignores highly erroneous predictions by taking the median instead of the
mean. For the MAD, the obtained value at a specific position is subtracted by the measured
value at the same position. Than the median of this difference between all possible position is

calculated:
MAD = median(y; — %) (4.10)

The Root Mean Square Error (RMSE) is the standard deviation of the residuals. These residuals
represents the distance between the data points and the regression line (Miles, 2005). The RMSE

shows how distributed the predicted versus measured data form an optimal regression line are.

e ﬂ nZ(yi — f&DY2 — \/mean(y; — &) (411)
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FIGURE 4.7: Scatter plot showing predicted versus
and the regression line. The regression line is measured height of snowpack (HS). The black line

fixed at the origin. The deviation of the RLS (one-to-one line) represents a perfect model (perfect
prediction) with a slope equals one. The red line

to one, shows the tendency towards over- or  represents the real trend line, fitted through the data

underestimation of snow amounts by using points. A slope lower than one indicates an under-
estimation of the height of the modeled variable, in

the model. Information about the dispersion my case the height of snowpack.

of the point cloud are contained in the other
error measures like the RMSE or the R?.

In addition to the statistical quantities, I also compare the modeled snow depths with the snow
depth map from the aerial photographs. In this way, terrain-based difficulties can be noticed
and processed. The visual analysis of the model results focuses mainly on the distribution and
spatial patterns of the snow amounts. This is especially important for the end use of the snow
depth maps namely avalanche forecasting. Not only the absolute modeled snow-mass in a

large area is of interest, but especially the snow depth distribution.
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5 Results

5.1 Data analysis

5.1.1 Measured snow depth analysis

The RF-model bases on similar snow distribution at different times. At the beginning of winter
the snow distribution is more homogeneous compared then at the second half of the snow
season. In all five snow depth surveys of the Latschiielfurgga (Figure 5.1) rough spatial patterns
of snow accumulation are evident, such as in the trough in the northeast of Latschiielfurgga

(blue in all five snow depth maps in Figure 5.1).

Normalized snow depth map, Latschiielfurgga
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FIGURE 5.1: The five snow depth maps are normalized with the mean measured snow depth of the
respective recording time. If the snow depth of the pixel corresponds to the mean, the normalization
becomes one (white). Areas with less snow than the mean are colored red whereas blue areas have more
snow than the mean. The less intense colors in October and December represent a more homogeneous
snow distribution at the beginning of the snow season.
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Snow depth distribution over time, Latschielfurgga

Histogram

1600

28.10.2020

o o
= o
Gaussian KDE

number of pixel

measured HS from this row

18.12.2020

measured HS from this column

24.02.2021

26.03.2021

09.02.2022

28.10.2020 18.12.2020 24.02.2021 26.03.2021 09.02.2022

FIGURE 5.2: The scatter plots show the pixel-by-pixel correlation analysis of the five snow depth maps
from the Latschiielfurgga. The point cloud density is colored by the kernel density estimation. The
histograms represent the number of pixels over the measured snow depth map. The Kernel Density
Estimation (KDE) is color-coded. The histograms represent the number of pixels per modeled snow
depth.

The pixel-wise based analysis (Figure 5.2) of the five snow depth maps without normalization
(Figure A.1) support qualitatively (Table 5.1) the observations of Figure 5.1. The two measure-
ments taken at the beginning of the snow season in October and December contain mostly
snow depths below 2 m. The histograms in Figure 5.2 show more even distribution of the num-
ber of pixels over all snow depths in the second have of the snow season (24.02.2021, 26.03.2021
and 09.02.2022). The R? and RMSE value in Table 5.1 represents, a similar snow depth distri-
bution on the 28.10.2020 and the 18.12.2020. The two temporally close snow depth maps from
24.02.2021 and 26.03.2021 correlate best with each other. The point cloud is partly divided into
two areas as shown in Figure 5.2 in the scatter plots of 09.02.2022. In certain areas the measured
snow amounts correspond well with snow depths from another point of time. The splitting of
the point cloud also shows regions in which there are time-related differences. The statisti-
cal values in Table 5.1 supports the observation from the normalized HS map in Figure 5.1 by

showing a difference of the snow distribution during the snow season.
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TABLE 5.1: R?> and RMSE oft the correlation analysis between the measured snow depth maps in the
Latschiielfurgga region. The R? values in the lower part of the table indicates with lower R? (colored
in darker blue) different snow depth distribution between the observed snow depth maps. Bigger R?
values (colored in withe) describes more equal snow distributions of the observed snow depth maps.
The RMSE values are located at the top right of the table and are colored green. Smaller (brighter
colored) RMSE values indicate more similar distribution of snow amounts at the two considered time
points. A close correlation exists between 28.10.2020 and 18.12.2020.

| 28.10.2020 | 18.12.2020 | 24.02.2021 | 26.03.2021 | 09.02.2022

28.10.2020 | | o007 | o024 | 081

18122020 | 061 | | 023

oo

24.02.2021 [[NNOHSIIN 025 017 | 022
|
|

26.03.2021 [1H026 080 | 059
09.02.2022 [ o«

The same snow distribution analysis based on the snow depth maps was also performed with

all data used for Schiirlialp as well as for the Davos region (corresponding Figures in Appendix
A). The normalized snow depth maps (Figure A.3) represents homogeneous snow cover on the
valley floor in the center of the study area. Both sides of the slope are interspersed with snow-
filled gullies and blown edges. The R? and RMSE of the Davos region (Table A.2) indicates
that the snow distribution of January 2016 differs from other snow maps. Also the shape of the

point cloud (Figure A.7) reflects this difference.
The spatial comparison of the individual recordings shows that the snow distribution mostly

adopt similar patterns. Therefore, the RF-model can model the snow distribution time inde-

pendently.
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5.1.2 Mean comparison of measured versus interpolated HS

The interpolated snow depths of the measuring stations are the only time-bound data which
is included in the RF-model. They represent the general snow situation at the observed time
in the RF-model. There is no clear tendency of a general over- or underestimation of the snow
depth by the interpolated station data (Figure 5.3). The mean snow depths of the interpolation
tend to agree better with the mean snow depth from HS maps at the beginning of the snow
season. From February on, the dispersion between the two mean snow depths increases. There
are no clear tendencies between the analyzed regions. The five considered time points of Schiir-
lialp show large differences. On average, the mean value of the interpolated snow depths is
26 cm next to the mean measured snow depths. The interpolated station data underestimate
the measured snow depths by 6 cm. This comparison of mean values shows how representa-
tive the interpolated snow depths are for the absolute snow amounts. The analysis can infer

possible deviations of the modeled snow depths.

Difference between the mean measured snow height and
the average snow height from the automated station
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FIGURE 5.3: The difference between the mean area-wide measured snow depth and the mean inter-
polated snow depth of the measuring stations defines the position along the y-axis. The x-axis distin-
guishes the point in time considered in the snow season. The colors and shapes separate the large Davos
region (red squares) from the smaller Schiirlialp (green triangles) and Latschiielfurgga (blue circles) re-
gions which are located within the large Davos region. The deviation of the compared mean values
ranges often between -40 cm and 40 cm.
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5.1.3 Model-variable correlation

The model-variables correlates slightly with each other. The strongest positive correlations are
between the elevation and the SCD as well as between the two TPI with different radii (Figure
5.4). The two snow depth maps, interpolated snow depths from the stations as well as the area-
wide measured snow depths, are compared in chapter 5.1.2. A close correlation between the
snow depth map and an other variable does not appear. The RF-model combines these vari-

ables correlating with snow depth in the decision trees to generate a modeled snow depth map.

Model-variables correlation
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FIGURE 5.4: All model variables are tested individually against each other for their covariance. More
intense color and a more oval shape represent a stronger correlation. Negative correlation are colored
in ocher, positive correlation in blue. This correlation analysis includes model variables of the Davos
region at different times with a spatial resolution of 10 m.
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5.2 Variable importance

The Feature Importance (FI) is used to understand the significance of the variables in the RF-
model. Based on the FI, I select a suitable radius to calculate the Topographic Position Index
(TPI) at different spatial resolution. In addition, changes in FI at different spatial resolutions

are considered. In addition, FI was examined in different study regions.

5.2.1 Topographic Position Index (TPI) radius with changed spatial resolution

The TPI represents the curvature of a pixel by observing its neighborhood. By implementing
a predefined radius the included neighborhood area varies. The FI helps to find the most rep-
resentative radius for the snow depth of a certain region. The choice of the radius depends on
the spatial resolution of the grid. Figure 5.5 indicates the tendency towards larger radii which

include more neighboring pixels.

Feature importances of the TPl with different radii,
separated by the spatial resolution of the model
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FIGURE 5.5: The feature importance from the topographic position index of Davos (points) and
Latschiielfurgga (crosses) is plotted against the spatial resolution. The radius used for this purpose
defines the included neighborhood area and is distinguished by the color scale. Larger radii tend to
achieve a greater feature importance.

The results of these TPI analyses with different radii at different resolutions are used to define
the basic settings of the RF-model. For a spatial resolution of 20m or smaller, the TPI result
of 50 m radius is applied. The resolutions with pixel edges longer than 20 m are trained in the
RF-model by TPI with radius 200 m.

30



5.2.2 Differences in variable importance depending on the spatial resolution

The spatial resolution influences the composition of the decision trees in the RF-model. Figure
5.6 shows the interpolated snow depths from the measurement station data (interp. HS) and
SCD have a higher FI than the topographic variables (elevation, slope, aspect, TPI and DAH).
The percentage of decisions based on topographic variables is only 23%. The other 77% are
distributed to the interpolated snow depths (34%) and to the SCD (43%).

Feature importance of the model variables separated of different spatial resolutions
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FIGURE 5.6: The box plots shows the Feature Importance (FI) against the different variables. The Figure
includes only the Davos region. Out of the 14 exposures, one was modeled and the other 13 are used to
train the model (k-fold cross validation). The boxes are colored according to the spatial resolution of the
grid.

In addition to the general distribution of FI in the RF-model, Figure 5.6 shows the differen-
tiation of FI at changing spatial resolution. The FI of the two variables with the highest FI
(interpolated HS and SCD) differed most depending on spatial resolution. The FI of the inter-
polated HS increases strongly with coarser spatial resolution especially at a pixel size of 50 m
and 100 m. In contrast to the interpolated HS, the FI of the SCD decreases with coarser spatial
resolution. A similar trend can be observed for the TPI. The DAH shows a slight increase of
the FI with increasing pixel size. The FI of elevation, slope and aspect does not change with

variation of spatial resolution.
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The scatter of the FI for the different model training is overall very narrow. The boxes in Figure
5.6 are mostly small and the outlier markings are close to the edge of the box. In general, the
lower the FI, the smaller the deviation. The FI of the interpolated snow data as well as the SCD
at a spatial resolution of 50 m show larger deviations. The 50 m edge length of the pixel seems
to be a connection in the change of the FI between more detailed modeling and coarser raster
cells. This shows that at a spatial resolution of 50 m, the decision trees in the RF-model differ

greatly.

5.2.3 Influence of the study area on the parameters importance

To compare the FI between different study regions, the RF-model is trained with all available
scans (Table 3.1) of the respective study regions. The training of the RF-model influences the
FI. The bar chart (Figure 5.7) shows the proportions of the decisions of the respective variables
in different sub-regions.

Feature importance of the random forest model in all study regions
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FIGURE 5.7: The coloring of the bars divides the Feature Importance into the different variables whereas
the individual bars represent the seven different regions. The feature importance values are an average
of model runs depending on the timing of the available height of snow depth maps. The spatial resolu-
tion of all model runs is 10 m edge length.

The Saflischpass, Berninapass, Laucherenalp and Wigital study areas are only trained with
one or two reference snow depth map. Davos, Latschiielfurgga and Schiirlialp contain at least
five reference scans from different years. Depending on the number of reference snow depth
maps per region (Table 3.1), the number of training varies. Figure 5.7 shows the mean FI of all

training.
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TABLE 5.2: Average feature importance of all study re- Table 5.2 serves as general reference

gions.

Model variable | Average FI [%]

iterp. HS 18.2
SCD 31.4
Elevation 7.4
Aspect 7.7
Slope 8.7
TPI 20.3

DAH 6.3

for the average distribution of the
FI at all study areas. Table 5.2
shows two groups of variables. First,
the interpolated HS, SCD and the
TPI each account for about 20% of
the decision. = Second, topographic
variables of elevation, aspect, slope
and DAH contain about 7% impor-

tance.

5.3 Model accuracy at different spatial resolutions

The R? value increases with coarser spatial resolution (Figure 5.8). In contrast, the Root Mean
Square Error (RMSE), Mean Absolute Error (MAE) and Median Absolute Deviation (MAD) of

the 14 modeled time points decreases with increasing resolution (Figure 5.8 and Table B.1). The

R2, RMSE, MAE and MAD values indicate, that the model accuracy decreases with increasing

precision in spatial resolution. Looking separately at the R? and RMSE values of each modeled

point in time (Figure 5.9), we observe there are no temporal differences over the FI depending

on the spatial resolutions (Figure 5.9). The RF-model accuracy statistically decreases with more

detailed spatial resolution. The R? and RMSE vary greatly between the different time points.

These temporal variations are often present in all spatial resolutions (Figure 5.9).
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FIGURE 5.8: A box contains the R? (left) and RMSE (right) values of all 14 modeled time points of the
Davos region. They are differently colored based on the spatial resolution. With increasing pixel size
(towards darker colors), the R? increase and the RMSE value decrease. This indicates a better statistical
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Modeling at different resolutions also affects the spatial distribution of snow. Figure 5.10 shows
a direct comparison of area-wide measured and modeled snow depth at different spatial reso-
lutions. The example region in Figure 5.10 is located in the southern part of the Dischma valley
in the Davos region. The less detailed variation in the modeled snow map (second column
in Figure 5.10) indicates a stronger snow depth correlation with the elevation in the modeled
maps the in the measured snow depth maps (first column in Figure 5.10). The RF-model has
difficulties to model the small-scale structures contained in the fine-resolution data. Merging
pixels to achieve coarser spatial resolution results in lower extremes in snow depths (scatter
plot Figure 5.10). The maximum of the measured snow depths decreases with coarser spatial
resolution. In contrast, the minimum measured snow depth increases with larger pixels. Since
no points in the scatter plot of Figure 5.10 are placed in the lower region indicates that there
are no snow depth modeled below 80 cm. The limited modeling of snow depths is especially
noticeable at more detailed spatial resolutions such as 6 m and 10 m pixel size. In addition to
limiting the low snow depths at about 80 cm, a maximum snow depth of 4.5m is modeled at
fine resolution of 6m. The Regression Line Slope (RLS) (red line in scatter plot, Figure 5.10)
becomes steeper with coarser spatial resolution. A regression line steeper than one, indicates
a tendency to overestimate the snow amounts in the model. The coarser the spatial resolution,

the more the amount of snow is overestimated in the RF-model.

35



Snow depth map from the south part of the Dischma valley
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FIGURE 5.10: The measured and modeled snow depths are compared at different spatial solutions from
the 06.04.2020. The represented area is a part of the Davos region located at the southern part of the
Dischma valley. The scatter plot compares the modeled snow depth with the measured snow depth
pixel by pixel. The position of the points in the scatter plot depend on the measured snow depth of a
pixel (x-axis) and the modeled snow depth at the same pixel (y-axis). The black one-to-one line shows
the modeled and measured snow depths coincide. The red regression line shows the optimal correlation
of the point cloud. The Regression Line Slope (RLS), coefficient of determination (R?) and Root Mean
Square Error (RMSE) are three statistical values to describe the model accuracy. The color of the point
cloud corresponds to the kernel density estimation (KDE) and shows the density of the point clouds.
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5.4 Inter- and intra-annual snow depth modeling

The model accuracy of the RF-model decreases if there are seasonal differences between train-
ing and testing data. Suitable test data sets are important for good and accurate modeling. To
obtain a generally trained RF-model, the model is trained with all 14 snow depth maps of the
Davos region. This is done at a spatial resolution of 10m. The large training region with 14
sampling times should result in a stable trained RF-model. The RF-model is tested at five im-
ages each from Latschiielfurgga and Schiirlialp. These images are not always taken at the time
of maximum snow peak (Table 3.1). The two regions Latschiielfurgga and Schiirlialp are lo-
cated in the Davos training region (Figure 2.1), so no spatial extrapolation is available between
the training and validation area. Figure 5.11 shows the RLS compared to the measured snow
depths. The steep regression lines in October and December (Figure 5.11) show that none of
these snow amounts are generally too heterogeneously distributed. The regression line flattens
out as the length of the snow season increases. According to the RLS, the model accuracy im-

proves in the second half of the season.

Intra-annual change in model accuracy over snow season
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@ latschielfurgga

Regression Line Slope (RLS)
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FIGURE 5.11: The position along the y-axis shows the Regression Line Slope (RLS) between modeled
and measured snow depth values. The x-axis represents the monthly evolution over the snow season.
The Schiirlialp and Latschiielfurgga snow models are modeled with the RF-model trained in the Davos
region with 10 m spatial resolution. The dark marked area in March and April shows the lapse of time
from the training data. There is an overestimation of the snow amount at the beginning of the snow
season. In the second half of the season, the model tends to underestimate snow depth.
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In addition to the comparison of the model precision within a snow season (intra-annual), the
results between the considered years are compared (inter-annual). The snow depth maps of
the Davos region were always recorded at a similar time relative to the snow accumulation in
the snow season. Figure 5.12 shows the RLS for all modeled snow depths in the Davos region.
Most RLS are less than one. The average RLS over all is 0.87, which also indicates a generally
too homogeneous distribution of the snow by the RF-model. Figure 5.12 shows the RLS in the
lower (blue) part, which deviates much more from one.

Inter-annual change of model accuray in the Davos region

Regression Line Slope (RLS)

2010 2012 2014 2016 2018 2020 2022
Year

FIGURE 5.12: The evolution over 13 years of model precision based on the Regression Line Slope (RLS)
shows a underestimation of the modeled snow amount. Most of the points lie below one. Therefore, the
model distributes the snow too homogeneously. Each point corresponds to a model output whereas the
RF-model is trained with the 13 other time points by using the k-fold cross validation.
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5.5 Random Forest model transferability

The main goal is to apply the trained snow model to an arbitrary region. In the following sec-
tion, the RF-model trained in the Davos region is used to predict snow depths in four different
Alpine regions. Time and space differ between the modeling and training data. The statistical
values in Table 5.3 depend on the study regions. The measured compared to the modeled snow
depth map shows the modeling potential and difficulties. Increased snow amounts in large
gullies are well modeled (Figure 5.13a). The extremely heterogeneous distribution of snow
amounts measured in April 2012 on the Berninapass (Figure 5.13b) cannot be reproduced by
the RF-model (Figure 5.13 a). The scatter plot (Figure 5.13 d) supports the mentioned (from the
inter-annual analysis in Figure 5.12) too homogeneous snow distribution of the model. The
increase snow depth with increasing elevation is clearly visible in Wégital (Figure C.2) and
Laucherenalp (Figure C.3). The low R? value of the Wigital and Lauchernalp shows an im-
precise model result. The higher R? of 0.508 in the Saflischpass region (Table 5.3) indicates
different precision modeling depending on the test region. The heterogeneous measured snow
distribution at Saflischpass (Figure C.1) is modeled more homogeneous (Figure C.1). This too
homogeneous distribution of snow masses by the RF-model is already known from the Berni-
napass as well as the inter-annual comparison (Chapter 5.4). The three statistical quantities in
Table 5.3 indicate how differently precise the snow depth modeling is in the four considered re-
gions. Also the comparison region Davos-North does not achieve outstandingly better results.

This tells us how important it is to use a representative training data set.

TABLE 5.3: Statistical values (R?2, RMSE, Regression Line Slope (RLS)) of the transfer regions by using
a RF-model, trained in the Davos region with 14 snow depth maps of a spatial resolution of 10 m. This
model is applied to the four Alpine test regions Wagital, Saflischpass, Laucherenalp and Berninapass.
As a reference, the Davos region itself is divided into a southern training zone and a northern testing
region (Davos North). Due to the different availability of snow surveys, the statistical values are the
average of different initial models: Davos North 14, Wégital two and Laucherenalp, Saflischpass and
Berninapass one each.

| R* | RMSE | RLS

Davos North | 0.396 | 0.559 | 0.878
Wiagital | 0.296 | 1.619 | 0.432
Saflischpass | 0.508 | 1.584 | 0.657
Laucherenalp | 0.281 | 1.165 | 1.082
Berninapass | 0.42 | 0.4 0.825
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Modeled snow depth map Measured snow depth map
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FIGURE 5.13: For all plots, the model was trained exclusively with data from the Davos region. (a)
modeled snow depth distribution of the Bernina region (b) reference snow depth map used for model
precision (c) difference between the measured snow depth an the modeled snow depth (d) snow depths
model precision. The position of the points (d) depend on the measured snow depth of a pixel (x-
axis) and the modeled snow depth at the same pixel (y-axis). The black one-to-one line shows the
modeled and measured snow depths coincide. The red regression line shows the optimal correlation
of the point cloud. The Regression Line Slope (RLS), coefficient of determination (R?) and Root Mean
Square Error (RMSE) are three statistical values to describe the model precision. The color of the point
cloud corresponds to the kernel density estimation (KDE) and shows the density of the point clouds.
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6 Discussion

6.1 Relevant modeling parameters

The interpolated snow depths and SCD are the most important variables in the RF-model.
These parameters give the model direct information about the snow depth and snow distribu-
tion. In contrast, the topographic variables contain indirect quantities about snow distribution
in detailed spatial resolution. The SCD includes information about the snow distribution over
the last six year. Therefore, it was expected that the SCD is a helpful variable for snow modeling
because the RF-model searches for similarities between the years. I have not found a compara-
ble variable like the SCD, which gives information about the temporal duration of snow cover,
in the literature published so far. The interpolated snow depth is the only time bounded vari-
able. Time bounded means that the interpolated snow depths contain time-dependent informa-
tion about the snow depth in the observed region. The interpolated snow depths provide the
RF-model with an indication snow amount at the modeled time compared to the time points of
the training data. The high FI of interpolated snow depths indicates that a good automatized
snow measurement network brings great advances in time-dependent snow modeling. In ad-
dition to interpolated snow depths (FI of 34%) and SCD (FI of 43%), the remaining 23% of FI is
divided among five topographic variables. When looking at the FI for elevation, slope, aspect,
TPI, or DAH individually, the FI seems very low but their sum contribute significantly to the
RF-model.

Revuelto et al., 2020; Cartwright et al., 2022; Griinewald et al., 2013; Lépez-Moreno et al., 2017;
Daudt et al., 2022 also use the neighborhood-based curvature variable TPI. The large neighbor-
hood region resulting from the radius analysis of the TPI is also used in similar proportion as
the spatial resolution in Revuelto et al., 2020 and Lépez-Moreno et al., 2017. By using the DAH,
the slope and exposition lose some importance in the RF-model. The elevation and interpo-
lated snow depths are directly integrated in the RF-model. Accordingly, the elevation variable
loses some importance in the RF-model. The division of the FI shows that the decision tree
nodes in the RF-model can be divided into three rough categories. The interpolated snow data
represents the rough snow depth at the time considered, the SCD indicates the snow distribu-
tion of the past years and the topographic parameters show the location and its characteristics
in the study area. The decision trees of the RF-model have a depth up to ten nodes. Accord-
ingly, all three variable categories (interpolated snow depth, SCD and topographic variables)

are involved in the snow depth modeling.
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The parameter weight of the topographic variables changes slightly at different detailed spatial
resolutions. The FI of the SCD decreases strongly at spatial resolutions of 50m and 100m. In
contrast, the interpolated snow depths become more important for coarser spatial resolutions
(Chapter 5.2.2). The FI of the SCD and interpolated snow depths differ greatly among model
runs with a pixel length of 50 m (Figure 5.6). It has to be considered that the SCD has an orig-
inal resolution of 10m and the interpolated snow depths an original resolution of 20m. The
large variability of the FI at different modeled point over time could possibly come from to-
pographic shapes which are no longer considered at a pixel length of 50m. The interpolated
snow depths base on the snow depth from the measurement stations and the DEM are strongly
smoothed. Therefore, it was expected that coarser resolution of the already strongly smoothed
interpolated snow depth leads to an increase of the FI. At the same time, the topographic de-
tails included in the SCD lose their deciding power. The topographic variables that show more

detailed information at 6 m resolution do not become more important (Figure 5.6).

The FI differ more between the different study regions as with changing spatial resolution.
The three study regions located in Davos (Davos, Latschiielfurgga and Schiirlialp) have a more
similar FI distribution than the study regions in the other Alpine areas (Laucherenalp, Bern-
inapass, Saflischpass, Wégital) (Figure 5.7). The smaller FI of the interpolated snow depth
in regions with one or two training data sets indicates that the variable of the interpolated
snow depth mainly causes the temporal differences in the modeling. Since no temporal shift
is trained in the RF-model when using only one training data set, it is comprehensible that the
interpolated snow depth has a lower FI. At Laucherenalp and the Wiégital, the FI for elevation
is high compared to the other regions (Griinewald et al., 2014). This can be explained due to
the one-sided topographic characteristics of these two regions. Figure 2.2 shows a regular dis-
tribution of the number of pixels over the elevations in the Wégital and Laucherenalp region.
The large elevation difference in these comparatively small areas could be the reason of the
high FI for elevation. Smaller topographic features as hollows or wind-exposed ridges are less
dominant. This leads to a decrease of the FI for the TPI (Figure 5.7). The FI reflects the rough
topographic characteristics of the study areas. The distribution of FI across variables depends
on the training conditions of the RF-model, such as the size of the study area and the number
of training data. With similar distribution of FI in different study regions, it is expected that the
transferability of RF-model achieves high precision. Therefore, a training region topographi-

cally similar to the study region should be used.

The results of the FI analysis match well with the variable correlation analysis from Chapter
5.1.3. The stronger the correlation of the variable with the measured snow map, the more of-
ten the variable is used at the nodes of the decision trees in the RF-model. Therefore, the FI
increases. It does not matter if there is a negative or positive correlation between the variable

and the measured snow depths.
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6.2 Variations of the model accuracy depending on the spatial reso-

lution

The model precision statistically increases

with coarser spatial resolution. The statis- Mean modeled and measured snow depth

tical values used do not show the added
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FIGURE 6.1: The box plot shows the snow depth av-

erages comparing the measured and modeled snow
used which could localize snow accumula- maps. A box plot represents all 14 points of the
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spatial resolutions shows a decrease of the mean
SCD in the red circle in Figure 5.10 indi- snow depth with increasing pixel size. The length
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points. No coordinates in the model are

tions in the considered region. The increased

The restricted interval of the modeled snow depth at fine spatial resolution up to 20 m indi-
cates an over-fitting of the strongly represented mean snow depths (scatter plot in Figure 5.10).
Due to the increasing number of pixels with decreasing spatial resolution, the decision trees
built during the training focus more on the numerous snow depths around the mean. The
frequent snow depths are well modeled compared with the validation data. Therefore, the sta-
tistical coefficients (Rz, RMSE, MAE and MAD) are optimized. The RF-model training bases on
achieving the best possible statistical values. Thus, the modeled snow depths are always too
homogeneously distributed. At coarser resolutions (50m or 100 m pixel length), less extreme
deep snow depths are measured. This is due to merging small pixels together and take the

mean. Merging pixels increases R? and decreases RMSE which says that the model precision
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increases. Coarser spatial resolution does not increase the model precision but it smooths the
extreme values which are hard to model. It depends on the research question if it is impor-
tant that the model resolves the extreme values as it is needed to forecast avalanches or if the
RF-model should predict the mean snow amount in a region as it is important for hydropower

plants.

6.3 Temporal variations in snow depth distribution

The intra-annual analysis (Chapter 5.4) indicates that the RF-model trained at the snow peak
times gives less precise results at other times during the season than a RF-model trained with
data spreaded over the whole season. The modeled regression line is much steeper in Octo-
ber and December then in the second half of the snow season (Figure 5.11). This indicates a
too heterogeneously modeled snow cover at the beginning of the snow season. The RE-model
used for Latschiielfurgga and Schiirlialp was trained with the Davos data recorded at the snow
peak in March or April (marked red in Figure 5.11). The RLS of the other modeling times in
spring (Figure 5.11) shows that the snow distribution of the RF-model corresponds well to the
observed pattern. This agree with the mean analysis in Figure 6.1. The snow depth distribution
per number of pixels peaks at low snow depth at the beginning of the snow season (histograms
in Figure: 5.2, A.4 and A.7). Therefore, the snow is homogeneously distributed. Towards the
end of the season, the snow distribution becomes more heterogeneous which leads to a broader
histogram. The snow depth heterogeneity is a result of external processes as wind and irradi-
ation due to the topographic variability. Because most of the training data are from the snow
peak the RF-model has difficulties to model the homogeneous snow distribution at the begin-

ning of the season.

The annually repeating similar spatial patterns of snow depth distribution justifies high model
precision in inter-annual comparison. The RLS in the inter-annual analysis are mostly below
one (Figure 5.12). This reflects the finding of too homogeneously modeled snow distribution
which can be seen in the comparison of modeled and measured snow depth maps (Figure 5.10,
5.13,C.2, C.3 and C.1). Inter-annual modeling deviations are also evident in the R? values (Fig-
ure 5.9). The lower R? value in January 2016 may be due to the difference in modeling time
compared to the training data, which are all based on the snow peak in March or April. The
snow maps of the Davos region (Appendix A Figure A.5) shows the reduced snow amounts in
January with a mean value of 0.72 m compared to the training data. The RF-model has difficul-
ties to model the low snow winter 2022 precise. Therefore, the R? value is lower compared to
other years (Figure 5.9). In the same year, the snow depth map covers a bigger area, especially
in the southeast of the Davos region (Figure A.5). This area in the southeast is unknown for the
RF-model. The RMSE in 2010 and 2019 differs from the other modeled time points (Figure 5.9).

In these two years, the deviation of the mean values between the interpolated snow depths
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and the area-wide measured snow depths are bigger than for the other years (Figure 5.3). A
generally too small or too large amount of snow, which is implemented in the RF-model by
the interpolated snow depths, causes large deviations in the unit-based RMSE. The 2010 mod-
eling has an RMSE of 1.75m at a spatial resolution of 20m. This deviates strongly from the
average RMSE of 0.5 m at identical spatial resolution. This shows that the relation between the
interpolated snow depths of the stations and the measured snow amounts is enormously im-
portant. The RF-model is less precise in modeling extreme seasonality and climatic conditions
like snowy winters (2010) or low snow seasons (2022). In such extreme seasons, the measured
snow depth distribution differ strongly from the training data which leads to higher modeling
uncertainties. Therefore, it is even more important that large and diverse snow depth maps are

integrated into the training data.

The application of a snow depth model in areas that are not included in the training region is
one of the main goals of the RF-model. Griinewald et al., 2013 and Revuelto et al., 2020 point
out difficulties in the spatial extrapolation of their snow models. The four considered regions
Wagital, Laucherenalp, Saflischpass and Berninapass as well as the reference region Davos

North show how different the model precision is depending on the topographic properties.

The R? and RMSE values show how differently precise the RF-model can predict the snow dis-
tribution in the validation regions. The R? values from the Wagital (0.3) and the Laucherenalp
(0.28) are particularly low and the RMSE is high (Wagital, 1.62m and Laucherenalp, 1.7 m) (Ta-
ble 5.3). Both, the low R? and the high RMSE indicate an imprecise modeling of the Wagital
and Laucherenalp. The measured and modeled snow maps as well as its difference between
measured and modeled snow maps from the Wagital (Figure C.2) and the Laucherenalp (Fig-
ure C.3) show the dependence of the snow depth on the elevation. The FI (Figure 5.7) indicates
a somewhat greater influence of elevation in the modeled regions Wagital and Laucherenalp
compared to the training region Davos. The many positive difference values (measured - mod-
eled) suggest the underestimation of the snow depth in the model (Figure C.2). This could be
due to the interpolation of snow depths from the stations or due to the few overlapping ele-
vations between the training region Davos and the Wégital (Figure 2.2). General differences
in topography between training and validation regions may lead to uncertainties in the spatial

extrapolation of the RF-model.

The RF-model is able to model the two more topographically more diverse regions (Saflisch-
pass and Berninapass) more precisely compared to the two slope-oriented regions (Lauchere-
nalp and Wigital). The R? values for the Saflischpass (0.51) and for the Berninapass (0.42) are
higher than for the reference region Davos North (0.4). This indicates that the spatial distance
to the training area has no direct influence on the model precision in this setup. It should be
taken into account that by dividing the large Davos region into sub-regions, the training region

is reduced in size. The RMSE of the Saflischpass is with 1.58 m very high. The snow depth map
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of the Saflischpass (Figure C.1b) shows the heterogeneous snow distribution in the topograph-
ically diverse area. The RF-model models a too homogeneous snow distribution (Figure C.1a
and d) which can lead to an increased RMSE. Figure C.1 c shows that the measured small-scale
differences can not be reproduced by the RF-model. The potential of the RF-model is shown by
the scatter plot of the Berninapass (Figure 5.13 d). Most points are located near the one-to-one
line. Like for Saflischpass, the RF-model models a too homogeneous snow distribution for the
Berninapass. The snow-filled gullies and blown ridges are still evident in the modeled snow

map (Figure 5.13 a) but less clear than in the measured snow map (Figure 5.13b).

The RF-model precision depends on the topographic difference between training and valida-
tion regions. Large and variable training regions can generate a more diverse RF-model struc-
ture and thus produce better results in unknown regions. Compared to Revuelto et al., 2020
who uses an RF-model trained with terrestrial laser scanner (TLS) snow depth maps, the air-
borne snow depth maps used for this work cover a more than 300 times larger training region.
The stronger the unknown applying region differ form the training region the more demand-

ing it is to achieve a precise model result.

6.4 Random Forest for snow depth modeling: Advances and limita-

tions

The statistical values (R?> and RMSE) are similar to other snow models. Revuelto et al., 2020
uses an analog RF-model and a spatial resolution of 1m. The authors end up with a model
precision of: maximum R? value of 0.73, a MAE of 0.56 m and MAD of 0.52m. Compared to
Revuelto et al., 2020, the spatial resolution for this work is higher (6 m) and the study area 300
times bigger. Therefore, RF-model precision is slightly lower: average R? values of 0.41, MAE
of 0.6 m and MAD of 0.5m.

Griinewald et al., 2013 modulates with a multiple linear regression approach a test region near
Davos with a spatial resolution of 100m to 800 m pixel width. The R? values range from 0.4
to 0.8 with increasing spatial resolution. With an average R? value of 0.56 at a pixel width of
100 m, the RF-model presented in this work is statistically better in modeling the snow dis-
tribution. The Davos region is much larger then the study area from Griinewald et al., 2013.
Both study regions are similar in terms of topographic difficulty due to its close location. As
me, Griinewald et al., 2013 also identifies larger R? values with increasingly coarse spatial res-
olution (Figure 5.8). The comparison of absolut statistical values between snow depth models
is difficult due to the big differences in model setup like differences in the topography of the

study area, reference data, spatial and temporal resolution and size of model area.
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The comparison with other snow depth models shows that the RF-model achieves similar pre-
cision. Zheng et al., 2016 reach R? values of 0.27 with a linear regression approach. Griinewald
et al., 2013 models a precision of R? 0.46 with a multiple linear regression model. The R? of
Griinewald et al., 2013 vary strongly between different study regions. The model precision of
the RF-model presented here reaches an average R? value of 0.56. Accordingly, an ML-based

approach such as the RF principle is a suitable method for modeling snow distributions.

A temporal extension of the snow depth distribution over a snow season is difficult to model
with the RF-model (Figure 5.11). To model at the beginning of the snow season as well as
during the melting period, the RF-model must be trained with training data from the different

points in time.

The modeling of areas with heavy vegetation or urban regions is not investigated. Luo et al.,
2022 dealt in more detail with the modeling of snow in forested regions. In this work, urban

and forested areas were masked out by generous masking (Chapter 3.1.2).

A homogenized distribution of snow in contrast to the measured snow map is a common prob-
lem in modeling. The RF-model distributes the snow amounts more regularly in the study
area than desired (Figure 5.10, 5.13, C.1, C.2 and C.3). Topographic subtleties with snow filled
grooves and blown off edges are only partially reproduced by the modeling. However, the in-
crease in snow volume at higher altitudes becomes more important. The mean snow depths of
the individual models are closer together than the mean snow depths of the 14 measured snow
maps (Figure 6.1). Due to the model settings, the RF-model results never show areas with no
snow. For all modeled surfaces, a snow depth will inevitably result. Whether the surface is
covered with snow at all under the respective circumstances would have to be calculated in a

preliminary step.

The RF-principle has been proven as a snow modeling basis (Hu et al., 2021; Cartwright et
al., 2022; Revuelto et al., 2020). The large amount of data used to build the model during the
training process includes many combinations of topographic parameters. Thus, by using larger
training regions and snow maps from different points in time, a diverse and stable model can
be built. Since only a few regions have such precise snow maps as the Davos region, one goal of
snow modeling is to apply the model to new regions. The local statistical model of Griinewald
etal., 2013, which is also used in the Swiss Alps, reaches its limit when extrapolating the trained
model. Also Revuelto et al., 2020 with the very similar RF-model trained in high spatial reso-
lution but on small areas has a mean RMSE of more than 0.8 m, which is significantly higher
than the model precision in the same region. The RMSE values of the five regions used for
transferability are between 0.4m and 1.6 m, indicating that the model is not able to model at
the same precision in all regions. Bigger elevation ranges in the training data reduces the model

precision.
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7 Conclusion and Outlook

7.1 Conclusion

The topographically diverse and large-scale study region of Davos makes the RF-model robust
and flexible in its application. The snow depth modeling approaches and help to quantify the
water stored in the snow (SWE) and therefore to answer key questions in water and risk man-
agement. The snow depth maps resulting from the RF-model can be used to understand the
formation and dynamics of snow avalanches, for flood hazards or estimation of the available
water for hydropower generation. In the following, the answer to the four research questions
regarding parameter weighting, varying spatial resolution, an inter- and intra-annual compar-

ison, as well as the transferability of the RF-model are summarized.

Combined, the topographic variables contribute similarly to the RF-model decision as the in-
terpolated snow depths and SCD separately. The SCD and the interpolated snow depths of
the measuring stations give direct information about the snow amounts in contrast to the to-
pographic variables. Despite the limitations of the spatial resolution which is limited to 10m
for the SCD and 20m for the interpolated snow depths, these two variables are used most
intensively for decision making even on a detailed spatial resolution. Above a spatial resolu-
tion of > 50m, the Feature Importance (FI) of the interpolated snow depths gains significantly
at the expense of the SCD. Above a spatial resolution of 50 m, the elevation difference exerts
an increasingly larger influence on the snow distribution than fine-scale topographic changes.
Unlike other snow depth models (Revuelto et al., 2020; Cartwright et al., 2022; Daudt et al.,
2022), the included SCD is new and very effective considering its high FI. Furthermore, the use
of daily interpolated snow depths makes this approach significantly different from previous

snow depth models.

The R? values of the model accuracy increase from 0.41 to 0.56 with a resolution adjustment
from 6m to 100m. This indicates that model precision increases with larger pixels size. The
more detailed spatial resolution brings the problem that the extremes of low and high snow
depths are hardly modeled by the RF-model. The increasing amount of data with higher reso-
lutions becomes so large that the majority of pixels around the mean snow depth, shape most
decision trees. The results of the snow depth map are also convincing in the more detailed spa-
tial resolution up to 6 m pixel size. The published snow depth models work with different spa-
tial resolutions (Revuelto et al., 2020; Daudt et al., 2022; Lépez-Moreno et al., 2017; Cartwright
et al., 2022). Often, the spatial resolution is determined based on the available data. Although
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some of the data used here would be available at resolutions from 10cm to 2m, the limited
computational capacity and imprecise modeling makes it unattractive to exploit the maximum
degree of detail in the data. The visual comparison of measured to modeled snow depth map
shows that fine spatial patterns are partly well modeled in the range of pixel lengths between
6m and 20 m. It is important to adjust the spatial resolution to the final application of the snow

depth map.

Due to the annually repeating snow distribution patterns, the RF-model models the snow dis-
tribution with high precision based on training data from other years. We tested the inter-
annual relationship between the training and validation time points at the snow peak during
the season. This study with 14 recordings at the snow peak in March or April each year shows
that snow modeling has lower model precision in extremely low snow years or high snow
years. The interpolated station data, which represents the absolute amount of snow in the

model, cannot fully cover these large or small amounts of snow in the RF-model.

A larger temporal difference in the snow season between training and validation data reduces
the model precision. Unknown time points at the beginning of the snow season are modeled
too heterogeneously. Seasonal differences in snow depth modulation are hardly discussed in

the literature.

The extrapolation of snow depth models was already attempted by Revuelto et al., 2020 and
Griinewald et al., 2013 with limited success. Due to the large and diverse training area of the
Davos region, only a slightly lower model precision could be achieved in two other Alpine
regions than in the already known Davos region. In two other regions of the Alps, the mod-
eling showed significantly worse statistical results. This shows that in the region used for the
transferability, the threshold values and their distribution should lie within the interval of the
training region. The RF-model is limited to trained snow depth values which makes it hardly

possible to extrapolate beyond their limits.

The snow depth model developed in this thesis relies primarily on snow cover duration and
interpolated snow depths. In application, the RF-model is bound to the training data times at
the approximate times in the snow season. The good spatial extrapolation of the RF-model al-
lows a flexible application in different alpine regions. Jonas et al., 2009 computes the SWE from
snow depth only. The modeled snow depth maps of the RF-model, brings area-wide snow
depth information to the calculation of SWE. The SWE of an inflow area can estimate the avail-
able capacity for reservoir operators. The distribution of snow amounts from the RF-model
resulting map has a detailed spatial resolution and gives therefore specific information about

avalanche situation on interested slopes.
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7.2 Outlook

The potential of the RF-model is far from being exhausted. To improve the intra-annual mod-
eling, a temporal variable could be integrated in the model. This should help the RF-model to
know how the snow distribution generally should be. Therefore, the snow distribution during
the season should be analyzed in more detail which requires data sets at different times during

the snow season at detailed spatial resolution.

To achieve a heterogeneous snow distribution, the RF-model should be less focused on the
mean. The number of pixels with similar topographic conditions in the training area should
be distributed as evenly as possible. If enough training data is available, the topographic fea-
tures could be grouped together. Frequent combinations are limited, so that a possible equal
distribution of the topographic feature groups is created. This should lead to a higher model

precision in areas with extreme snow depths.

Broxton et al., 2019 studied snow cover in forested areas. To obtain a comprehensive snow
depth map, the inclusion of vegetation is essential. Insights from snow-covered vegetation
areas could be integrated into the RF-model through a land cover map which was tried by
Cartwright et al., 2022. This approach enable the RF-model to outperform snow modeling in

heavily vegetated regions.

The RF-model developed in this thesis can estimate snow depths but is not able to model snow
cover. In a further step, the model could learn where snow is located based on the interpolated

snow depths or other temporal weather data.

The successful implementation of the gauging stations data have a great effect on the model
accuracy. The snow depth from the measurement stations prevent a direct snow depth pre-
diction. In a further step, future modeling of point snow depths can serve as basis for the
RF-model for predicting snow volumes in the region of interest. These forward-looking capa-
bilities of the RF-model are important for satisfying the applications of the snow depth maps.
The RF-model offers the possibility to estimate region-specific snow volumes based on future
climatic scenarios. Hydroelectric power plants could determine the melt capacity for energy
production. On a larger scale, such snow distributions can also be used to estimate irrigation

and drinking water reserves in the future.
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A Appendix: Data analysis
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FIGURE A.1: Measured snow depth maps of the Latschiielfurgga study region. These measurements
are based on the drone scans.
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FIGURE A.2: Measured snow depth maps of the Schiirlialp study region. These measurements are based
on the drone scans.
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Snow depth distribution over time, Schiirlialp
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FIGURE A.4: The scatter plots show the pixel-by-pixel correlation analysis of snow depth maps. The
axis information as well as the color legend of the kernel density estimation is in the gray box. The
histograms show the distribution (y-axis) of the modeled snow depths in the (x-axis) respective snow

depth map.
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TABLE A.1: Statistical analysis of snow distribution from the five snow depth maps of the Schiirlialp
region. The R? values are in the lower left half of the table. Smaller R? values are colored in darker
blue. A bigger (brighter colored) R? value describes a more similar distribution of snow at the two time
points considered. The RMSE values are located at the top right of the table and are colored in darker
green as the size increases. Smaller (brighter colored) RMSE values show more similar distribution of
snow amounts at the two time points considered. A close correlation exists between the 23.02.2018 and
07.04.2018 snow maps.

| 23.02.2018 | 07.04.2018 | 18.02.2019 | 17.12.2020 | 16.04.2021
23.02.2018 | | 003 | o010 [ 087 | o015
07.04.2018 |  0.87 | | 013 | 034 | 012

18.02.2019 | 057 | 045 | oS0 022
17.12.2020 | NOORININN0250 O 0%
16.04.2021 | 044 | 057 R EEETE
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FIGURE A.6: Measured snow depth maps of the Davos region normalized with the mean snow depth from each point of time.

200

175

150

rl2s

r1o0

ro7s

050

025

0.00

62



Distribution of HS in the Davos region
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FIGURE A.7: The scatter plots show the pixel-by-pixel correlation analysis of snow depth maps. The
axis information as well as the color legend of the kernel density estimation is in the gray box. The
histograms show the distribution (y-axis) of the modeled snow depths in the (x-axis) respective snow
depth map.
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TABLE A.2: Statistical analysis of snow distribution from the five snow depth maps of the Davos region.
16.04.2021

The R? values are in the lower left half of the table. Smaller R? values are colored in darker blue. A
as the size increases. Smaller (brighter colored) RMSE values show more similar distribution of snow

considered. The RMSE values are located at the top right of the table and are colored in darker green
amounts at the two time points considered.

bigger (brighter colored) R? value describes a more similar distribution of snow at the two time points
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B Appendix: Statistical values and Feature Importance of
the RF-model

TABLE B.1: Statistical values (R?, Median Absolute Deviation (MAD), Mean Absolute Error (MAE), Root
Mean Square Error (RMSE)) of the model accuracy from snow modeling of the Davos region. All values
are averaged over the 14 time points modeled using k-fold cross validation.

spatial resolution | R*> | MAD | MAE | RMSE

6m | 041 | 0.5 0.6 0.7
10m | 0.44 | 0.45 057 | 0.64
20m | 043 | 043 053 | 0.53
50m | 0.53 | 0.37 0.46 | 0.43

100m | 0.56 | 0.35 044 | 0.44

TABLE B.2: Feature Importance (FI) of the Davos region splited in different spatial resolution. Larger FI
(in darker blue) represents more decision nodes in the decision trees of the RF-model.

spatial resolution ‘ interp. HS ‘ SCD ‘ Elevation | Aspect ‘ Slope ‘ TPI ‘ DAH

6m 0.27 0.06 0.01 0.04 | 012 0.02
10 m 0.27 0.07 0.03 0.04 | 012 0.02
20 m 0.30 0.05 0.01 0.03 | 011 | 0.02
50 m 0.05 0.02 0.03 | 0.07 | 0.03

100 m 0.07 0.02 0.04 | 0.05 | 0.04
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TABLE B.3: Regression Line Slope (RLS) of the Davos region at different spatial resolutions at the 14
time points modeled. RLS smaller than one (blue) indicates a too homogeneous distribution of snow
amounts by the RF model. Too heterogeneously distributed snow amounts show an RLS greater than
one (yellow-brown).

date |6m |10m [20m |50m | 100 m

16.04.2010 057
20.03.2012 0.793 | 0.806
15.04.2013 | 0.89 | 0.894 | 0.921 | 0.943 | 0.95

17.04.2014 | 1.025 | 1.044 | 1.088 | 1.153 | 1.156
15.04.2015 | 1.016 | 1.044 | 0.996 | 1.12 | 1.135
26.01.2016 | 0.897 | 0.903 | 0.935 | 0.891 | 0.858
09.03.2016 | 0.799 [J0I622) 0.826 | 0.856 | 0.82

20.04.2016 | 0.916 | 0.928 | 0.964 | 0.994 | 0.995
16.03.2017 | 0.928 | 0.942 | 0.995 | 1.041 | 1.027
11.04.2018
16.03.2019
06.04.2020 | 1.058 1.134
16.04.2021 | 0.929 | 0.945 | 0.974 | 1.011 | 1.034
16.03.2022 | 0.923 | 0.993 | 0.908 | 0.882 | 1.12

0.796
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C Appendix: Model transferability
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FIGURE C.1: For all plots, the model was trained exclusively with data from the Davos region. (a)
modeled snow depth distribution of the Saflischpass at the 23.02.2022. (b) reference snow depth map
used for model precision (c) difference between the measured snow depth an the modeled snow depth
(d) snow depths model precision. The position of the points (d) depend on the measured snow depth of
a pixel (x-axis) and the modeled snow depth at the same pixel (y-axis). The black one-to-one line shows
the modeled and measured snow depths coincide. The red regression line shows the optimal correlation
of the point cloud. The Regression Line Slope (RSL), coefficient of determination (R?) and Root Mean
Square Error (RMSE) are three statistical values to describe the model precision. The color of the point
cloud corresponds to the kernel density estimation and shows the density of the point clouds.
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Modeled snow depth map, 06.04.2018 Modeled snow depth map, 02.04.2019
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FIGURE C.2: For all plots, the model was trained exclusively with data from the Davos region. (a and
b) modeled snow depth distribution of the Wagital at the 06.04.2018 and 02.04.2019 (c and d) reference
snow depth map used for model precision (e) difference between the measured snow depth an the
modeled snow depth from the 06.04.2018 and (f) from the 02.04.2019 (g) snow depths model precision
from the 06.04.2018 (h) snow depths model precision from the 02.04.2019. The position of the points (g
and h) depend on the measured snow depth of a pixel (x-axis) and the modeled snow depth at the same
pixel (y-axis). The black one-to-one line shows the modeled and measured snow depths coincide. The
red regression line shows the optimal correlation of the point cloud. The Regression Line Slope (RSL),
coefficient of determination (R?) and Root Mean Square Error (RMSE) are three statistical values to
describe the model precision. The color of the point cloud corresponds to the kernel density estimation
and shows the density of the point clouds.
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FIGURE C.3: For all plots, the model was trained exclusively with data from the Davos region. (a)
modeled snow depth distribution of the Laucherenalp at the 24.02.2022. (b) reference snow depth map
used for model precision (c) difference between the measured snow depth an the modeled snow depth
(d) snow depths model precision. The position of the points (d) depend on the measured snow depth of
a pixel (x-axis) and the modeled snow depth at the same pixel (y-axis). The black one-to-one line shows
the modeled and measured snow depths coincide. The red regression line shows the optimal correlation
of the point cloud. The Regression Line Slope (RSL), coefficient of determination (R?) and Root Mean
Square Error (RMSE) are three statistical values to describe the model precision. The color of the point
cloud corresponds to the kernel density estimation and shows the density of the point clouds.
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