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SUMMARY

Since December 2012, during every winter season, the altitude of the zero iso-
chion (snowline) has been determined at the Czech Hydrometeorological
Institute for the purposes of operational hydrology. The reason is the estimation
of the amount of water stored in snow cover, which is inevitable activity for Czech
hydrologists who naturally want their forecasting models to give relevant results.
In order to get a better idea about current spatial distribution of snow cover
in Czechia, the information on the zero isochion has been extracted from the
MODIS imagery coming from the Terra satellite. The obtained time series repre-
sents a relatively long period (currently until May 2021), which offers the possibility
of analyzing the spatial and temporal dynamics of the zero isochion in Czechia. In
this study, the information about the isochion was divided into 27 geomorpho-
logical regions and the winter season was divided into the accumulation period
and the melting period. The focus was on possible differences between individ-
ual regions and time periods, as well as on relationships between zero isochion
dynamics and selected factors derived from other geographical data, such as the
digital elevation model. Due to different reasons, the data on the isochion were
incomplete and did not satisfy the requirements for fitting the models which
need regularly/evenly spaced sampling. Therefore, missing daily values were esti-
mated so that the series finally covered the winter seasons from November to
May. This was accomplished by the application of a suitable modified EM algo-
rithm that respected both the temporal and the spatial structure of the multivari-
ate time series. Correlation and regression analyses followed, where the main aim
was to find out if the belonging to a geomorphological region (with its selected
attributes) has an influence, and if there are significant interannual changes.

INTRODUCTION

For more than ten years, the zero isochion has been a practical tool for calculat-
ing snow water storage as part of regular hydrological forecast analyses within
the Czech Hydrometeorological Institute. The main benefit of determining the
isochion is the definition of the areas where we can expect snow cover to be
present and where snow cover will be absent, or where we need to take into
account snow water equivalent and where it can be neglected. Defining such
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a boundary within the homogeneous regions of Czechia allows better interpo-
lation of snow cover depth values recorded in the CHMI station network. A more
detailed description of hydrological forecast analyses, including the application
of the zero isochion in the calculations, is offered by [1, 2]. The content of this
paper is related to work [3], where the basic procedures of extracting the zero iso-
chion using satellite images and information on its distribution within the geo-
morphological regions of Czechia have been summarized. It is the search for cor-
relations and other relationships that can be inferred from the observed series
that are the main topic of the following text. One of the key areas of the study is
quantifying the degree of dependence of the variability of the average altitude of
the zero isochion on the terrain characteristics of the geomorphological regions.
The long-term altitude of the zero isochion is analyzed for the entire winter sea-
son defined by the months of November to May (for nine years 2013-2021), as well
as for parts of the winter season that are typical of snow accumulation, of snow
melt and for the rest of this season (for four years 2018-2021). An attempt was
made to trace the degree of influence of the factors related to the terrain con-
figuration in different periods of the winter season. Since the length of the col-
lected time series is already quite sufficient (in the sense of an undivided winter
season), an equally important task was to see how the altitude of the zero iso-
chion changes with time, i.e,, in each year, and whether a significant trend can be
observed for some geomorphological regions. In extracting the altitude of the
zero isochion and respecting its definition according to [4], a procedure similar
to that in [3] was followed for the sake of necessary consistency. New problems
were addressed using a variety of statistical techniques, with regression analy-
sis and the selection of significant explanatory variables playing a central role, in
addition to descriptive statistics and methods for filling in missing values.

DATA AND METHODOLOGY

Satellite data

A significant portion of the data analyzed in this project comes from the National
Snow and Ice Data Center (NSIDC) portal, which supports research on the cry-
osphere, i.e, snow, ice, glaciers, and frozen ground, as well as the climatic



interactions that take place in the cryosphere. The NSIDC administers and dis-
tributes scientific data, creates tools for accessing the data, supports data users,
conducts scientific research, and educates the public about the cryosphere.
As a platform for data originating from the National Aeronautics and Space
Administration (NASA), it is also certified as a CoreTrustSeal Regular Member of
the World Data System, an interdisciplinary body of the International Science
Council (ISC; formerly ICSU). The portal has been distributing data free of charge
to the entire scientific community since 1976 in a variety of formats known in the
field of RS and in sizes ranging from small text files to terabytes of data. Further
information on products, tools and published outputs can be found at [5].

The specific dataset used for the purposes of the zero isochion analysis is
designated MODIS/Terra Snow Cover 5-Min L2 Swath 500m, Version 61, and is
available, including metadata, from [6]. The name of the dataset contains basic
descriptive information about the sensed data. The images are collected using
the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor installed
on the Terra satellite. Terra is a NASA multinational scientific research satellite
in a Sun-synchronous orbit around the Earth that makes simultaneous meas-
urements of the Earth’s atmosphere, soil, and water to contribute to the under-
standing of how the Earth is changing and to identify implications for life on
Earth [7]. The location of the MODIS sensor on the Terra satellite is shown in Fig. 1.

CERES
Fig. 1. Terra satellite, launched 18" December 1999 (orbit height: 713 km; orbital veloc-
ity: 7503 km.s™; maximum velocity: 27,010 km.h") and the position of the MODIS sensor
(source: [8])

The images tagged with the MODIO_L2 identifier provide information
about the snow cover in daily steps. Detection is done using the Normalized
Difference Snow Index (NDSI). Another product is a series of correction images
that are designed to mitigate errors and mark the detection of uncertain snow
cover. Snow-covered landscapes typically have very high reflectance in the vis-
ible bands and very low reflectance for the shortwave infrared bands. The NDSI
reveals the magnitude of this difference. Each data granule contains 5 minutes
of swath data observed at a resolution of 500 m. Data collection began on
24" February 2000 and data revision is now underway for current version 6,
which is expected to be completed in spring 2022.

Satellite data download and processing
in a GIS environment

The practical aspect of the processing of these data at the CHMI consists in pre-set-
ting the parameters of the area of interest to a rectangle covering the territory of
Czechia. If the acquired image is in intersection with this rectangle, the CHMI staff

VTEL/ 2022/ 1

Tab. 1. Classes of the NDS|_Snow._Cover output

NDSI snow cover values and data flag values
(saved as 8-bit unsigned integers)

0-100: NDSI snow cover

200: missing data

201: no decision

211: night

237:inland water

239: ocean

250: cloud

254: detector saturated

255:All

is informed by e-mail as soon as possible about its availability together with a link
to download the given data file. The time of sending the notification depends
on the image’s complexity. If the image has many classes, there may be a delay.
However, most often notifications are sent within 12 hours after acquisition.

Data is provided in the HDF-EOS2 format and is stored as 8-bit unsigned
integers. The Hierarchical Data Format (HDF) allows for efficient storage of
large, yet quite diverse data and metadata [9]. For the area of interest covering
Czechia, the size of such files is approximately 5-25 MB, reflecting the area and
spatial distribution of snow in the landscape. Each HDF file is composed of sev-
eral parameters, of which the output “NDSI_Snow_Cover” is essential for snow
detection as it contains attributes divided into nine classes listed in Tab. 1.

For further work in the GIS environment, it is necessary to extract the indi-
vidual classes first into a raster form and then into polygons, from which the
essential boundary between snow and snow-free areas is exploited. In the first
stage of the extraction, it is necessary to use the HEG tool (HDF-EOS To GeoTIFF
Conversion Tool), which is freely available as supporting software from the
NASA portal [10]. It allows a sufficiently accurate conversion from the HDF for-
mat to the GeoTlIFF format so that, when projecting to UTM and specifying the
corresponding zone (for Czechia 33N or 34N in the east), there is a correct over-
lay with a Czech Digital Elevation Model (DEM; see below). The local reflections
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Fig. 2. Parameter settings for conversion in the HEG tool
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in class 237, i.e., inland water bodies that overlap with the hydrographic base in
the GIS (e.g.,, Rozkos or Nové Mlyny water reservoirs) are the best verification of
the overlay quality. An example of a HEG tool setup is shown in Fig. 2.

The processing of images in ArcGIS Desktop can be divided into several

phases, with the use of each tool adapting to the capabilities of the ArcGIS
Desktop license within the CHMI. Future adaptation to newer versions and
products can also be expected:

their minimum and maximum values, the range of values, the sum of values
and, above all, the average value, which is the item that is processed subse-
quently. The vector layer with geomorphological regions replaces the func-
tion of the zero isochion position database, as a column of values is created
for each day analyzed, where each geomorphological region is assigned an
average position value if it was recorded on that day. The Join Field tool is
used to link the statistical output to the region layer attribute table.

A.

Extraction of the data of interest from the RS image. The GeoTIFF image
is imported with the parameters set in the HEG tool (projection, range). Most
often the image is taken in the morning for Czechia, which includes the area
from approximately southern Scandinavia to the Alps. In less frequent cases,
images with only a partial overlap can also be used, based on the orbital path
of the satellite, which may record the territory of Czechia from multiple fly-bys.
Images that have an intersection with the preset rectangular mask for Czechia
are subjected to cropping to reduce the complexity of the partial calculations.
The resulting raster must be first reclassified with respect to the delineation of
snow and snow-free areas. The original data up to 2017 were classified more
generally into three basic groups: snow, no snow and cloud cover. After 2017,
the quality of reflectance from snow cover is broken down in more detail into
classes from 0 to 100 (according to the NDSI index), where 0 is a guaranteed
snow-free area and 100 is the highest possible reflectance from snow cover.
For the purposes of the CHMI hydrology, all snow reflectance values between
1and 100 are treated as snow in order to provide the largest possible data
package for evaluating the zero isochion. As a result, all values 1-100 are reclas-
sified to a value of 50 and values of 0 are treated as snow-free areas. A sig-
nificant feature based on actual weather conditions is the class value of 207,
which is the area of questionable evaluation (NDSI internal calculation), and
the class value of 250, which is cloud cover, the most common limiting factor
for a full evaluation. The other classes can be considered complementary and
can be omitted from further operations. The reclassified raster is further gen-
eralized by the Boundary Clean tool to suppress sub-regions of unit pixel sizes,
and then the classes are colour coded to make the primary visual overview

of the dataset stand out. For further operations, it is necessary to first convert
the raster layer to a polygon layer and then to a line layer using the Feature to
Line tool. This creates a dataset of lines that have a specific gridcode accord-
ing to the original raster they surrounded. Specifically, at the contact of two
polygons, where one comes with the value of 0 (no snow) and the other with
a value of 50 (snow), two lines will be created, one with gridcode 0 and the
other with gridcode 50. The element being searched for is then the layer cre-
ated by the intersection of the selections (Intersect tool) of these two lines
and contains all visible boundaries between the snow and no-snow areas.
This discontinuous line bounding the recorded snow cover can be referred to
as the zero isochion. This line already provides some spatial idea of the posi-
tion of the snow boundary within the Czech territory. For a more detailed
indication of the position, it is necessary to find the approximate value of the
altitude at which this line is located. Pixel extraction using a mask was chosen
as the simplest method where the isochion line is considered the mask. This
is how the altitude values are extracted from the raster base, which is a DEM
with a resolution of 25 m (see below).

Spatial data analysis. Geomorphological regions were chosen as the most
appropriate division of the Czech territory for the definition of the zero iso-
chion. These areas best reflect the relief features, relative and absolute rug-
gedness (mountains/lowlands) and the distribution of slope orientation to
the cardinal directions (north/south, west/east), i.e, factors that are expected
to have a major influence on snow cover accumulation and melting. Within
Czechia, there are 27 such treatment regions (see Tab. 2 and Fig. 3 for details).
For each of these regions, the extracted set of pixels belonging to the given
geomorphological region is evaluated using the Zonal Statistics as Table tool,
and the output is a statistic containing information on the number of pixels,

C. Visual interpretation of data. Visualization of the values can be done by

showing labels with these values for each region, possibly with an underlying
choropleth map. The situation where an average value is defined for each or
at least for most of the geomorphological regions is rather rare during obser-
vations, as the cloud factor is often present and in the absence of cloud cover
the snow is either limited to mountain areas or, on the contrary, covers the
whole territory of Czechia. As mentioned above, the snow boundaries are
based on different NDSI reflectance index intensities and each of the average
values needs to be critically analyzed (i.e, validated) to see if it is an objec-
tive value and can represent the conditions in the region. The evaluation is
based not only on internal snow cover data coming from the CHMI observa-
tion network (automatic stations, observers, field measurements), but also, for
example, on web camera outputs or historical correlations between regions.
The position of the zero isochion enters the snow water storage calculation as
a limiting value for the spatial interpolation of snow cover parameters, where
a fictitious network of zero points is generated for each of the regions, which
prevents the interpolation from estimating a non-zero (positive) snow cover
depth or snow water equivalent below this position. For this analysis in a GIS
environment, the ClidataGIS tool is used, which allows the import of meas-
ured data, a more detailed visual inspection, and the setting of parameters
for interpolation. The final output is a map, including a supplementary table
reflecting changes in snow occurrence over the previous weeks, which is
posted on the CHMI portal, and the public can see the predicted water vol-
ume in the sub-basins of interest (water reservoirs, major outlet sections of
watercourses). Currently, such an output, based on Monday's measured val-
ues, is generated once a week, on Tuesday. In the future, however, it will be
possible to produce similar analyses more frequently during the week thanks
to the automated network of snow gauging stations combined with satellite
imagery.
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Fig. 3. Geomorphological regions (for ID see Tab. 2) and their parent subprovinces
in Czechia (adapted from [11])
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Tab. 2. Geomorphological regions for which, in the winter season, the CHMI determines the average altitude of the zero isochion, and their identifiers (adapted from [11])

ID Region Subprovince Province System
IA Bohemian Forest Region Sumava System Bohemian Upland Hercynian
B Sumava Region Sumava System Bohemian Upland Hercynian
1A Central Bohemian Hilly land Bohemian-Moravian System Bohemian Upland Hercynian
1B South Bohemian Basins Bohemian-Moravian System Bohemian Upland Hercynian
[IC Bohemian-Moravian Highlands Bohemian-Moravian System Bohemian Upland Hercynian
1D Brno Highlands Bohemian-Moravian System Bohemian Upland Hercynian
A Ore Mts. Region Ore Mts. System Bohemian Upland Hercynian
1B Ore Mts. Piedmont Region Ore Mts. System Bohemian Upland Hercynian
llle Karlovy Vary Highlands Ore Mts. System Bohemian Upland Hercynian
IVA Giant Mts. Region Krkonose-Jeseniky System Bohemian Upland Hercynian
VB Orlice Region Krkonose-Jeseniky System Bohemian Upland Hercynian
IVC Jeseniky Region Krkonose-Jeseniky System Bohemian Upland Hercynian
VD Krkonose-Jesenfky Piedmont Krkonose-Jeseniky System Bohemian Upland Hercynian
IXA South Moravian Carpathians Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXB Central Moravian Carpathians Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXC Slovak-Moravian Carpathians Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXD Western Beskids Piedmont Outer Western Carpathians Western Carpathians Alpine-Himalayan
IXE Western Beskids Outer Western Carpathians Western Carpathians Alpine-Himalayan
VA Brdy Region Berounka System Bohemian Upland Hercynian
VB Pilsen Hilly land Berounka System Bohemian Upland Hercynian
VIA North Bohemian Table Bohemian Table Bohemian Upland Hercynian
VIB Central Bohemian Table Bohemian Table Bohemian Upland Hercynian
VIC East Bohemian Table Bohemian Table Bohemian Upland Hercynian
VIIA Silesian Lowland Central Polish Lowlands Central European Lowland Hercynian
VIIIA Western Outer Carpathian Depressions — Outer Carpathian Depressions Western Carpathians Alpine-Himalayan
VIIIB Northern Outer Carpathian Depressions  Outer Carpathian Depressions Western Carpathians Alpine-Himalayan
XA South Moravian Basin Vienna Basin West Pannonian Basin Alpine-Himalayan

Basic geographical material for obtaining terrain
explanatory variables

The spatial (but also temporal) variability of the altitude of the zero isochion
is influenced by the terrain configuration. Temporal variability will certainly
be more related to the climatic conditions of the territorial units for which
the study is conducted. Since these territorial units were geomorphological
regions for the above-mentioned reasons, it was necessary to obtain a vector
layer with polygons representing these regions. This was downloaded from the
Geoportal of the Czech Office for Surveying, Mapping and Cadastre, where it is

part of the Data200 database (specifically the Description layer) [12]. This layer is
based on the geomorphological division described in publication [11], which in
fact refers to 28 regions. However, at the CHMI, only 27 regions are traditionally
considered, as the Zahorska Lowland is merged with the South Moravian Basin
(row with ID XA in Tab. 2). The layer of geomorphological regions has been
adjusted accordingly before further analyses.

The Digital Elevation Model (DEM) in the form of a raster, which was the
source of information on elevation and other terrain parameters in the geo-
morphological regions, is based on the Digital Model of Territory prepared
at a scale of 1: 25,000 (DMU 25), which the CHMI purchased from the Military
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Geographical and Hydrometeorological Office in 2001. This raster with square
cells representing an areas of 25? m was created from the original data directly
at the CHMYI, and contour lines were essential for its creation. The DEM was thus
created by suitable interpolation in the then S-42 system. However, because
the CHMI switched over time to the UTM zone 33/34N system, the raster was
reprojected and resampled into this system (more precisely only zone 33).
Similarly, the geometry of the polygon layer of the geomorphological regions
was transformed to the UTM zone 33N system.

Using the polygon and raster layers, several terrain features were then extracted
for each geomorphological region. These were to serve as explanatory variables
in the planned regression analysis. Their list and meaning are presented in Tab. 3.
Special attention should be paid to the SDASP indicator, which is not well known
in the Czech literature. It is the so-called directional standard deviation expressing
the variability of slope orientation in individual regions expressed in radians [13].
The R package circular [14] was used to calculate terrain characteristics related to
angles. The vector layer was manipulated during extraction using the R package sf
[15], while the raster layer was manipulated using the R package terra [16].

Statistical processing of the extracted data
on the altitude of the zero isochion

Fig. 4 reveals how many values of zero isochion altitude were available in the
original database from December 2012 to May 2021, when the CHMI staff had
already evaluated the data completely on their own. Naturally, zero isochion
altitude information was only available for the winter seasons, which are usu-
ally divided into two calendar years. However, this division is not very suitable
for further processing of the time series, so winter seasons were next assigned
to years with a larger proportion of months. As the winter season was con-
sidered to be November to May, the months of November and December
were assigned to the following calendar years. As a result, the winter seasons
could be analyzed for the period 2013-2021, i.e,, for nine years. For various rea-
sons described earlier, the original database was not complete for the individ-
ual geomorphological regions, and even the equidistant weekly step was not

followed, since, for example, due to cloud cover, one of the following cloud-
free days of the week had to be selected. Missing values and not keeping the
same time step make such data quite problematic for subsequent statistical
processing, since the vast majority of statistical models require complete-
ness and constancy of the time step (especially when time series models are
involved). Although models for this type of data are also being developed (e.g,,
[17]), it is generally recommended to get rid of their above-mentioned short-
comings so that traditional models can be applied. Finally, the database of zero
isochion altitude values was supplemented with estimated values to produce
a time series in a daily time step for each geomorphological region that repre-
sented all winter seasons of the period 2013-2021 without any missing values.
This result was achieved by means of a modified Expectation-Maximization
(EM) algorithm that treats the incomplete time series as a multivariate series,
where a vector of univariate series with relationships between them is thus
considered, while a spline method is applied to all its elements as a filter.
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Fig. 4. Total number of days (values) with the detected zero isochion for all winter sea-
sons 2013-2021

Tab. 3. Characteristics of geomorphological regions of Czechia obtained as explanatory variables for next regression analysis

Variable Meaning

X X coordinate of the centroid of the polygon representing the geomorphological region (for UTM zone 33N projection)

Y Y coordinate of the centroid of the polygon representing the geomorphological region (for UTM zone 33N projection)

MIN minimum elevation of the geomorphological region derived from the DEM

MAX maximum elevation of the geomorphological region derived from the DEM

RANGE range between the maximum and minimum elevation

MEDIAN median elevation of the geomorphological region as determined from the DEM

SD standard deviation of the elevations determined for each DEM cell falling into the geomorphological region

MEDSLOPE median slope gradient determined from the DEM for the geomorphological region

MEANASP mean orientation of slopes in the geomorphological region (categories North, East, South and West) as determined from the DEM

SDASP standard deviation of the radians determining orientation of slopes in the geomorphological region determined from the DEM
(according to [13])

PREVASP prevailing orientation of slopes in the geomorphological region (categories North, East, South and West) as determined from

the DEM
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Tab. 4. Values of selected explanatory variables related to terrain of the 27 geomorphological regions of Czechia

Y MIN MAX

RANGE MEDIAN SD

MEDSLOPE SDASP

. X
Region - (] [l ] (] [ MEANASP rrad] PREVASP
IA 336085.9 5501474.3 371 1039 668 532 96.2 412 East 2 East
B 424956 .4 5423466 387 1373 986 704 187.5 6.32 North 2.09 North
1A 453643.9 5489265.7 190 723 533 453 71.8 3.82 East 2.39 South
1B 470010 5433611.5 361 576 215 436 356 115 East 1.94 East
[IC 546326.6 5472446.7 193 836 643 517 99.6 3.62 East 24 East
1D 622653.7 5467326.5 186 731 545 386 1134 4.87 East 218 East
1A 367418.7 5593028.7 112 1242 1130 651 183.8 6.45 South 2.06 South
1B 394800.1 5587386.7 115 929 814 354 136.6 3.82 East 2.03 East
lnc 347914.8 5546078.6 373 980 607 642 88.7 473 East 2.38 North
VA 522349.7 5617564.5 21 1595 1384 476 211 718 South 2.24 South
VB 6004254 5562851.7 291 1 820 485 131.8 5.74 South 2.09 South
IVC 667559.9 5532656.7 200 1491 1291 510 1914 6.45 East 214 East
VD 649892 5580222.8 220 517 297 307 48.6 2.06 North 1.36 North
IXA 6219971 54098374 159 543 384 250 559 5.82 East 2.3 East
IXB 653086.3 5440624.5 162 583 421 269 66.9 517 East 2.74 East
IXC 703041 5442909.3 174 1014 840 383 141 7.75 West 2.03 West
IXD 7237014 5496110.8 206 954 748 327 72.5 3.98 North 1.95 North
IXE 736095.5 5484037.7 268 1318 1050 575 1619 13.3 West 249 West
VA 433084.5 5535094.7 169 861 692 391 1228 362 East 2.08 North
VB 379855 5516508.7 231 770 539 435 711 343 East 2.24 North
VIA 493822 5599526.8 146 656 510 305 559 346 South 2.06 South
VIB 478917.2 5567738.2 133 455 322 219 473 1.22 East 1.95 East
VIC 5702931 5545613.1 193 692 499 276 104 146 East 2.35 East
VIIA 718084.5 55397104 200 316 116 255 22 1.81 East 1.83 East
VIIA 645831.3 5461667.5 161 382 221 222 31.8 1.15 East 1.76 East
VIIIB 743139.7 55252694 192 331 139 240 28.7 1.28 East 192 East
XA 651910 5415331.2 145 300 155 177 214 0.91 East 2.04 East

The algorithm is described in much more detail in [18], and the same authors
implemented it in the R package mtsdi [19], whose mnimput function was also
used to fill in the missing daily values.

The daily values were then aggregated for each year (i.e., winter season) using
an alpha-trimmed mean to avoid sensitivity to extremes (see, e.g., [20] for more
details on its properties). 10% of extreme values were trimmed. In addition, for
those years where it was possible, the values were aggregated to represent, in
addition to the complete season (labelled as COMPLETE), the different stages of
the winter seasons (i.e, ACCUMULATION, MELT and the indistinguishable REST

between accumulation and melting). For the definition of the accumulation
and melting periods, respectively, the evolution of the snow cover in the bor-
der mountains, especially in the Giant Mountains and the Jizera Mountains,
was used as a reference. Possible overlaps of these periods caused by possible
thawing were not taken into account. However, the different durations of the
different seasons in different years were guaranteed. Then, aggregation over all
years was also carried out to obtain “long-term” values as explained variables
for the regression models to be prepared. The dates defining the periods of
snow accumulation and snowmelt were naturally not the same in all years, and
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Tab. 5. Long-term averages of the zero isochion altitude for winter seasons (November—May) for the 27 geomorphological regions of Czechia

Region ALL ALL ACCUMULATION MELT REST
(2013—-2021) [m] (2018—2021) [m] (2018—2021) [m] (2018-2021) [m]  (2018—2021) [m]
A 616 625 601 648 667
B 808 808 748 914 782
A 450 445 440 454 44)
1B 439 437 439 436 432
IC 539 537 516 572 545
1D 450 453 445 472 452
[ITA 699 697 626 842 705
1B 404 396 388 400 422
[1C 663 682 654 724 685
IVA 651 638 568 818 573
VB 612 618 555 750 606
IVC 683 678 570 873 699
VD 351 360 359 357 363
IXA 212 201 193 204 228
IXB 282 280 295 264 265
IXC 500 511 448 594 554
IXD 391 386 366 414 439
IXE 627 625 575 700 622
VA 493 495 498 503 465
VB 459 465 464 463 473
VIA 322 319 313 328 319
VIB 254 247 248 247 248
VIC 352 342 330 348 370
VIIA 251 249 248 251 240
VIIA 212 209 212 208 203
VIIB 241 236 236 235 235
XA 182 178 178 178 178

therefore the procedure was strictly based on what was observed by a combi-
nation of satellite imagery and field survey. For the MELT period, the date of its
start was not available for several geomorphological regions and was therefore
replaced by the last date of the REST period. Period overlaps were not consid-
ered, rather the longer nature of the period was targeted.

For several reasons, including the amount of data obtained, determined by
the number of geomorphological regions, a linear model (multivariate addi-
tive with parameter estimation using ordinary least squares) and a random
forest model were finally chosen for the regression analysis itself. In the for-
mer case, terrain explanatory variables were selected based on the Akaike
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Information Criterion (using a combination of forward and backward variable
selection; see [21, 22] for details). Specifically, the selection of explanatory vari-
ables was done through the stepAlC function implemented in the R package
MASS, which is part of [23]. Before applying the linear models, the possible col-
linearity between the proposed explanatory variables was specifically investi-
gated using Pearson correlation coefficients. In the case of random forests, the
forward feature selection algorithm was applied using the ffs function imple-
mented in the R package CAST [24-26], which mainly needs the R packages
caret [27, 28] and randomForest [29] to make it work.



Tab. 6. Best linear models according to the Akaike Information Criterion
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Coefficient Estimate Std. error t P(> Itl)
ALL (2013-2021) intercept -73.65 3543 -2.08 0.05
(R?=0.99 X 0.000 0.000 1.39 0.18
F=2975 MIN 0.22 0.09 2.61 0.02
p <0.01) MAX 0.12 0.05 2.65 0.02
MEDIAN 0.75 0.07 10.16 <0.01
SD 0.81 0.27 297 0.01
MEDSLOPE -9.28 2.83 -3.28 <0.01
ACCUMULATION (2018-2021) intercept -701.23 536.17 -1.31 0.21
(R?=0.99 Y 0.000 0.000 1.3 0.21
F= 1747 MIN 0.35 0.1 3.52 <0.01
p <0.07) MEDIAN 0.73 0.08 9.72 <0.01
SD 0.88 0.18 4.74 <0.01
MEDSLOPE -4.79 3.05 -1.57 013
MELT (2018-2021) intercept -229.44 95.66 24 0.03
(R?=0.99 X 0.000 0.000 341 <0.01
F=1125 MIN 0.21 0.15 142 0.17
p <0.01) MAX 0.25 0.08 3.08 0.01
MEDIAN 094 0.12 7.76 <0.01
SD 0.96 0.45 211 0.05
MEDSLOPE -16.43 7.28 -2.26 0.04
MEANASPEast 53.18 28.32 1.88 0.08
MEANASPSouth 90.72 30.27 3 0.01
MEANASPWest 65.25 45.08 1.45 017
SDASP -63.21 3796 -1.67 012
REST (2018-2021) intercept -9.28 29.79 -0.31 0.76
(R?=097 MAX 0.25 0.04 6.14 <0.01
F=1152 MEDIAN 0.82 0.08 10.62 <0.01
p <0.01) MEDSLOPE -17.03 5.59 -3.04 0.01
MEANASPEast -9.63 21.8 -044 0.66
MEANASPSouth -29.39 26.61 -1 0.28
MEANASPWest 86.3 43.79 1.97 0.06

Student t-distribution quantile; P — probability; F — Fisher-Snedecor F-distribution quantile; p — p-value

To determine whether a significant interannual monotonic trend can be
observed in the altitude of the zero isochion, the non-parametric Mann-
Kendall test was applied to each geomorphological region. Since this test,
despite its non-parametric nature, is sensitive to autocorrelation in the time
series, its trend-free pre-whitening (TFPW) modification implemented in the R

package zyp [30] was chosen for the COMPLET series (2013-2021). The theoret-
ical foundations of this test modification can be studied in references [31-33].
Other parts of the winter periods could not be studied in this way because the

obtained time series were very short.
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RESULTS AND DISCUSSION

Fig. 4. shows the total number of zero isochion altitude values that have been
derived from MODIS imagery for each of the 27 geomorphological regions
used in the CHMI hydrology practice. A total of 3,216 such values were availa-
ble for the period December 2012 to May 2021, which amounts to about 6.24%
of the theoretically complete daily values (considering all winter seasons con-
tained in the period November 2012 to May 2021, i. e., 51,570 values). This is not
solely due to the fact that CHMI hydrologists traditionally focus on obtaining
only one value per week for each region, but also because some regions are
affected by cloud cover much more frequently than others. At the same time,
it should be noted that lowland areas are much less likely to experience snow-
fall than areas characterised by more mountainous relief. In Fig. 4, this fact is
highlighted by the method of a pseudo choropleth map, where geomorpho-
logical regions are classified into groups characterised by different intensities
of blue. The difference, which is certainly due to the typical altitude or rugged-
ness within the regions, is very visible. In addition to the above, it must be taken
into account that, in terms of spatial and temporal ocurrence of snow cover, the
winters of the previous five years can be judged to have been below average,
as can be seen from the continuous statistics [2].

Tab. 4 presents results regarding the extraction of selected terrain variables
that were hypothesized to explain the spatial variation in the altitude of the
zero isochion and, therefore, to be relevant for the construction of regression
models. The list of variables that can be derived from the DEM in this way is cer-
tainly not exhaustive, but it was assumed to represent at least the most impor-
tant factors related to latitude, longitude, and mean, minimum and maximum
elevation, terrain ruggedness and slope gradient as well as the slope orienta-
tion to the cardinal directions. Particularly important here are the characteris-
tics relating to the variability of elevation, but also the orientation of the slopes
to the cardinal directions. The indicators related to slope orientation could have
been expressed in angles, but in the end, it was decided that they would enter
the regression models as categorical variables resulting from reclassification,
since it is not easy to account for angular variables in such models and a trans-
formation is recommended here anyway, usually by applying trigonometric
functions.

Tab.5provides at least a basicidea of thelong-term (or rather longer-term) val-
ues of the zero isochion altitude in the territory of individual geomorphological
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geomorphological regions in Czechia for which a statistically significant monotonic
trend was found at the 0.01 level (black line: specific altitude values; blue line: linear
trend obtained by the ordinary least squares method)

regions of Czechia. In addition, Tab. 5 shows how these long-term characteris-
tics vary according to the different stages of the winter season (i.e., accumu-
lation, melting and middle periods when accumulation or melting cannot be
distinguished), at least for the years 2018-2021. It should be noted that the full
(completed) multivariate series could also include values greater than the max-
imum and less than the minimum elevation occurring in the geomorphologi-
cal regions due to extrapolations, which occurred for 16 regions in the supple-
mented data (in other words, for 13% of the total daily values). However, this
was not an obstacle when subsequently using the models to identify which
terrain features influence the variability of zero isochion altitude. Moreover,
these values could be considered realistic if, for example, the highest parts of
the regions reached the estimated positions. It is also assumed that these situ-
ations were reduced by applying the alpha-trimmed mean.

Before applying linear models, it is recommended to pay particular attention
to the likely collinearity between the explanatory variables, i.e., the phenome-
non where two or more variables provide very similar information. Fig. 5 shows
through Pearson correlations that, despite the incomplete list of terrain varia-
bles, collinearity was very likely present in the set of explanatory variables. In



Tab. 7 Explanatory variables selected by the algorithm according to [25] for random
forest models

Explanatory variable

ALL (2013-2021) MAX
(R"=093 MEDIAN
RMSE =45.79 X
RRMSE = 10.18)

ACCUMULATION (2018-2021) MEDIAN
(R"=093 SD
RMSE = 4044 MIN
RRMSE = 9.49)

MELT (2018-2021) MAX
(RP=092 MEDIAN
RMSE =61.09 SDASP
RRMSE = 12.5)

REST (2018-2021) MAX
(R"=092 MEDIAN
RMSE =494 X

RRMSE = 10.92)

RMSE - root mean squared error
RRMSE - relative root mean squared error

particular, we note a very close correlation (and statistically significant correla-
tion at the 0.05 level) between the elevation maximum and the range between
minimum and maximum. Furthermore, a very close relationship between the
two variables related to slope orientation can be observed. For these reasons,
the range between maximum and minimum elevation and the prevailing slope
orientation were not further accounted for in the linear models. An alternative
(while retaining all available explanatory variables) could be regression mod-
els in which the explanatory variables are principal components instead of the
original variables (see, e.g. [34]). For the random forest models, all obtained ter-
rain explanatory variables were deliberately retained before selection. Let us
also note that for the random forest models, the original parameter settings
were retained as, e.g., in [35].

Tab. 6 and 7 already reveal which terrain variables were specifically selected
for the linear models (using the Akaike Information Criterion) and random for-
est models (using the forward feature selection algorithm of [25]), respectively.
It can be seen that linear models are much more complex in terms of the inclu-
sion of explanatory variables. Some variables are not significant according
to the t statistic, but still contribute to the significance of the whole models.
These are even significant at levels smaller than 0.05 according to the F sta-
tistic. Also, the values of the coefficients of determination (R?) clearly indicate
that the explanation of the variability of the long-term altitude of the zero iso-
chion is more than good here. At the cost of reducing R? values, the algorithm
selected fewer explanatory variables in the case of random forest models.
Longitude and elevation extremes stand out very often here. The constantly
occurring explanatory variable here is the characteristic related to the mean
elevation of the geomorphological regions, which confirms the situation in
Fig. 4. Characteristics associated with the variance of elevation (in the case of
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accumulation) and slope orientation (in the case of melting) also seem to be
important for the snow accumulation and snowmelt periods, which sounds
quite logical. It should be noted, however, that the random forest is a model
based on resampling techniques, so a different run of the algorithm may result
in a slightly different choice of variables. Nevertheless, we believe that even so,
these selections would be very similar. For example, for snowmelt, the variance
of slope orientation related to favourable or unfavourable conditions during
the daylight hours will be important.

The analysis of trends, and thus interannual temporal variability of zero iso-
chion altitude, was conducted only for the longest time series, designated
as ALL, because the four-year period for which a phase-by-phase distribu-
tion discriminating between snow cover gains and losses is available can-
not yet be considered representative for this type of analysis. It is clear from
Tab. 8 that the zero isochion was rather stable during the 2013-2021 winter sea-
sons. Nevertheless, it is possible to note that five regions are likely to experi-
ence a decrease (Ore Mts. Piedmont Region, Central Bohemian Table, Northern
Outer Carpathian Depressions, South Moravian Basin) or an increase in zero iso-
chion altitude (Krkonose-Jeseniky Piedmont). The reasons for such trends may
vary from actual increases or decreases in snow cover to the fact that the data
for some of these regions may not have been sufficient. For example, from
Fig. 6, where the black line shows the time series for only the regions with a sig-
nificant monotonic trend, it is clear that at least three of these results are quite
implausible. Situations where R? =1 almost never occur. Moreover, the courses
of these suspect series show almost no variability (e.g., the black lines are cov-
ered by the blue regression lines), suggesting that the EM algorithm may have
failed in filling in the missing values, working with only a few observed values
that may have been burdened with large uncertainty on top of that. Let us
add that while in Fig. 6 the regression lines are constructed using linear mod-
els, in Tab. 8 the regression coefficient and the intercept are related to so-called
Sen’s non-parametric estimator [36] to compare the results.

In order to update the table of differences between altitudes of the zero iso-
chion in different geomorphological regions presented in [3], its new version
has been compiled (see Tab. 9). It is obvious that the current figures are quite
different from those published in the past. For example, there may have been
some refinement, where the applied alpha-trimmed mean took the extreme
values into account in a different way. Howerver, from the practical point of
view of the methodology for calculating snow water storage, the relationship
between the mountain border regions where snow cover is longest and most
frequent, is the most important for CHMI forecasters. Nevertheless, it is also
necessary to mention the risk of significant spring flooding from melting snow,
which is more associated with snow cover in the lowlands, i.e, in the tables
surrounding the Elbe River. In such situations, the zero isochion is either com-
pletely suppressed and snow occurs over the whole territory, or the bound-
ary is quite sharp and delimits the warmest areas and heat islands. Tab. 9 only
confirms the experience from the zero isochion analyses, especially the most
widely used relationship, namely that between the Giant Mountains Region
and the Sumava Region. This can be characterised simply by the fact that the
snow cover in the Bohemian Forest always starts 100 metres or more higher as
compared with the snowline in the Giant Mountains. The reasons for this can
be seen in the ruggedness of the local regions, with the Giant Mountains rep-
resenting steeper slopes and the Czech part of the Bohemian Forest represent-
ing a more gradual transition to lower areas.

Fig.7 demonstrates an example of the output obtained with MODIS imagery
and it also documents the conditions of snow cover loss in early April 2021. It
shows the most common situation where snow cover is present only at the
highest elevations of the mountains, where it is also partially covered by clouds.
In contrast, the lowlands no longer have snow at all, just as the uncertainly
definable areas with snow are no longer present at the end of winter, as char-
acterised by code 201 (see Tab. I).
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Tab. 8. Results of trend analysis for all 27 geomorphological regions of Czechia (’P s statistically significant increasing trend at the 0.01 level; J/ s statistically significant decreasing
trend at the 0.01 level)

Region Kendall‘s tau p-value Sen's slope Intercept Graphical trend expression
A 043 0.17 3.74 598.18 -
1B 0.14 0.71 4.06 782.19 -
A -0.36 0.27 -1.01 456.15 -
1B -0.36 0.27 -0.25 439.8 -
IC -0.14 0.71 0.34 534.1 -
1D 0 1 1.69 44765 -
A -0.14 0.71 3.3 674.8 -
B -0.79 <001 419 42701 d
l@ 0.5 0.11 733 624.57 -
VA -0.29 0.39 0.23 657.84 -
VB -0.07 09 4.32 595.99 -
IVC 0 1 0.59 670.03 -
VD 0.79 <0.01 4.29 329.09 /r
IXA -0.57 0.06 -439 236.98 -
IXB -0.21 0.54 33 30142 -
IXC 0.14 0.71 465 469.41 -
IXD -0.5 0.11 -1 40111 -
IXE -0.07 09 0.56 629.08 -
VA -0.14 0.71 0.22 489.92 -
VB 0.29 0.39 1.27 451.72 -
VIA -0.07 09 0.12 322.8 -
VIB - <001 244 265.85 d
VIC -0.5 0.11 -348 368.05 -
VIIA -043 0.17 -0.41 252.38 -
VIIA -0.29 0.39 -1.74 219.8 -
VIl . <001 2,04 251 d
XA -1 <001 16 189.88 d
CONCLUSION represents a significant component of runoff in Czechia, this activity is neces-

sary before running hydrological models used at the CHMI for both operational
This paper presents updated findings concerning the altitude of the zero iso-  purposes and balance calculations. Field surveys are costly and time-consum-
chion, i.e, the line representing the boundary between the snow and snow-free  ing, and do not provide a sufficiently detailed picture of the spatial distribution
areas, in 27 geomorphological regions of Czechia, which are used in hydrologi-  of snow in regions that are often quite rugged in Czechia. Therefore, satellite
cal practice of the CHMI for estimating the snow water equivalent. Since snow  imagery has been successfully used to refine this picture, and after appropriate
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Tab. 9. Differences between long-term averages of the zero isochion altitude for winter seasons (November—May) across all 27 geomorphological regions of Czechia (in m)
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3

Fig. 7 Analyzed situation on 9" April 2021 where the selected classes from Tab. 1 are
depicted above the digital elevation model (values determine the average position of
the zero isochion in m a. s. . and 0 determines the area without recorded zero isochion)

calibration with data collected in the field, it can be very helpful in determin-
ing the boundary between snow and snow-free regions (see, e.g., [1] and [37]).
The study thus built on previous research and, using an extended time series
of zero isochion altitudes to May 2021, sought to answer the questions out-
lined in the conclusions of [3]. In particular, the spatial variability of the zero
isochion altitude was studied and it was examined through regression models
which terrain-related factors (determined in a GIS environment from the DEM
based on the DMU 25 work) matter most for the variation of the zero isochion.
The alpha-trimmed mean calculated from daily values was taken as the repre-
sentative explained variable here, as it was assumed to reduce the influence of
uncertainty in the determination of the position of the zero isochion. Moreover,
the average zero isochion altitude in each region represents to some extent
a limiting position below which non-zero (positive) values of snow cover depth
and hence snow water equivalent can no longer be expected in interpolation
processes. Given the uncertainties associated with MODIS imagery, we believe
that if the derivation of the zero isochion is appropriately combined with the
interpolation of values obtained from ground-based measurements, some of
these uncertainties can be reduced to a great extent. Thus, the regression mod-
els constructed here to explain spatial variability can be very useful, for exam-
ple, in estimating the (average) position of the zero isochion in situations where
regions are mostly covered by clouds. It has been found that mean but also
extreme values of elevation have a large influence. Longitude also seems to
play arole. In the case of snow accumulation, the standard deviation calculated
from the elevations occurring in a given geomorphological region is added to
the explanatory variables in the regression models. In the case of snowmelt,
the standard deviation obtained from all angles determining slope orientation
appears to be significant. The study of the temporal variability of the zero iso-
chion altitude was carried out by trend analysis in order to determine whether
the presence of monotonic deterministic trends can be observed. In order to
reduce the influence of autocorrelation, the TFPW modification of the Mann—
Kendall test was applied. The results show that snow cover, and hence the zero
isochion, behaved stably during the winter seasons. A statistically significant
interannual trend was found only in five geomorphological regions. However,
the results of the analyses should be interpreted with caution. For example,
in three areas the coefficient of determination was suspiciously equal to one,
which is a very rare phenomenon. Instead of indicating reality, this fact rather
indicates that the Expectation-Maximization (EM) algorithm used to fill in the
missing values of the zero isochion altitude failed in some cases. This was due
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to lack of information, which was certainly caused by the small amount of data
obtained from MODIS images or derived products.

As indicated above, revisions to the NDSI index-based product are due to be
completed in spring 2022. This could subsequently provide some sort of veri-
fication at the CHMI whether the relationships presented in this paper are still
valid. Naturally, the deployment of (semi)automatic processing of data coming
from MODIS imagery is proposed, provided that the CHMI staff deepen their
scripting skills. It is highly recommended to extend the time series towards his-
tory, considering that products related to snow detection on the Earth's sur-
face have been available since 2000. It is also suggested to complement the
data considering that MODIS imagery has a much finer time step than one
week. This may also allow the application of more sophisticated time series
models than simple trend analysis. This will refine the notion of the temporal
dynamics of the zero isochion if the explanatory variables also include a num-
ber of climatological features along with the terrain characteristics. The expla-
nation for the differences in the position of the zero isochion can also be found
in different climatic conditions, especially in the occurrence of rainfall situa-
tions, which mainly affect the south-west part of Czechia, while they do not
reach such intensities towards the northern mountain ranges anymore. It is also
worth looking at other characteristics related to the zero isochion that may
enter the models as explanatory variables. For example, the gradient of change
of the zero isochion or the change in the duration of the zero isochion presence
a certain elevation zone can provide interesting information to hydrologists.
Similar variables have already been studied in [38], and especially the period of
snow-melt and its effect on runoff was the focus of study [39]. The method by
which the zero isochion is extracted in these publications is also worth men-
tioning. This method differs from the methodology presented here, and there-
fore a comparison of the two approaches using data for Czechia is naturally
offered here.

The spatial resolution of the analyzed grid (500 m) remains a fundamental
limitation for a more precise definition of the position of the zero isochion.
Thus, spatial refinement, in addition to process automation, is necessary for
a deeper implementation of the zero isochion in the calculation of snow water
storage. One possibility could be the differentiation of the reclassification of
products with NDSI values according to different factors, which has proven to
be successful in Austria according to [40]. However, the precondition is that the
length of the derivation of the zero isochion will satisfy the requirement of the
CHMI operational hydrology to have this result within 24 hours. More accurate
spatial data currently exist, but again with a considerable time delay between
acquisition and availability. Some promise, in this decade, can be seen in local
observing systems or in the European COPERNICUS programme with Sentinel
missions (see, e.g., [41]). It will certainly be an equally important task to study the
snow cover properties separately for the accumulation, melting and remaining
phases of the winter season, because — as the results of this study have shown -
this division makes sense.

Last but not least, the question arises whether it is more advantageous to
map the snow cover area directly using MODIS imagery. This would only be
possible under ideal cloud-free conditions, when an overview of the whole
Czech territory, or at least all regions with snow cover, is guaranteed. Such sit-
uations are in fact only minimal, on the order of units of days during the sea-
son. For this reason, MODIS imagery cannot currently be implemented in snow
cover area calculations as a regularly used tool, but only as a supplement to the
information obtained from the relatively dense snow gauging network of the
CHMI. On the contrary, some potential can be found just in the calibration of
the model based on the available zero isochion altitude series and its ability to
predict for the “invisible” locations.
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