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Abstract

The spatiotemporal distribution of snow affects hydrological and climatological processes at dif-
ferent scales. Accordingly, quantifying geometric features of snow-cover patterns is important,
providing a valuable complement for snow water equivalent (SWE) modelling. This study on
satellite-based morphological analysis originally uses two types of geometric indexes: (1) MN,
Minkowski numbers (area (MN1), perimeter (MN2), Euler number (MN3)), and (2) CL, average
chord length, to describe the morphology of Sentinel-2-derived snow-covered areas (SCAs),
within the high-alpine site Zugspitze for a 5 year period. Results indicate that they capture the
seasonal variability of snow-cover patterns, particularly during accumulation and ablation.
Being to some degree independent from each other, MN2, MN3 and CL provide additional infor-
mation upon shape, connectivity and length scale of snow cover, compared to most used indexes
(e.g. fractional SCA). Correlation values up to +0.7 for MN2, +0.58 for MN3 and +0.46 for CL
were observed with selected topographic characteristics, suggesting a close connection between
geometric features of snow cover and ground features. Comparing in situ SWE measurements
with MN and CL shows a correlation between —0.5 and +0.5. These indexes can hence be applied
in combination with in situ data and/or modelling approaches to improve spatially distributed
SWE in high-alpine catchments.

1. Introduction

Satellite remote sensing has been widely used for systematic monitoring of spatially distributed
snow-covered areas (SCAs), even in near real-time mode, from global to catchment scales.
Improved products on seasonal snow-cover mapping are being developing rapidly, and new
satellite missions, such as Sentinel-2, are improving spatial and/or temporal resolution of
the remotely acquired data. A large number of studies was carried out in the field of deriving
SCAs, based on the normalized difference snow index (NDSI) (e.g. Hall and others, 2002;
Hirer and others, 2018; Gascoin and others, 2019), and fractional snow-covered areas
(FSCAs), mainly based on spectral unmixing (e.g. Salomonson and Appel, 2006; Stillinger
and others, 2023). Several studies found seasonal changes of (F)SCA to be correlated both
with meteorological variables (e.g. Tang and others, 2017) and topography (e.g. Helbig and
others, 2015; Poggio and Gimona, 2015; Helbig and others, 2021a, 2021b). The development
of assessing snow water equivalent (SWE) using snow-hydrological models in conjunction
with remote-sensing products has made significant progress (e.g. Rittge and others, 2016;
Premier and others, 2022). Numerous studies have shown a strong correlation between topog-
raphy and the distribution of snow depth (HS) and SWE during both accumulation and snow-
melt periods. There are two main approaches being pursued in this regard. Firstly, researchers
are utilizing modelling techniques of varying complexity to assess SWE (Durand and others,
2008; Brown, 2010; Brauchli and others, 2017, Diodato and others, 2022). Secondly, there is a
growing interest in employing airborne or terrestrial LIDAR (Griinewald and others, 2013;
Melvold and Skaugen, 2013; Helfricht and others, 2015; Skaugen and Melvold, 2019; Weber
and others, 2020) as well as very high-resolution drone- and satellite-based stereo-
photogrammetric observations (Mendoza and others, 2020; Shaw and others, 2020).
Although several approaches to estimate SWE were pursued hitherto, this is still a very chal-
lenging task, and currently considered as a most important, not yet fully solved issue in the
field of snow hydrology (Dozier and others, 2016).

In this context, it is crucial to improve the existing technologies and to explore novel
approaches, e.g. in snow data assimilation methods, as well as to advance the development
of accurate and reliable mathematical models that can estimate snow-related variables (e.g.
SWE and HS). In this study, we pursue new ways to quantify snow-cover patterns based
upon mathematical morphological indexes, i.e. (1) Minkowski numbers (MN) (Mecke and
Klaus, 2000), describing the area (MN1), perimeter (MN2) and Euler characteristic (MN3)
of a snow-cover pattern, and (2) chord length (CL) distribution (Roberts and Torquato,
1999). Hitherto, we are not aware of previous work using such morphological indexes in
this field. We investigate how MN and CL change dynamically over space and time, as a result
of snow accumulation and snowmelt processes, thereby mirroring variations in HS and SWE.
While here we mainly focus upon the analysis of space-time variations of MN and CL and
their correlations to topographic features, our aim is to exploit such tools to complement
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SWE estimation, as we will outline in more detail in our conclu-
sions. Considering that the morphology and topology of seasonal
snow-cover patterns in high-alpine areas are largely controlled by
topography, and snow-hydrological and meteorological processes,
the main objectives of the study are to (1) evaluate the effective-
ness of MN and CL in quantitatively describing the geometric
characteristics of snow-cover patterns seasonally, (2) quantify
the influence of topographic features upon geometric properties
of snow-cover patterns, such as shape, connectivity and scattering
and (3) perform a first analysis of the correlation of in situ SWE
measurements with MN and CL. In a further step, we hope to
enhance the understanding of the processes shaping of the snow-
cover patterns in high-alpine regions and to provide additional
information for hydrological modelling thereby enhancing our
ability to represent and simulate the spatiotemporal occurrence
of snow in complex topography.

2. Methods
2.1 Study area

The study area is between Upper Bavaria (Germany) and North
Tyrol (Austria), at the Zugspitze Massif, in the European
Northern Limestone Alps (Fig. 1a). It has an extent of 29.6 km?,
a mean altitude of 2,078 m a.s.l. and fully covers in the upper
parts the 11.4 km? research catchment Zugspitze. Annual average
temperature therein is —4.5°C, and annual precipitation is
2,080 mm (Voigt and others, 2021; Weber and others, 2021).
Altitude range spans over more than 2,100 m, encompassing
Mount Zugspitze, the highest peak in Germany with 2962 m
a.s.l, and the valley floors down to 830 m a.s.l. Large topographic
variability and complexity lead to different meteorological condi-
tions over the entire area, originating into distinct spatiotemporal
snow-cover patterns during the snow season (Weber and others,
2020), making this site of particular interest snow wise. Most of
the area is not or sparsely vegetated. Between ~1,400 and
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~2,000 m a.s.l. the area is mainly covered with mountain pines,
while below 1,400 m a.s]. mainly coniferous forests are found.
There are three very small glaciers in the upper part of the catch-
ment (see Fig. 1a), i.e. (1) northern Schneeferner, (2) southern
Schneeferner and (3) Hollentalferner, with a total surface of
0.34km* in 2018 (Hagg, 2022). Nevertheless, in 2022 the south-
ern Schneeferner lost its status as glacier due to a significant
decline in both thickness and extent during 2018-21, and it is
projected that the remaining ice may completely melt within
2024 (Mayer and others, 2022).

The high-alpine seasonal snow-cover dynamic at the study site
displays five main stages, as seen from Sentinel-2-derived snow-
cover maps (Figs 1b-f; see Section 2.2 regarding satellite data
description). Figure 1b shows start of accumulation. The first
snowfall events of the season start typically between the end of
September and beginning of October in the upper parts of the
catchment. Snow cover can appear patchy if some melt occurs
in this phase. Figure 1lc shows extended and homogeneous
SCA. This happens typically in November/December-March in
the upper and mid parts, and can reach the valley floors during
the high-winter season. Figure 1d displays start of snow ablation.
Snowmelt starts predominantly in the mid-elevation range usually
during April and May. Snow is mainly patchy in the middle parts.
Figure le displays the end of snow ablation season. Intense snow-
melt with patchy snow in the upper parts occurs in June and July.
Figure 1f show snow-free period. August and September are
mainly snow free, with occasional snowfall events, with snowpack
usually not reaching until autumn. The three glaciated areas are
visible with bare ice or firn.

2.2 Satellite-derived snow-cover maps

For the snow-cover mapping exercise in this study, we used
Copernicus Sentinel-2 images from the European Space Agency
(ESA), available as level 2A product (atmospherically corrected)

Figure 1. Overview of the study site Zugspitze: (a) spatial distribution of altitude and the locations of the glaciers, examples of snow-cover maps of five
different days during the season 2019/20, representing typical phases of snow-cover evolution, acquired respectively on (b) 16/10/2019, (c) 18/11/2019, (d) 12/6/2020,
(e) 6/8/2020 and (f) 18/9/2020, overlapped on a satellite image of the area under investigation (Google Earth Pro, 2021). The red lines in (b-f) show the outline of

the snow cover/glaciers.
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Figure 2. Sentinel 2 - L2 products monthly availability (excluding images with cloud cover) in the study area for the period between November 2016 and October 2021.

in the area of investigation, since November 2016. The multispec-
tral images with visible, and near to shortwave infrared bands,
were downloaded through the EO Browser of Sentinel Hub (EO
Browser, 2022), supported by the ESA. We considered a 5 year
time period during November 2016-October 2021, and we
selected 129 images (excluding images with cloud cover), distrib-
uted in time as shown in Figure 2. The images originally come in
a spatial resolution of 10 m in the visible bands, and 20 m in the
shortwave infrared bands. However, the Sentinel Hub performs a
downscaling procedure as due to WGS84 projection, achieving a
value of 6.78 m for the 16-bit TIFF image downloaded within the
area of investigation. The identification of SCA was carried out
using the NDSI, with a threshold of NDSI >0.42, based upon
the Scene Classification algorithm developed by ESA, specifically
for Sentinel-2 images (ESA, 2023). Notice that in this study sha-
dows were blind spots. However, more sophisticated algorithms
for snow-cover detection in satellite images, e.g. based on machine
learning (Barella and others, 2022) could help to extent the inves-
tigated area.

2.3 Snow-cover pattern descriptors: Minkowski numbers and
average CL

To quantitatively describe snow-cover patterns, we used two
indexes, i.e. (1) MN and (2) CL, which have been recently used
to describe morphological features of different binary patterns.

MNs are morphological descriptors related to curvature inte-
grals, which characterize extent, shape and connectivity of spatial
patterns (Mecke and Klaus, 2000). This set of morphological
descriptors was successfully used to quantify complex binary
objects, as well as their temporal dynamics (e.g. Schliiter and
Vogel, 2011), and it has been applied in a variety of fields, in par-
ticular in soil sciences (e.g. Vogel and others, 2005), but also for
snow microstructure analysis (Schleef and others, 2014). For a
two-dimensional (2-D) space it is possible to compute three
MNs (Parker and others, 2013), i.e. (1) total area of the pattern
(MN1), i.e. the total extent of the snow-covered parts, (2) total
perimeter of the pattern (MN2), i.e. the total length of the bound-
ary between SCAs and no-snow areas and (3) Euler number
(MN3). MN3 is given by the difference between the convex ele-
ments and the concave elements of the pattern, giving informa-
tion on the connectivity between the elements of the pattern
(thus the degree of homogeneity and clustering). In plain
words, if a pattern is mainly composed of isolated convex objects,
MN3 is a positive value, and describes the number of elements in
the pattern. If a pattern is a connected network MN3 is a negative
value, and the absolute value describes the number of meshes in
the network (Vogel and Babel, 2006). MN3 is given as

1 1
=55 Hd‘ M
X
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where X is the pattern, R is the radius of curvature of the circum-
ference of a single object in the pattern and dc is an infinitesimal
element of the circumference of the object (Vogel and others,
2005). To compute the MNs for the snow-cover patterns, we
used the QuantImPy Python package (Boelens and Tchelepi,
2021). Intuitive examples of the MNs computed on synthetic
binary patterns are shown in Figure 3a.

CL distribution p(z) is a probability function associated with
one of the two components of a binary pattern. It has a direct
relationship with the morphology of a pattern, and therefore it
is a useful tool to describe complex binary structures (Roberts
and Torquato, 1999). The CL distribution describes the probabil-
ity p;(z)dz that a randomly selected chord identified in the com-
ponent i (defined as a segment starting and ending at the
boundary between the two components, see Fig. 3b) is character-
ized by a length in the range [z, z+ dz] (Roberts and Torquato,
1999). All segments spaced by a given distance and orientated
in the same direction are selected; different distance and orienta-
tions can be considered, in this case we decided for a distance of
one pixel and vertical orientation (i.e. parallel to the north-south
axis). The average CL is the first moment of the distribution,
which is used in the study as a representative index, since it pro-
vides an estimation of the length scale associated with the ele-
ments of the component i (Schlitter and Vogel, 2011). The
calculation of CL was carried out through the PoreSpy Python
package (Gostick and others, 2019), originally designed to extract
information from 2-D and three-dimensional (3-D) images of a
porous material.

2.4 Topographic descriptors

The topography of the area was calculated from a 1 m DEM
(LDBV, 2022) resampled to 6.78 m (resolution of snow-cover
maps). We considered topographic descriptors of altitude, aspect,
slope and curvature. Altitude is a main driver for snow accumu-
lation and ablation: because of the temperature gradient, at the
highest altitudes snow-cover accumulation starts earlier in the
season, and lasts longer, often leading to a deeper snowpack.
Aspect becomes especially significant during snow ablation,
and needs to be considered due to both different effects of solar
radiation, i.e. north-facing slopes are more shaded than south-
facing slopes, and different effects of wind, i.e. leeward slopes
are more subjected to snow accumulation then windward slopes
(Lopez-Moreno and others, 2013). The area of interest includes
cells with aspect in almost all directions. We considered two com-
ponents of aspect, i.e. (1) along the north-south direction and (2)
along the east-west direction. This means their values increase
monotonically with exposition to solar radiation. Accordingly,
such components of aspect are more clearly related to snow pro-
cesses: higher values indicate lower exposure to solar radiation,
and often deeper and more extended snowpack, while lower
values indicate vice versa. Slope and curvature mainly affect
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Figure 3. (a) Examples of MNs of different synthetic patterns with white circular elements of different radius, r, belonging to an area of 100 cm?. (b) Schematic of CL
measurements for cross sections of two-components random patterns. The chords are defined by the intersection of lines with the two-components interface. In
the examples, two lines of segments in vertical and horizontal directions are represented.

snow deposition due to gravitational transport. Slope is the inclin-
ation of the ground to the horizontal, and it is related to the local
effect of gravity (Rowbotham and others, 2005), affecting pro-
cesses such as deposition, and lateral snow transport (Bernhardt
and Schulz, 2010; Bombelli and others, 2021); steeper slopes
have generally thinner snow cover. Curvature is the convexity/
concavity of the ground, with implications in the acceleration/
deceleration, and convergence/divergence of materials like snow,
affecting erosion and snow deposition (Hanzer and others,
2016). Convex features were attributed to positive values up to
+1 and concave features to negative values down to —I.
Histograms with the frequency distributions of each topographic
feature are shown in Figure 4.

2.5 Method for spatial correlation of morphology of snow-cover
pattern and topographic descriptors

To assess the correlation level between snow-cover features as
quantified with MNs and CL (Section 2.3) and the chosen topo-
graphic characteristics (Section 2.4), we calculated the spatial dis-
tribution of the morphological indexes and the topographical
features within the entire area of investigation. To do so, we devel-
oped an algorithm to compute MNs and CL across a moving win-
dow upon the snow-cover maps. The moving window needs to be
(1) large enough to cover a snow-cover pattern, representative of
local geometry, and topology of snow distribution, and still (2)
small enough to be represented by spatially averaged topographic
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and (d) curvature.
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indexes. To identify (a range for an) optimal window extent, a
qualitative sensitivity analysis was performed. We computed the
MNs in multiple areas within the catchment, using different
side lengths ranging between 50 m and 1km, during October
2020-September 2021. We then visually compared the resulting
time series in order to identify the smallest window size that
could still capture a representative snow pattern. Based on this
analysis, we established that, for the purpose of this study, a win-
dow size of 250 m x 250 m was the minimum extent required to
identify most significant temporal variations in the spatial distri-
bution of the snow pattern morphologic indexes. This size was
effective in capturing changes, both during the onset of winter
accumulation and during the melting phase in spring/summer,
while also effectively describing the local topographic features.
Smaller window extents were found to capture poorly the spatio-
temporal variability of snow-cover patterns. On the contrary, lar-
ger window sizes, although capturing well the variability of the
indexes in time, were less representative of the underlying topog-
raphy. Thus, using larger windows result in lower (estimated) cor-
relation values between the indexes and topography. We believe
that a window size of 250 m x 250 m is an optimal choice for
our study, since it balances capturing significant temporal varia-
tions in snow-cover patterns, while adequately describing local
topographic features. It is important to highlight that the optimal
window size is influenced by the topographic characteristics of
individual mountain regions. In areas with higher topographic
variability, a smaller window size is required to represent the
ground sufficiently, whereas in regions with lower topographic
variability, a larger window size is beneficial to encompass less
frequent changes of snow-cover patterns. In this regard, for future
studies, the choice of the moving window size could be optimized

using statistical algorithms, which take into consideration the pre-
vailing topography and the magnitude of the geometric features of
the snow-cover patterns. The outputs of the moving window
approach are four raster files, displaying the spatial distribution
of the four snow-cover pattern descriptors, MN1-MN3 and CL,
for each of the snow-cover images. To link snow-cover patterns
to topography, the same moving window frame was applied to
compute a spatial average of the topographic descriptors.
Examples of the spatial distribution of the morphological indexes,
together with the distribution of the spatially averaged topo-
graphic descriptors are shown in Figure 5. Spatial correlation
was quantified through Spearman rank correlation coefficient
(p). Spearman’s p is a non-parametric measure, and it quantifies
strength and direction of a (monotonic) relationship between two
variables, without an a priori functional assumption (e.g. a linear
relationship).

3. Results and discussion

3.1 Seasonal evolution of the morphological descriptors of the
snow-cover patterns

Time series of MN and CL of the entire image extent of the
Zugspitze region for the 5 year period November 2016-October
2021 show a marked annual periodic behaviour (Fig. 6).

3.1.1 Minkowski numbers (MN1-3)

Peaks of MN1 were detected mainly between November and
March, and minimum values were achieved between August
and September, describing the transition from (almost) fully
SCAs to (almost) snow-free conditions (Fig. 6a). The increase

Il No snow %I‘\H [nﬂ MN2 [m] -MN3 & -CL [m]-
] Snow 46 62,5 27 375 -7 4 7 236
b r’

Altitude [m a.s.L.] Slope [°] Aspect [°] Curvature [°]
L I [ | I 1
1,359 2,888 7 64 0 360 -0.003 0.004

Figure 5. (a) SCA of 21/09/2017 (top) and 16/10/2017 (bottom) and the corresponding spatial distribution of the morphological indexes: SCA (MN1), perimeter of the
snow cover (MN2), Euler characteristic of the snow cover (MN3) and average chord length of the snow cover (CL). White areas regarding MN1, MN2, MN3 and CL
represent no calculated morphological value either due to no or full snow coverage in the moving window frame. (b) Spatial distribution of the averaged topo-
graphic descriptors in the area of study. A moving window algorithm with a window extent of 250 m x 250 m was applied to compute the morphological indexes (a)

and to average the topographic descriptors (b).

https://doi.org/10.1017/a0g.2023.62 Published online by Cambridge University Press


https://doi.org/10.1017/aog.2023.62

——Corr CL - E/W aspect comp

6 Lucia Ferrarin and others
a 1.00
_S 0.50
= 000 __
S 0.50 =
% S
= . T -1.00
g 2 e ; s N p ‘ o o
< Qé‘ & Q@“‘ & Q@C‘ S Q@“ & Qeac’ &
—e—MN1 —o—Corr MNI1 - altitude
b 375 1.00
=
£ 250 0.50
ks 000 —
w125 a
gé i -0.50
g 0 4 ; ] . ; . ; . . ; -1.00
2 » N X » 8 A S
Nil SR SR SR SR N
—o—MN2 ——Corr MN2 - slope
" 300 1.00
= 0.50
= 0
__g 0.00 =
2 =00 0.50 &
S
.ls’ -600 & T T T T T T T T -1.00
I S T P R S N
o SR W SR SR S
d —o—MN3 —e—Corr MN3 - curvature 66
=
o 0.50
= —
i) o
- 000 ‘o
S
]
< -0.50
)
o -1.00
o
>
<

—+—Corr CL - N/S aspect comp

Figure 6. Time series of MN and CL and the corresponding correlation values with examples of topographic features: (a) MN1 and correlation with altitude, (b) MN2
and correlation with slope, (c) MN3 and correlation with curvature, (d) CL and correlation with N/S and E/W components of aspect. Data have been computed on
129 snow-cover maps produced from Sentinel-2 satellite images of the Zugspitze research catchment acquired in a time period between November 2016 and

October 2021.

from minima to maxima is faster than the decline from maxima
to minima, in line with longer snow ablation at the end of the
snow season, than SCA expansion at the beginning. MN2, i.e. per-
imeter, shows mostly low values when high values of MN1 occur,
indicating an extended and homogeneous snow-cover distribu-
tion, but even when low values of MN1 occur, indicating a
small amount of snow in the catchment (Fig. 6b). This means
MN2 shows lower values, when the area is mainly homogeneously
snow-covered or almost snow-free, and high values during the
ablation period, and occasionally also in summer or autumn,
with first snow accumulation at the highest altitudes, when swift
changes in space of the snow cover occurs. Comparing the curves
of MN1 and MN2, MN2 has larger interannual fluctuations.
MN3, i.e. Euler number, shows a periodicity almost symmetrical
to MN1 (Fig. 6¢). When snow is quite homogenously spread over
the entire area (mainly during the accumulation period), the pat-
terns tend to be more connected, showing negative MN3 values.
However, small fluctuations during the winter period are more prom-
inent in MN3 compared to MN1. In general, when snow cover

https://doi.org/10.1017/a0g.2023.62 Published online by Cambridge University Press

decreases, the patterns tend to be sparser and disconnected, showing
positive MN3 values. High positive values resist until autumn, and as
soon as most of the area is covered by snow, MN3 suddenly changes
to negative values. MN3 also allows us to identify summer or early
autumn occasional snowfall events. The visible change between a
minimum and a peak in September 2017, for example, shows an
early autumn extended, yet short-lasting (the area is almost snow-free
again until end of October) snow accumulation. This event is also vis-
ible in a peak in MN2 and a minimum in MNI.

3.1.2 Average CL

CL shows a steep increase during accumulation, and a slower
dynamic during ablation (Fig. 6d). Rather short peaks are specif-
ically observed at times, when the conditions move from less/
no-snow conditions to large accumulation. This is mainly the
case at the beginning of the winter period, but it can also occur
in spring, with a cold period, as it was for example the case in
March/April 2021. Lowest values are observed mainly between
July and September, when SCA achieves the least values.
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Table 1. Linear correlation coefficient between each index, computed on the
entire images’ extent

MN2 MN3 CL
MN1 0.516 —0.847 0.769
MN2 —0.234 —0.003
MN3 —0.639

Overall, MN and CL seem to quantitatively describe the tem-
poral variability of snow-cover patterns well, and their seasonal
and annual periodicity. Although MN1 alone gives already a
good depiction of the spatiotemporal distribution of snow,
MN2-3 and CL represent different features, and identify comple-
mentary morphologic information, so it is reasonable to consider
them jointly for snow-cover pattern description. In fact, these
indexes not only give information about the extent of the SCA,
but they also quantify its shape, connectivity and length scale of
snow cover. This is clearly visible in Figure 6 where MN1, repre-
senting the total extent of SCA achieves a plateau, usually between
December and April (Fig. 6a), while the other indexes continue to
exhibit more variability (Figs 6b—d). This shows that MN2, MN3
and CL help in capturing additional information of the geometric
features of the snow-cover patterns.

To investigate how independent the information provided by
each index is, we computed mutual linear correlation coefficients
(Table 1). The results show that all indexes display a certain level
of independence, and therefore each one carries additional infor-
mation content, which might have some link to the controlling
topographic features. Especially, MN2 is the least correlated com-
pared to the others. For example, two patterns with a similar MN1
could be characterized by a totally different MN2, i.e. if one of
them is more homogeneous and less dispersed, while the other
one is more scattered. Similarly, two patterns with a similar
MN2 could be characterized by very different MN3 values, if
one of them consists of multiple separated small elements,
while the other consists of few, but bigger branched elements.
Compared to MN, CL seems to be less sensitive in the character-
ization of the ablation phase. However, it shows distinct peaks
when the most parts of the site moves from no/less snow to a lar-
ger homogeneous snow extent, which is the case mainly in the
early winter season, and this is therefore an added value further
to the use of MN.

3.2 Spatial correlation of morphologic snow-cover pattern and
topographic descriptors

A spatial correlation analysis between the morphological indexes
MN and CL and topographic descriptors (see Section 2.5) was
performed, with the aim of getting an insight on how topography
affects snow-cover processes described by morphologic indexes.
Figure 6 shows the correlation between MN (a-c) and CL (d)
with selected topographic descriptors. Correlation between the
morphologic snow pattern descriptors and all topographic fea-
tures is shown in Figure 8 in the Appendix.

3.2.1 Area (MN1)

Correlations between MN1 and all topographic features display
the highest values, and the most marked periodic behaviour,
when compared to the other indexes. The results confirm the ten-
dency of snow to be present for a longer period in higher and flat-
ter areas, as well as for northern and eastern expositions. In
Figure 6a the correlation of altitude and MN1 shows values up
to 0.8, for less/no-snow conditions, but lower values, close to 0,
for high snow coverage. Interestingly, the correlation with altitude
shows even slightly negative values, down to —0.25, during the
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high-winter season, possibly caused by extended/homogeneous
snow cover at low and mid altitudes (flatter and more wind
shielded ground), and more heterogeneous/fragmented snow
cover at high altitudes (steeper and more wind exposed ground)
(see Fig. 1d).

3.2.2 Perimeter (MN2)

Correlation between MN2 and topographic features shows a
marked periodic behaviour, characterized by a wide range of
both positive and negative values (see Fig. 6b). This suggests
opposite effects of the same topographic feature on MN2 as vary-
ing in time, possibly caused by the intrinsically non-monotonic
behaviour of this index. MN2 shows (1) negative correlation
with altitude and aspect (both facilitating snow deposition/accu-
mulation), achieving values down to —0.23 and —0.36, respect-
ively, and positive correlation with slope and curvature
(facilitating lateral snow transport), achieving values up to
+0.60 and +0.40, respectively, from December to March (when
there are extended/homogeneous snow-cover patterns). MN2
also shows (2) positive correlation with altitude, up to +0.71
and aspect, up to +0.68, and negative correlation with slope,
down to —0.76 and curvature, down to —0.31, during June-
September (when there are limited/sparse SCAs). This likely hap-
pens because within an extended SCAs, the biggest patches with
no snow (high MN2) are placed at the lowest altitude and aspect,
and where highest values of slope and curvature (convex features)
occur, while at the highest altitude and aspect, and at lowest
values of slope and curvature (concave features), snow tends to
accumulate and/or last longer, and therefore areas without snow
cover are smaller (low values MN2). On the contrary, in a sparse
SCA, the biggest patches of snow (still high MN2) are placed at
the highest altitude and aspect, and at the lowest slopes and cur-
vatures (concave features), whereas at low values of altitude and
aspect and high values of slope and curvature (convex features)
snow is absent, or distributed in small and sparse patches (low
MN2). A visual explanation of how MN2 is affected by slope
and by aspect is given in Figures 7a and b (top panel),
respectively.

3.2.3 Euler characteristic (MN3)

Correlations between MN3 and topographic features show lower
values, more frequent changes and a less marked periodic behav-
iour compared to the other indexes, which makes the interpret-
ation more difficult. Negative correlation is observed against
topographic features facilitating snow deposition, accumulation
and later ablation, as they lead to more connected snow-cover pat-
terns (negative MN3). Further, positive correlation is observed
with topographic variables inhibiting snow accumulation and
facilitating faster ablation, because they lead to more fractionated
snow-cover patterns (positive MN3). As far as curvature is con-
cerned, correlation shows positive values (1) during winter
(extended and homogeneous snow cover), achieving values up
to +0.34, suggesting a predominant effect of convex ground fea-
tures in snow accumulation and redistribution processes, which
leads to a well-connected pattern, and (2) during summer (limited
and sparse snow cover) achieving values up to +0.24, suggesting a
predominant effect of concave ground features, leading to a more
poorly connected pattern (Fig. 6¢). Both combinations of convex
features/connected snow-cover patterns, and concave features/dis-
connected snow-cover patterns are characterized by a positive
correlation. A schematic of the effects of curvature on MN3 in dif-
ferent seasons is shown in Figure 7b (bottom panel).

3.2.4 Average CL
Correlation between CL and aspect also does not show a clear
periodic behaviour (Fig. 6d), however some observations can
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Figure 7. (a) Comparison of spatial distribution of slope values in the area of study (top left) and SCAs (in red, top right, bottom left and bottom right) during
different times of the season: first snowfall events and accumulation (10/11/2018), extended snow cover (13/2/2019) and melting phase (23/7/2019). The snow-cover
maps explain why snow patterns show highest MN2 values at high values of slope (light-shaded areas) when there is an extended snow cover (13/2/2019), and
highest MN2 values at low values of slope (dark-shaded areas) when there is a limited snow cover (10/11/2019, 23/7/2019). (b) Top: Schematic of why snow patterns
show highest MN2 values at low values of aspect (south/west-facing slopes) when there is an extended snow cover, and highest MN2 values at high values of aspect
(north/east-facing slopes) when there is a limited snow cover. Bottom: Schematic of why snow patterns show negative values of MN3 (prevalently concave features)
on convex ground when there is an extended snow cover, and positive values of MN3 (prevalently convex features) on concave ground when there is a limited snow

cover.

still be done, i.e. (1) the north-south component appears to show
lower values of correlation and a less marked periodicity than the
east—west component, suggesting that, in the area of investigation,
the north-south component is less relevant to snow-related pro-
cesses (Fig. 6e). (2) The east-west component appears to show
positive correlation values up to +0.38 starting from the ablation
period in spring, up to the first snowfall events in late autumn,
and correlation values close to zero during winter (Fig. 6d). As
CL is an average value, its use may entail some loss of informa-
tion, especially for snow patterns with wide CL distribution,
this is why the periodicity of its dependence against topography
is less marked, when compared to MN.

In summary, the index showing the highest correlation values
with topography is MNI1, the second is MN2, MN3 third, fol-
lowed by CL. It was possible to identify periods of the year
where the effect of topography on snow process of accumulation,
transport and melting is at least partly captured by the correlation
with the indexes. All of them show the highest correlation values
during the initial seasonal accumulation of snow (approximately
September-December) and during ablation (approximately
April-July), excluding correlation between MN3 and curvature.
This is because (1) during the high-winter period, snow cover is
mostly homogeneous and reaches mid- and low areas, and there-
fore in this period topography does not strongly affect the geo-
metric patterns of the SCA given the high values of HS that
dampen its effect; and (2) during the ablation phase, the snow
cover gets more and more patchy, and in this period topography
has a large impact on when and where the snowpack melts. The
same phenomenon is visible during the initial season of accumu-
lation, when topography controls the areas where snow is trans-
ported and accumulated. Further on, (3) during summertime,
the snow-cover extent is zero, or very little, including the outlines
of the three glaciers. Clearly, topography has only a minor impact
in this period time, except for some occasional summer snowfalls.
Finally, we believe it is important to note the large size of the data
samples, which exceed 640,000 elements (number of moving
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windows used for calculation). This means that the obtained cor-
relation values are well estimated and characterized by high-
statistical significance.

3.3 Temporal correlation of morphologic snow-cover pattern
and SWE

Since MN and CL showed a certain degree of correlation against
chosen topographic features, and because topographic features
are known to control snow processes such as accumulation and
transport, thereby affecting SWE distribution, we performed a
correlation test between the morphological indexes and corre-
sponding values of in situ SWE measurements. To do so, we
used SWE observations provided by an automatic weather station
operated by the Bavarian Avalanche Warning Service (LWD)
which is situated within the site at 2,420 m a.s.l. For this compari-
son, we focused on snow-cover patterns within a 500 m x 500 m
area centred on the LWD station. The reason for selecting a larger
area compared to previous analyses was due to the relatively
homogeneous topography in this particular part of the catchment.
Opting for a smaller area, such as 250 m x 250 m, would have led
to snow-cover patterns dominated by either full snow coverage or
no-snow cover at all. Consequently, the morphological indexes
would not have identified interesting geometric features of snow-
cover patterns and would have shown limited correlation with
topographic features. By considering a larger extent of snow
cover, we aimed to adequately represent the seasonal variations
of snow cover and to ensure meaningful correlations. To measure
temporal correlation, we employed the Spearman rank correlation
coefficient between the morphological indexes MN and CL, and
daily average values of SWE. Additionally, we examined the cor-
relation against changes in SWE along 2 (previous) weeks, i.e.
increase/decrease (observed during accumulation and melt
phase, respectively), with respect to the date of each available
snow-cover map. The results are given in Table 2. Therein, it is
shown that some of the indexes actually display some degree of
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Table 2. Temporal correlation between morphological indexes MN and CL and
SWE, corresponding to an area of 500 m x 500 m in the research catchment

MN1 MN2 MN3 CL
Daily average SWE 0.56 0.13 —-0.42 0.44
Two weeks SWE increase 0.52 0.25 —0.09 0.15
Two weeks SWE decrease 038 0.34 —-0.53 0.48

Values refer to Spearman rank correlation coefficient.

correlation/information, with/about the value of SWE, and/or its
change in time. In general, the temporal correlations of HS and
MN and CL would be similar to the ones performed with SWE.
However, as snow density changes over season, e.g. the snowpack
gets more compacted due to wind and radiation influences as well
as rain-on-snow events, the connection of SWE and the morpho-
logical indexes might be represented differently in the accumula-
tion and ablation phases, which should be considered in future
research. This facet is to be further explored, but we preliminary
observe that the use of MN and CL, and/or of their dynamics in
time, may provide a complement in SWE estimation models,
when information on the ground is not available.

4. Conclusions and outlook

In this study, we used satellite images covering a 5 year period at
the high-alpine Zugspitze region to verify that some morphologic
indexes, namely MN1 (area), MN2 (perimeter), MN3 (Euler
characteristic) and CL (chord length distribution) can (1) quanti-
tatively describe different facets of seasonal snow-cover pattern
evolution and their annual periodicity, and (2) show seasonally
an overall medium-to-high correlation against selected topographic
features. Most noteworthy results are found during snow accumu-
lation in winter, and during snow ablation in spring/early summer.
Therein, HS is limited, and the effect of topography on snow distri-
bution is evident, leading to heterogeneous and unevenly distribu-
ted snow-cover patterns. During deep winter, fewer changes of the
morphologic indexes and of their correlations against topography
occur, because snow homogeneously covers the area, and likely
deep snowpack masks the effect of topography on snow distribution
processes. A similar effect regarding MN and CL can be observed in
summer, given that almost no snow is present.

This study is meant to be a preliminary investigation of the
potential of selected morphologic indexes to depict snow-cover
patterns and needs further refinement, and investigation in a
next step. Besides their value as descriptors of snow processes,
we believe that the presented morphological indexes could
improve snow-hydrological monitoring in alpine complex terrain.
MN2, MN3 and CL indeed provide additional information as
compared to MN1 or FSCA, which describe both the areas.
This means, MN and CL indexes not only give information
about the extent of SCAs, but they also quantify its shape, con-
nectivity and length scale of snow cover. More information is
given for example when achieves a plateau, which is the case usu-
ally between December and April, while the other indexes con-
tinue to exhibit more variability. Such information might be a
valuable complement for SWE estimation, in addition to other
commonly used indexes (e.g. FSCA). Also, the indexes demon-
strate independence from each other, implying that they contain
distinct pieces of information about snow-cover patterns. All of
the indexes further exhibit a certain degree of correlation with
some selected topographic features, i.e. they allow us to describe
the geometric characteristics of snow patterns influenced by the
underlying topography. Moreover, some degree of correlation
was found against SWE, which proves that there is a connection
between the geometric properties of snow-cover patterns, and
stored water as snow on the ground.
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Potential open paths for further investigation can be identified
as follows.

(1) Given that one limitation of this study is the fact that the tem-
poral resolution of the chosen cloud-free Sentinel-2-derived
snow-cover maps might be too coarse to detect all relevant
changes of the snow-cover patterns, particularly at the begin-
ning of winter and during the melting phase, this should be
improved. A logical next step would be to examine how the
results would be affected by looking at higher temporal reso-
lution, using e.g. MODIS satellite data or webcam images, the
latter even being available to resolve a sub-daily resolution. In
addition, by using higher (webcam) or lower (MODIS) spatial
resolution sensors, this approach could be tested on different
spatial scales, to verify whether other resolutions show mean-
ingful results, especially compared to topography.

(2) Given that this study showed that it is possible to quantita-
tively describe snow-cover patterns jointly with the selected
morphological indexes, we believe that this approach could
be applied in combination with other in situ data and/or
modelling approaches, e.g. to improve spatially distributed
SWE and/or HS estimations on a finer spatial scale, which
are still characterized by high uncertainties. We expect that
complementing snow-hydrological models and monitoring
setups with information on morphological indexes, e.g.
through statistical modelling (Griinewald and others, 2013)
and/or artificial intelligence framework, could improve HS
and SWE derivation in the future. Some examples of applica-
tion could be (i) to incorporate MN2, MN3 and CL as inde-
pendent variables in a linear regression model for real-time
SWE estimation (such as the ones applied in Yang and others,
2022), thereby combining satellite-derived information on
snow covered area extent (FSCA) and morphology (MN
and CL) with in situ snow pillow SWE measurements,
physiographic data and historical SWE patterns, (ii) to use
combined information on SCA, MN and CL, together with
information on local topography, as constraints for 2-D or
3-D interpolation of ground observations of SWE, obtained
from a network of snow pillows (Fassnacht and others,
2003; Molotch and others, 2004) and (iii) to exploit informa-
tion on timing and geometry of snow-cover wasting/dis-
appearance provided by MN and CL for a more accurate
backward calculation of melting rates, to trace accumulated
SWE back to the last significant snowfall (Molotch and
others, 2008). In a next step, we aim to investigate whether
adding MN and CL to information on in situ snow measure-
ments, and snowpack modelling may improve spatially dis-
tributed SWE estimations by using different correlation
analysis techniques (e.g. multivariate regression models, prin-
cipal component analysis).

Acknowledgements. The results presented in this study are in fulfilment of
the Master of Science thesis of the leading author (https:/www.politesi.polimi.
it/handle/10589/190159), carried out through a joint project between
Politecnico di Milano and the Institute of Hydrology and Water
Management of the University of Natural Resources and Life Science,
Vienna. The lead author was supported by Politecnico di Milano through a
scholarship, which is kindly acknowledged. Moreover, this study was per-
formed in the framework of the Weave project G-MONARCH (grant agree-
ment No. 1-6489-N) and the ACRP project HyMELT-CC (grant agreement
No. KR21KB0K00001), whereof funding is acknowledged.

References

Barella R, Marin C, Gianinetto M and Notarnicola C (2022) A novel
approach to high resolution snow cover fraction retrieval in mountainous


https://www.politesi.polimi.it/handle/10589/190159
https://www.politesi.polimi.it/handle/10589/190159
https://www.politesi.polimi.it/handle/10589/190159
https://doi.org/10.1017/aog.2023.62

10

regions. In IGARSS 2022-2022 IEEE International Geoscience and Remote
Sensing Symposium, pp. 3856-3859.

Bernhardt M and Schulz K (2010) SnowSlide: a simple routine for calculating
gravitational snow transport. Geophysical Research Letters 37, L11502.
doi:10.1029/2010GL043086

Boelens A and Tchelepi HA (2021) QuantImPy: Minkowski functionals and
functions with Python. Software X 16, 100823. doi:10.1016/j.softx.2021.
100823

Bombelli GM, Confortola G, Maggioni M, Freppaz M and Bocchiola D
(2021) Physical modeling of snow gliding: a case study in the NW Italian
Alps. Climate 9(12), 171. doi:10.3390/cli9120171

Brauchli T, Trujillo E, Huwald H and Lehning M (2017) Influence of
slope-scale snowmelt on catchment response simulated with the
Alpine3D model. Water Resources Research 53(10), 723-739. doi:10.1002/
2017WR021278

Brown RD (2010) Analysis of snow cover variability and change in Quebec,
1948-2005. Hydrological Processes 24, 1929-1954. doi:10.1002/hyp.7565

Diodato N, Ljungqvist F and Bellocchi G (2022) Empirical modelling of
snow cover duration patterns in complex terrains of Italy. Theoretical and
Applied Climatology 147, 1195-1212. doi:10.1007/s00704-021-03867-8

Dotzier J, Bair EH and Davis RE (2016) Estimating the spatial distribution of
snow water equivalent in the world’s mountains. Wiley Interdisciplinary
Reviews: Water 3(3), 461-474.

Durand M, Molotch NP and Margulis SA (2008) A Bayesian approach to
snow water equivalent reconstruction. Journal of Geophysical Research
113, D20117. doi: 10.1029/2008]D009894

EO Browser (2022) Available at https:/apps.sentinel-hub.com/eo-browser/,
Sinergise Ltd (accessed on 15/11/2022).

ESA (2023) Sentinel-2 MSI Technical Guide: Level-2A Scene Classification
Algorithm Overview. Available at https:/sentinels.copernicus.eu/web/
sentinel/technical-guides/sentinel-2-msi (accessed on 10/1/2023).

Fassnacht SR, Dressler KA and Bales RC (2003) Snow water equivalent inter-
polation for the Colorado river basin from snow telemetry (SNOTEL) data.
Surface Water and Climate 39, 1208. doi:10.1029/2002WR001512

Gascoin S, Grizonnet M, Bouchet M, Salgues G and Hagolle O (2019) Theia
snow collection: high-resolution operational snow cover maps from
Sentinel-2 and Landsat-8 data. Earth System Science Data 11(2), 493-514.
doi:10.5194/essd-11-493-2019

Google Earth Pro V 7.3.6.9345 (2021) Zugspitze alpine catchment and sur-
rounding area, 47°24'32” N 10°5930” E, CNES/Airbus, Landsat/
Copernicus, Maxar Technologies 2023. Available at http://www.earth.
google.com (accessed on 10/1/2023).

Gostick J and 6 others (2019) PoreSpy: a Python toolkit for quantitative ana-
lysis of porous media images. Journal of Open Source Software 4(37), 1296.
doi:10.21105/j0ss.01296

Griinewald T and 9 others (2013) Statistical modelling of the snow depth dis-
tribution in open alpine terrain. Hydrology and Earth System Sciences 17,
3005-3021. doi:10.5194/hess-17-3005-2013

Hagg W (2022) Bayerische Gletscher. Available at: http://bayerischegletscher.
userweb.mwn.de/index.htm (accessed on 05/4/2023).

Hall DK, Riggs GA, Salomonson VV, DiGirolamo NE and Bayr KJ (2002)
MODIS snow-cover products. Remote Sensing of Environment 83(1-2),
181-194.

Hanzer F, Helfricht K, Marke T and Strasser U (2016) Multilevel spatio-
temporal validation of snow/ice mass balance and runoff modeling in gla-
cierized catchments. The Cryosphere 10(4), 1859-1881.

Hirer S, Bernhardt M, Siebers M and Schulz K (2018) On the need for a
time- and location-dependent estimation of the NDSI threshold value for
reducing existing uncertainties in snow cover maps at different scales.
The Cryosphere 12(5), 1629-1642. doi:10.5194/tc-12-1629-2018

Helbig N and 8 others (2021a) Fractional snow-covered area: scale-
independent peak of winter parameterization. The Cryosphere 15, 615—
632. doi:10.5194/tc-15-615-2021

Helbig N and 8 others (2021b) A seasonal algorithm of the snow-covered area
fraction for mountainous terrain. The Cryosphere 15, 4607-4624. doi:10.
5194/tc-15-4607-2021

Helbig N, van Herwijnen A, Magnusson J and Jonas T (2015) Fractional
snow-covered area parameterization over complex topography. Hydrology
and Earth System Sciences 19(3), 1339-1351. doi:10.5194/hess-19-1339-2015

Helfricht K, Lehning M, Sailer R and Kuhn M (2015) Local extremes in the
lidar-derived snow cover of alpine glaciers. Geografiska Annaler: Series A,
Physical Geography 97(4), 721-736.

https://doi.org/10.1017/a0g.2023.62 Published online by Cambridge University Press

Lucia Ferrarin and others

LDBV (2022) Digital Elevation Model of the Agency for Digitisation,
High-Speed Internet and Surveying, DGMI1. Available at https:/www.
ldbv.bayern.de/produkte/3dprodukte/gelaende.html (accessed on 27/12/
2022).

Lépez-Moreno JI and 8 others (2013) The effect of slope aspect on the
response of snowpack to climate warming in the Pyrenees. Theoretical and
Applied Climatology 117(1-2), 238-251. doi:10.1007/s00704-013-0991-0

Mayer C, Hagg W and Rehm T (2022) Gletscherschwund: Der Siidliche
Schneeferner verliert seinen Status als Gletscher. Press release of the
Bayerische Akademie Der Wissenschaften Nr. 09/2022, released on 26/09/2022.

Mecke KR and Klaus R (2000) Additivity, convexity, and beyond: applications
of Minkowski functionals in statistical physics. Statistical Physics and Spatial
Statistics 2000, 111-184. doi:10.1007/3-540-45043-2_6

Melvold K and Skaugen T (2013) Multiscale spatial variability of lidar-derived
and modeled snow depth on Hardangervidda, Norway. Annals of Glaciology
54(62), 273-281. doi: 10.3189/2013A0G62A16.1

Mendoza PA and 5 others (2020) Interannual and seasonal variability of snow
depth scaling behavior in a subalpine catchment. Water Resources Research
55, €2020WR027343. doi: 10.1029/2020WR027343

Molotch NP, Fassnacht SR, Bales RC and Helfrich SR (2004) Estimating the
distribution of snow water equivalent and snow extent beneath cloud cover
in the Salt-Verde River basin, Arizona. Hydrological Processes 18, 1595-
1611. doi:10.1002/hyp.1408

Molotch NP and Margulis SA (2008) Estimating the distribution of snow
water equivalent using remotely sensed snow cover data and spatially dis-
tributed snowmelt model: a multi-resolution, multi-sensor comparison.
Advances in Water resources 31(11), 1503-1514. doi:10.1016/j.advwatres.
2008.07.017

Parker ] and 5 others (2013) Automatic sorting of point pattern sets using
Minkowski functionals. Physical Review E 88(2), 022720. doi: 10.1103/
PhysRevE.88.022720

Poggio L and Gimona A (2015) Sequence-based mapping approach to spatio-
temporal snow patterns from MODIS time-series applied to Scotland.
International Journal of Applied Earth Observation and Geoinformation
34, 122-135. doi:10.1016/j.jag.2014.08.005

Premier V and 5 others (2022) Exploring the use of multi-source high-
resolution satellite data for snow water equivalent reconstruction over
mountainous catchments. The Cryosphere Discussions 17(6), 2387-2407.
doi: 10.5194/tc-2022-146

Rittge K, Bair EH, Kahl A and Dozier J (2016) Spatial estimates of snow
water equivalent from reconstruction. Advances in Water Resources 94,
345-363. doi:10.1016/]. ADVWATRES.2016.05.015

Roberts AP and Torquato S (1999) Chord distribution functions of three-
dimensional random media: approximate first-passage times of Gaussian
processes. Physical Review E 59(5), 4953. doi:10.1103/PhysRevE.59.4953

Rowbotham D, Scally FD and Louis J (2005) The identification of debris tor-
rent basins using morphometric measures derived within a GIS. Geografiska
Annaler: Series A, Physical Geography 87(4), 527-537. doi:10.1111/j.
0435-3676.2005.00276.x

Salomonson VV and Appel I (2006) Development of the Aqua MODIS NDSI
fractional snow cover algorithm and validation results. IEEE Transactions
on Geoscience and Remote Sensing 44(7), 1747-1756.

Schleef S, Lowe H and Schneebeli M (2014) Hot-pressure sintering of low-
density snow analyzed by X-ray microtomography and in situ microcom-
pression. Acta Materialia 71, 185-194.

Schliiter S and Vogel H (2011) On the reconstruction of structural and func-
tional properties in random heterogeneous media. Advances in Water
Resources 34(2), 314-325. doi:10.1016/j.advwatres.2010.12.004

Shaw TE, Deschamps-Berger C, Gascoin S and McPhee J (2020) Monitoring
spatial and temporal differences in Andean snow depth derived from satel-
lite tri-stereo photogrammetry. Frontiers in Earth Science 8, 579142.

Skaugen T and Melvold K (2019) Modelling the snow depth variability with a
high resolution lidar dataset and non-linear terrain dependency. Water
Resources Research 55, 9689-9704. doi: 10.1029/2019WR025030

Stillinger T and 5 others (2023) Landsat, MODIS, and VIIRS snow cover
mapping algorithm performance as validated by airborne lidar datasets.
The Cryosphere 17(2), 567-590.

Tang Z and 5 others (2017) Spatiotemporal variation of snow cover in Tianshan
Mountains, Central Asia, based on cloud-free MODIS fractional snow cover
product, 2001-2015. Remote Sensing 9(10), 1045, doi:10.3390/rs9101045

Vogel HJ and Babel U (2006) Soil space diversity and its dynamics qualitative
and quantitative considerations, Chapter 3. In Benckiser Gero and Schnell


https://doi.org/10.1029/2010GL043086
https://doi.org/10.1016/j.softx.2021.100823
https://doi.org/10.1016/j.softx.2021.100823
https://doi.org/10.3390/cli9120171
https://doi.org/10.1002/2017WR021278
https://doi.org/10.1002/2017WR021278
https://doi.org/10.1002/hyp.7565
https://doi.org/10.1007/s00704-021-03867-8
https://doi.org/10.1007/s00704-021-03867-8
https://doi.org/10.1007/s00704-021-03867-8
https://doi.org/10.1007/s00704-021-03867-8
https://doi.org/10.1029/2008JD009894
https://apps.sentinel-hub.com/eo-browser/
https://apps.sentinel-hub.com/eo-browser/
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi
https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi
https://doi.org/10.1029/2002WR001512
https://doi.org/10.5194/essd-11-493-2019
https://doi.org/10.5194/essd-11-493-2019
https://doi.org/10.5194/essd-11-493-2019
https://doi.org/10.5194/essd-11-493-2019
http://www.earth.google.com
http://www.earth.google.com
http://www.earth.google.com
https://doi.org/10.21105/joss.01296
https://doi.org/10.5194/hess-17-3005-2013
https://doi.org/10.5194/hess-17-3005-2013
https://doi.org/10.5194/hess-17-3005-2013
https://doi.org/10.5194/hess-17-3005-2013
http://bayerischegletscher.userweb.mwn.de/index.htm
http://bayerischegletscher.userweb.mwn.de/index.htm
http://bayerischegletscher.userweb.mwn.de/index.htm
https://doi.org/10.5194/tc-12-1629-2018
https://doi.org/10.5194/tc-12-1629-2018
https://doi.org/10.5194/tc-12-1629-2018
https://doi.org/10.5194/tc-12-1629-2018
https://doi.org/10.5194/tc-15-615-2021
https://doi.org/10.5194/tc-15-615-2021
https://doi.org/10.5194/tc-15-615-2021
https://doi.org/10.5194/tc-15-615-2021
https://doi.org/10.5194/tc-15-4607-2021
https://doi.org/10.5194/tc-15-4607-2021
https://doi.org/10.5194/tc-15-4607-2021
https://doi.org/10.5194/tc-15-4607-2021
https://doi.org/10.5194/tc-15-4607-2021
https://doi.org/10.5194/hess-19-1339-2015
https://doi.org/10.5194/hess-19-1339-2015
https://www.ldbv.bayern.de/produkte/3dprodukte/gelaende.html
https://www.ldbv.bayern.de/produkte/3dprodukte/gelaende.html
https://www.ldbv.bayern.de/produkte/3dprodukte/gelaende.html
https://doi.org/10.1007/s00704-013-0991-0
https://doi.org/10.1007/s00704-013-0991-0
https://doi.org/10.1007/s00704-013-0991-0
https://doi.org/10.1007/s00704-013-0991-0
https://doi.org/10.1007/3-540-45043-2_6
https://doi.org/10.1007/3-540-45043-2_6
https://doi.org/10.1007/3-540-45043-2_6
https://doi.org/10.1007/3-540-45043-2_6
https://doi.org/10.3189/2013AoG62A16.1
https://doi.org/10.1029/2020WR027343
https://doi.org/10.1002/hyp.1408
https://doi.org/10.1016/j.advwatres.2008.07.017
https://doi.org/10.1016/j.advwatres.2008.07.017
https://doi.org/10.1103/PhysRevE.88.022720
https://doi.org/10.1103/PhysRevE.88.022720
https://doi.org/10.1016/j.jag.2014.08.005
https://doi.org/10.5194/tc-2022-146
https://doi.org/10.5194/tc-2022-146
https://doi.org/10.5194/tc-2022-146
https://doi.org/10.1016/J.ADVWATRES.2016.05.015
https://doi.org/10.1103/PhysRevE.59.4953
https://doi.org/10.1111/j.0435-3676.2005.00276.x
https://doi.org/10.1111/j.0435-3676.2005.00276.x
https://doi.org/10.1111/j.0435-3676.2005.00276.x
https://doi.org/10.1016/j.advwatres.2010.12.004
https://doi.org/10.1029/2019WR025030
https://doi.org/10.3390/rs9101045
https://doi.org/10.1017/aog.2023.62

Annals of Glaciology

Sylvia (eds). Biodiversity in Agricultural Production Systems. Finland: Taylor
and Francis, pp. 41-67.

Vogel HJ, Hoffmann H and Roth K (2005) Studies of crack dynamics in clay
soil. I. Experimental methods, results and morphological quantification.
Geoderma 125(3-4), 203-211. doi:10.1016/j.geoderma.2004.07.009

Voigt Cand 9 others (2021) Introduction of a superconducting gravimeter as novel
hydrological sensor for the Alpine research catchment Zugspitze. Hydrology and
Earth System Sciences 25(9), 5047-5064. doi:10.5194/hess-2021-78

Weber M, Feigl M, Schulz K and Bernhardt M (2020) On the ability of
LIDAR snow depth measurements to determine or evaluate the HRU

https://doi.org/10.1017/a0g.2023.62 Published online by Cambridge University Press

11

discretization in a land surface model. Hydrology 7(2), 20. doi:10.3390/
hydrology7020020

Weber M, Koch F, Bernhardt M and Schulz K (2021) The evaluation of the
potential of global data products for snow hydrological modelling in
ungauged high-alpine catchments. Hydrology and Earth System Science
25(5), 2869-2895. doi:10.5194/hess-25-2869-2021

Yang K and 5 others (2022) Combining ground-based and remotely sensed
snow data in a linear regression model for real-time estimation of snow
water equivalent. Advances in Water Resources 160, 104075. doi: 10.1016/
j.advwatres.2021.104075


https://doi.org/10.1016/j.geoderma.2004.07.009
https://doi.org/10.5194/hess-2021-78
https://doi.org/10.5194/hess-2021-78
https://doi.org/10.5194/hess-2021-78
https://doi.org/10.3390/hydrology7020020
https://doi.org/10.3390/hydrology7020020
https://doi.org/10.5194/hess-25-2869-2021
https://doi.org/10.5194/hess-25-2869-2021
https://doi.org/10.5194/hess-25-2869-2021
https://doi.org/10.5194/hess-25-2869-2021
https://doi.org/10.1016/j.advwatres.2021.104075
https://doi.org/10.1016/j.advwatres.2021.104075
https://doi.org/10.1017/aog.2023.62

12 Lucia Ferrarin and others

Appendix
a slope aspect E-W
1.00 1.00 +
0 o0 MM/MMW
= . =
— P — 0.00 +
ey 0.00 1 o A ~ VNG a
-0.50 \ v ) -0.50
-1.00 4 + + + + + + t t t -1.00 t t f f + t
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21 Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21
curvature aspect N-S
1.00
0.50 —
= 3 =
o 000 o
~0.50 - -0.50 +
-1.00 ; t + t + + -1.00 t t t t t t
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21 Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21
b altitude aspect E-W
1.00 ¢ 1.00
0.50 - | ‘ il W\ /) iy 0.50 +
P ; / | | ' N { / ' —_ A ~ i A
= v I = '\ N N AA A VY
= 0.00 V \ = N v = P
y | , = 0.00 | e s W, f S
-0.50 + -0.50
-1.00 } } } } } } } t -1.00 , : , . . ; \ \ ,
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21 Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21
curvature aspect N-S
1.00 1.00
0.50 0.50 +
= 5 : = o000 |
= 0.00 + a -
-0.50 -0.50
-1.00 . . : i i | i i -1.00 t t t t t t ! t t
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21 Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21
c altitude aspect E-W
1.00 1.00
0.50 + 0.50 £
= 0.00 1 ‘ | BN - = 0.00 + g '
Q \ \ Y A | ' | (% I\ V Y
-0.50 - . ‘ ' 050 |
-1.00 + + + t 1 + + + -1.00 + + + + + + +
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21 Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21
slope aspect N-S
1.00 + 1.00
0.50 A \ A 1 0.50
p— B I\ A i .
= M/ | = )
— 0.00 ! 0.00 + —
o | \ \ o / ~ TV
-0.50 ' -0.50
-1.00 + - - + + + + . -1.00 + + t + + + +
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21 Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21
d altitude slope
1.00 + 1.00
0.50 + 0.50
— A iy 4 M Al =
= £ 7\ v Ir = - | AN = 0.00 ) i [ A
= 000 ‘ ‘ = 3 ™M ‘ ; W
-0.50 -0.50
-1.00 u u u + + + + + -1.00 + + + + + + + t
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21 Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21
curvature
1.00 T
0.50
= 0.00
(=8
-0.50 +
-1.00 t + t t t t t t t
Dec-16 Jun-17 Dec-17 Jun-18 Dec-18 Jun-19 Dec-19 Jun-20 Dec-20 Jun-21

Figure 8. Time variation of the spatial correlation between (a) MN1, (b) MN2, (c) MN3 and (d) CL and topographic features.
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