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Abstract: Globally, the seasonal snow cover is the areal largest, the most short-lived and the most
variable part of the cryosphere. Remote sensing proved to be a reliable tool to investigate their
short-term variations worldwide. The medium-resolution sensor MODIS sensor has been delivering
daily snow products since the year 2000. Remaining data gaps due to cloud coverage or polar night
are interpolated using the DLR’s Global SnowPack (GSP) processor which produces daily global
cloud-free snow cover. With the conclusion of the hydrological year 2022 in the northern hemisphere,
the snow cover dynamics of the last 23 hydrological years can now be examined. Trends in snow
cover development over different time periods (months, seasons, snow seasons) were examined
using the Mann-Kendall test and the Theil-Sen slope. This took place as both pixel based and
being averaged over selected hydrological catchment areas. The 23-year time series proved to be
sufficient to identify significant developments for large areas. Globally, an average decrease in
snow cover duration of —0.44 days/year was recorded for the full hydrological year, even if slight
increases in individual months such as November were also found. Likewise, a large proportion of
significant trends could also be determined globally at the catchment area level for individual periods.
Most drastic developments occurred in March, with an average decrease in snow cover duration by
—0.16 days/year. In the catchment area of the river Neman, which drains into the Baltic Sea, there is
even a decrease of —0.82 days/year.

Keywords: snow cover; remote sensing; MODIS; Global SnowPack (GSP); trend analysis;
Mann-Kendall (MK)

1. Introduction

Seasonal snow cover is globally the most noticeable part of the cryosphere. In terms of
areal coverage, it is its largest component, but at the same time, the most short-lived and
most variable. In the northern hemisphere, approximately 40-50% of the land surface is
covered by snow during mid-winter [1,2]. Snow is an integral part of the climate system
as it controls atmospheric processes due to its high albedo, low thermal conductivity and
significant latent heat [3] and has therefore been classified by the World Meteorological
Organization’s (WMO) Global Climate Observing System (GCOS) as an Essential Climate
Variable (ECV) [4]. Hydrologically, the seasonal snow cover is an important natural reser-
voir: it accumulates during the cold season, while meltwater is released again in warmer
and drier periods and provides freshwater for over one billion people worldwide [5]. The
smallest changes in timing and/or the amount of accumulated snow can have a drastic
impact on runoff, phenology and water supply [6,7]. Since both small-scale and short-term
changes in snow cover can have drastic effects for large regions, the GCOS places the fol-
lowing requirements on a global snow product: the snow-covered area should be recorded
daily and the spatial resolution should be at least 1000 m (100 m in complex terrain). These
requirements can only be met using remote sensing methods [8].

Both active and passive remote sensing systems offer opportunities for snow obser-
vation [9]. Passive microwave remote sensing has a long history in the analysis of the
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snowpack since it is not influenced by clouds and can penetrate the snowpack. Thus,
sensors such as the Scanning Multichannel Microwave Radiometer (SMMR) on Nimbus-7
have been used for this purpose since the early 1990s [10]. Although these sensors deliver
daily information and also hydrologically relevant parameters such as the Snow Water
Equivalent (SWE), their major drawback is their very coarse spatial resolution. Even newer
sensors such as the Advanced Microwave Scanning Radiometer for EOS (AMSR-E) on
Aqua have only a spatial resolution of 25 km [11]. Active microwave (Synthetic Aperture
Radar; SAR) systems offer much better resolutions, but they are only capable of detecting
melting (wet) snow [12]. High-resolution optical sensors such as the Landsat satellite
family and Sentinel-2 offer a very good spatial resolution, which also allows analyses in the
mountains [13], but they do not provide the desired temporal (daily) coverage. In order to
meet the requirements specified by the GCOS (daily recording, at least 1000 m resolution),
we therefore have to use medium-resolution optical remote sensing sensors such as the
MODerate resolution Imaging Spectroradiometer (MODIS).

The MODIS snow products [14] have a long history in analysis of snow cover dy-
namics worldwide. The areas of application range from spatially limited areas such as the
Himalayas [15] or the Andes [16,17] to global investigations such as albedo analysis [18].
Sensor fusion methods are also used to increase time series by combining MODIS data
with AVHRR [19]. There are also methods for spatial downscaling of the information
from MODIS with the help of high-resolution optical data from Sentinel-2 and/or Landsat-
8 [20,21]—this is mainly carried out with regard to their applicability in mountains [22],
where a spatial resolution of 100 m is required by GCOS.

Nevertheless, there is a disadvantage here too: optical systems can only deliver correct
data in daylight and in a cloud-free atmosphere—which inevitably leads to data gaps.
To solve this issue, various methods have been developed to fill these gaps [15,23]. One
of these methods is the Global SnowPack (GSP) [24] product developed at the German
Aerospace Center (Deutsches Zentrum fiir Luft- und Raumfahrt; DLR), whose time series,
now covering 23 hydrological years, is examined in this study.

Large-scale analyses of the snow cover development have been carried out by [25]
who found a decrease in Snow Cover Extent (SCE) of 1 million km? (or 4%) for the entire
Northern Hemisphere compared to the long-term mean since 1966-2020. For the global
mountain ranges, [22] found for 38 observed years (1982-2020) a mean SCE decrease of
—3.6% £ 2.7%, and a Snow Cover Duration (SCD) decrease of —15.1 days + 11.6 days. Our
study will focus on changes in the SCD and also on different time periods—since drastic
changes in the SCD can occur on a small scale and are limited to a few months, such as an
increase in the SCD during the boreal spring in the Sapmi region (North Fennoscandia) [26].
A shift in the SCD was found particularly in continental areas; [27] analyzed snow data in
Canada from 185 stations and found an SCD decrease of —1.68 days/decade in the boreal
autumn and an increase of +0.28 days/decade in the boreal spring.

The scope of this study is the global analysis of the snow cover data, now covering
23 hydrological years. Different periods of time are examined with proven methods of trend
analysis [15,28-30]. This took place as both pixel based and aggregated to hydrological
catchment areas [31-33]. The following three research questions should be answered:

1. Are 23 years sufficient to detect significant trends in snow cover development?

2. Isthe comparatively small FAO data set with the aggregated major basin areas suitable
to allow statements for hydrologically defined areas?

3. In which areas (pixel and basin based) are trends identified?

The novelty of our approach is that we use gap-free data from 119 MODIS tiles
worldwide and for a period now spanning 23 years on a daily basis to make high-resolution
global statements on snow development and at the same time extract them for selected
hydrological units. In addition, the availability of the GSP data in near real-time enables
very up-to-date processing. The analysis already includes the hydrological year 2022,
which ended on 31 August 2022 in the northern hemisphere. The article is structured
as follows: First, the data set and methods used are presented. Then, they are shown
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according to the selected criteria for the major basin areas. Finally, the developments of
the most conspicuous time periods (seasons) are shown in the Results section (each for the
pixel-based and basin-based evaluation).

2. Materials and Methods
2.1. Snow Cover Extent

Information on global snow coverage is derived from the MODIS sensors onboard
the satellites Terra (since 02/2000) and Aqua (since 07/2002). Based on the Normalized
Difference Snow Index (NDSI) [34], the daily snow cover products MOD10A1 [35] (Terra)
and MYD10A1 [36] (Aqua) are made available free of charge by the National Snow and
Ice Data Center (NSIDC) [14]. The data set is available in the sinusoidal projection—a
pseudo cylindrical equal-area map projection [37]. The globe is further subdivided into 36
horizontal and 18 vertical tiles, the snow product is only calculated for tiles where land areas
exist. Figure 1 shows an example of a daily composite of the layer “NDSI_snow_cover”.
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5000,000

4000000

-4,000000

snow free land

8,000,000

6,000,000 2,000,000 10,000,000 18,000,000

Figure 1. Global Mosaic of Terra Snow Product MOD10A1 from 12 March 2008. The 119 tiles used for
GSP are framed in red (Antarctica is not included in this study).

The NDSI uses the spectral property of snow; it has a high reflectance in the visible
spectrum (VIS), but has a low reflectance in the short-wave infrared (SWIR). The calculation
is based on Equation (1) [38]:

NDSJ = PVIS ~ PSWIR )
PvIs T PSWIR

where pyjs is the reflectance in the green wavelength region (band 4 for MODIS:
545-565 nm), pswir is the SWIR reflectance (band 6 for MODIS: 1.628-1.652 um). The
NDSI can take values between —1 and +1, and is related to fractional Snow Cover Area
(fSCA) by the linear relationship fSCA = 0.06 + 1.21 x NDSI [39]. Thus, a NDSI of 0.4 rep-
resents a fSCA of 54.4%. While the NDSI threshold of 0.4 is often used in the literature to
create binary snow masks (because most of the area is snow-covered), an underestimation
can occur especially in coniferous forests [40]. Therefore, the NDSI is combined with the
Normalized Difference Vegetation Index (NDVI) to also assign low NDSI values (0.1-0.4)
to a binary snow mask if the NDVI is high enough at the same time. The NDSI values in
the “NDSI_snow_cover” layer are already quality checked and scaled from 0 to 100, where
a value greater than or equal to 10 represents snow cover.



Earth 2023, 4

Figure 1 also shows the following: there are numerous data gaps in the daily product,
whether due to lack of coverage (especially near the equator), cloud cover or the polar
night. However, to establish the complete duration of snow cover, these gaps must be filled.
Spatial and temporal approaches were developed for this [41]. The Cloud-Gap Filled (CGF)
products of the NSIDC provides Terra (MOD10A1F) and Aqua (MYD10A1F) data that are
filled with values from previous sources in a temporal approach [23]. Other approaches
use spatial filling (by surrounding pixels), or a combination of both methods [42]. The
GSP method is a multi-sensor, spatial and temporal gap-filling approach and runs in
four consecutive steps [24]:

1. Daily combination: Merging the daily snow cover maps of Terra and Aqua (if both
are available). Terra data are given preferential treatment, since channel 6, which
is required for the NDSI calculation, does not work with Aqua and band 7 is used
here instead.

2. Three-day interpolation: Gaps in the current day are filled with data from the follow-
ing day, then with data from the previous day.

3.  Topographic interpolation: If the cloud cover of the land pixels in each tile is below
30%, the absolute upper snow line (altitude level above which only snow occurs)
and the absolute lower snow line (altitude level below which only snow-free pixels
occur) are determined with a digital elevation model. Pixels with altitudes above the
absolute upper snow line are classified as snow, and pixels with altitudes below the
absolute lower snow line as snow-free.

4. Seasonal interpolation: In the last step, the remaining gaps are filled by a temporal
interpolation over the previous days. The number of days to fill is stored in a separate
array and is used for accuracy estimation.

The result is a gap-free global binary (either snow-covered or snow-free) snow cover
map for each day of the hydrological year. From this, the duration of snow cover for
different periods can now be calculated.

2.2. Snow Cover Duration

The SCD represents the number of days when each pixel is covered by snow during a
certain period of time [43]. It is calculated based on Equation (2):
n
SCDperiod = @/ ()
where S; are the snow-covered pixels and 7 is the amount of days in the observed period
of time. A normalization to values between 0 and 1 was carried out in order to avoid
distortions caused by leap years. The periods of time considered in this study are described
in Table 1.

The hydrological year was chosen for the division of the snow seasons. We define its
start with the beginning of the meteorological autumn, which is in the northern hemisphere
(NH) on September 1st, and in the southern hemisphere (SH) on March 1st. The name
for the hydrological year is always the year in which it ends. The hydrological year 2001
begins in the northern hemisphere on 1 September 2000 and ends on 31 August 2001,
in the southern hemisphere it begins on 1 March 2000 and ends on 28 February 2001.
Snow seasons are further divided into an early and late season, which should represent
snow accumulation and melting of snow [44]. The time of the separation is the maximum
snow cover, which corresponds to mid-winter (i.e., 15 January in the northern hemisphere,
15 July in the southern hemisphere) [45]. The sum of “early” and “late” snow cover duration
then forms the snow cover duration over the entire (hydrological) year and is referred to as
“full”. Figure 2 shows the global mean annual snow cover duration (SCDy,;;) which was
used to select the major catchment areas.
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Table 1. Selected periods in this study. In addition to the months, there are meteorological seasons

and snow seasons (based on hydrological years).

Period of Time Start End Days
01 1 January 31 January 31
02 1 February 28/29 February ! 28/29 T
03 1 March 31 March 31
04 1 April 30 April 30
05 1 May 31 May 31
06 1 June 30 June 30
07 1 July 31 July 31
08 1 August 31 August 31
09 1 September 30 September 30
10 1 October 31 October 31
11 1 November 30 November 30
12 1 December 31 December 31
SON 1 September 30 November 91
DJF 1 December 28/29 February | 90/91 1
MAM 1 March 31 May 92
JJA 1 June 31 August 92
Farly snow season NH 1 September 14 January 136
SH 1 March 14 July
L NH 15 January 31 August 1
ate snow season SH 15 July 28/29 February T 229/230
NH 1 September 31 August 1
Full snow season SH 1 March 28/29 February | 365/366

in leap years.
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Figure 2. Annual mean snow cover duration (SCDp,);) derived from 23 hydrological years
(2000-2022).

2.3. Selection of Major Basins

In addition to the pixel-based analysis of the development of the snow cover dura-
tion, the trend test was also applied to hydrologically delimited areas. For this, we used
watershed boundary data that are provided by the Food and Agriculture Organization
(FAO) [46]. Here, catchment areas with similar properties are merged into major basin
areas, which leads to a manageable number of 231 basins worldwide. The selection of
the major basin areas affected by snow was guided by SCDy,; (Figure 2). For each basin,
SCDyy was clipped using the shapefile and the Snow Cover Fraction (SCF) [47,48] was
derived using the mean value of all valid pixels. To obtain full days, this value was multi-
plied by 365.25 days. An empirically determined threshold of >50 days was set to obtain
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snow-affected catchment areas. Figure 3 shows the selected 57 major basins that were

included in the analysis.
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l:l 1 to 50 days
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Figure 3. Overview of the catchment areas that are included in the analysis (green), that have only

sparse snow cover (yellow) and that have no snow cover at all (red) (basins obtained from [46]).

Figure 4 shows the selected catchment areas sorted according to their area extent and
their average snow coverage. The largest catchment areas are the Siberian West Coast, the
Northwest Territories and the Ob River. The greatest snow coverage is achieved for the
islands of the Arctic Ocean (since Greenland is part of them).
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Figure 4. Overview of the area extent of the selected basins and their mean snow cover (basins

obtained from [46]).
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2.4. Trend Analysis

The Mann—Kendall (MK) test [49,50] was performed to analyze the statistical signifi-
cance of the trends of SCD. For each of the 19 periods of time listed in Table 1, the entire
time series of 23 years was examined. In the MK test, a null hypothesis (Hy), which states
that there is no monotonic trend, was tested against three possible alternatives: (i) there is
an increasing monotonic trend, (ii) there is a decreasing monotonic trend, or (iii) there is
neither a descending, nor an ascending monotonic trend. The null hypothesis is rejected if
the p-value is less than the predefined significance level. We used significance levels of 0.05,
0.1 and 0.2. Since no autocorrelation was found in the data sets, the original test was used.
The magnitude of the trend was determined by the Theil-Sen slope [51], which, in contrast
to linear regression, is more robust against outliers. The trend analysis was performed in
Python 3.9, for the combination of Mann-Kendall Test and Theil-Sen Slope the package
pyMannKendall [52] was used. For the pixel-based analysis, the MK test was performed for
all valid land pixels (i.e., ocean and inland water bodies are omitted). For the basin-based
analysis, the mean SCD of the entire catchment area was used for the analysis. Details on
the calculation can be found in Appendix A.

3. Results

Due to the large number of seasons examined, only a small selection can be shown in
this section. Therefore, it is restricted to the most relevant periods with the largest number
of significant developments (pixel and basin based). Additionally, the histograms of all
Theil-Sen slopes and the mean slopes for each confidence interval are summarized in
Appendix B.

3.1. Pixel-Based Analysis

The pixel-based trend analysis was performed for all 119 tiles for the 19 seasons
mentioned (a total of 2261 analyses). In order to determine which periods have a particularly
large number of significant developments, the percentage of pixels that fall within the
95%, 90% and 80% confidence interval (CI) was determined both for increasing (ICR) and
decreasing (DCR) developments of SCD. The result is shown in Figure 5.

15% A

Percentage Of Pixels

DCR CI 80% I ICR Cl 95%

I DCR Cl 90% I ICR Cl 90%

15% 4 Hm DCR Cl 95% m ICR CI 80%
|

01 02 03 04 05 06 07 08 09 10 11 12 SON DJF MAM JJA earlylate full
Period Of Time

10% A

Figure 5. Overview of the results of the pixel-based trend analyses. The number of pixels (percentage
of all 371 Mio. Pixels) are shown that have a significant trend in the confidence intervals (CI) 80%,
90% and 95%. The decreasing (DCR) developments of the SCD are shown in red, the increasing (ICR)
developments are shown in blue.
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As can be seen from Figure 5, there are no distinct seasons that are showing extreme
developments, but in general, the monthly trends have less significant areas than the
meteorological seasons. In turn, these have less significant developments than the snow-
seasonal developments. This applies equally to all confidence levels. However, since the
associated Theil-Sen slopes show very pronounced developments in some seasons, we will
show the most interesting ones:

3.1.1. Pixel-Based SCD Trend for March (03)

In March, the SCD development is significant for 12% of the area in the 80% confi-
dence level (3% in the 95% confidence level). Figure 6 shows the areas where significant
developments are taking place and also indicates the magnitude of the developments.

5 150°W. 120 90w 60w W [N WE EV'E 90E 120E 150°E 180°
3 T T T T T T T T T T T
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[ (per year)
+3%

0%
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30°5
a0'S

80°N

30°N
T

_| Mann-Kendall test
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B <005

o [ ]o05t00.1
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Figure 6. Pixel-based development of SCD in March. The Theil-Sen slope is shown above and the
associated p-values are shown below.

The decrease in the SCD in the Baltic Sea region is particularly striking, and there are
also significant decreases in the Siberian mountains, as well as in North America (from
Lake Winnipeg to the Great Lakes). However, the large areas of increase in SCD in Central
Asia are not significant.

3.1.2. Pixel-Based SCD Trend for April (04)

In April, the number of significant pixels is not extraordinarily high (11% at 80% confi-
dence level, 3% at 95% confidence level). Figure 7 shows why this month is special.

In North America, particularly in southern Canada, large areas show an increase in
SCD, although only few areas are significant. The situation is different in Eurasia. A mostly
significant decrease in SCD can be observed over a broad strip stretching from the Baltic
Sea over Lake Baikal to Japan.
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Figure 7. Pixel-based development of SCD in April. The Theil-Sen slope is shown above and the
associated p-values are shown below.

3.1.3. Pixel-Based SCD Trend for November (11)

With 22% significant pixels (in the 80% confidence level), November shows the highest
value in the monthly analysis (3% in the 95% confidence level). Figure 8 shows that this
month is particularly marked by an increase in the SCD.
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Figure 8. Pixel-based development of SCD in November. The Theil-Sen slope is shown above and
the associated p-values are shown below.
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In November, a (mostly significant) increase in SCD is observed in much of Canada. A
similarly strong increase can be seen in Central Asia and in China in the area of Manchuria.

3.1.4. Pixel-Based SCD Trend for Boreal Spring (MAM)

In the boreal spring (March-May), almost 18% of the pixels achieve significant devel-
opments of SCD (80% confidence level; 4.3% in the 95% confidence level). Figure 9 shows
the development in this meteorological season.

While the prevailing increase in SCD in North America is not significant, the sometimes
drastic SCD decreases in Eurasia are mostly significant. A significant increase can also be
observed in northern Europe in the area of Sapmi.
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Figure 9. Pixel-based development of SCD in the meteorological season MAM. The Theil-Sen slope
is shown above and the associated p-values are shown below.

3.1.5. Pixel-Based SCD Trend for Late Snow Season

In the late snow season, 21% of the pixels show significant development at the 80% con-
fidence level (6% at the 95% confidence level). Figure 10 shows the SCD developments.

This season, especially in the far north of Canada and Russia, there is a significant
decrease in snow cover duration. The significant decrease in the Baltic Sea region, which
was already determined for March, is also reflected here.
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Figure 10. Pixel-based development of SCD in the late snow season. The Theil-Sen slope is shown
above and the associated p-values are shown below.

3.2. Basin-Based Analysis

The SCD development averaged over all pixels of the 57 selected FAO main basin
areas show in general similar results. However, in contrast to the pixel-based trend analysis,
three periods of time are emerging in which a larger number of basins shows significant
developments of SCD (Figure 11).

w DCRCI80% mmm ICRCl95%
Emm DCRCI90% mmm ICR Cl90%
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o
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Figure 11. Overview of the results of the basin-based trend analyzes. It is shown how many major
basins have a significant trend in the confidence intervals (CI) 80%, 90% and 95%. The decreasing
(DCR) developments of the SCD are shown in red, the increasing (ICR) developments are shown
in blue.
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The two months of March and November, as well as the late snow season, stand out
here and will be examined in more detail. Figure 12 summarizes the development of all
57 catchment areas for the 19 seasons.
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Figure 12. Summary of the trend analysis for the 57 studied major basin areas for the 19 periods of
time. The color shows the magnitude of the SCD development (changes in duration percentage), the
circle size indicates the significance (the larger, the closer the p-value is to 0). The only basin on the
southern hemisphere is shown in red on the y-axis.
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3.2.1. Basin-Based SCD Trend for March

As already seen from the pixel-based analysis, the region surrounding the Baltic Sea
in particular is a hotspot of the SCD decrease in March. This is also reflected in the analysis
of the major basin areas for this month. A total of 18% of the examined basins show a
significant development of the SCD in the 95% confidence level (almost 50% do so in the
80% confidence level). Figure 13 shows the magnitudes and significance for this month.
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Figure 13. Basin-based development of the SCD in March. The Theil-Sen slope is color coded and
the corresponding p-values are hatched over it.

As mentioned, it is above all the catchment areas that drain into the Baltic Sea that the
strongest trends are shown here. For Wisla, it is —0.26 days/year for this month; on the
Poland coast, it is —0.47 days/year; and on the river Oder, it is —0.22 days/year. However,
the catchment area of the Neman River, which flows through Belarus, Lithuania and the
Russian enclave of Kaliningrad, has the strongest trend at —0.85 days/year. Positive trends
can be seen in Iceland and some basins in Central Asia; however, their development is
not significant.

3.2.2. Basin-Based SCD Trend for November

The month of November shows the second strongest trends with a significant develop-
ment of 40% of all basin areas (in the 80% confidence level); however, only five catchment
areas (9%) are significant in the 95% confidence level. Figure 14 shows the developments
for the month of November.

z| SCD Period 11

]
FAQ major basins
p-value

SR <008
SV 4 voswon
011002
[ 02

; E Theil-Sen slope

X
s

oo i dig fo dig o o
Ui ;5 o RPUAS AN

X

L
180* 1507w

L L L
120 90w B0V 30w o 30E 60°E 90°E 120°E 150°E 1807

Figure 14. Basin-based development of the SCD in November. The Theil-Sen slope is color coded
and the corresponding p-values are hatched over it.
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The catchment areas of the Narva (the border river between Estonia and Russia)
show significant negative developments this month with —0.3 days/year and the southern
coast of the Black Sea with —0.18 days/year. However, the trends of two catchments in
Central Asia are more striking: the Lake Balkash catchment at +0.29 days/year and the Syr
Darya catchment at +0.27 days/year. The maximum significant SCD increase (within the
80% confidence level) shows the catchment area of the Nelson River in Canada/Unite
States with +0.31 days/year.

3.2.3. Basin-Based SCD Trend for Late Snow Season

In terms of snow seasons, the late season SCD shows the most significant developments
with 26% of all basins in the 80% confidence level (7% on the 95% confidence level).
Figure 15 shows the developments for the late season SCD.
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Figure 15. Basin-based development of the late season SCD. The Theil-Sen slope is color coded and
the corresponding p-values are hatched over it.

When considering the catchment areas, the trends for March are also reflected in the
late season SCD. This applies to the catchment areas of the Baltic Sea. The largest decrease
in the 95% confidence level shows the Danube with —0.95 days/year, followed by the
Siberian North Coast with —0.54 days/year and the Kara Sea Coast with —0.52 days/year.
Additionally, the fourth largest basin of this study—the river Yenisey—shows a significant
decrease in SCD with —0.50 days/year. Positive trends occur again in basins in southern
Canada, but they are not significant.

4. Discussion

The first research question was to answer whether the now 23-year data set of complete
GSP data is sufficient to identify reliable trends. We are aware that the 30-year Climate
Normal (CN) [53] determined by the WMO (the youngest completed is 1991-2020) were
chosen in order to be able to make secured statements, and that our data set is of course
smaller. Nevertheless, we want to put our results in this context. The global trend analysis
of mountain areas of the SCD examined by [22] covered 38 years (1982-2020). A mean
trend of —0.4 days/year was observed for this period, which agrees well with our pixel-
based trend for the whole SCD of —0.44 days/year. We also succeeded in confirming the
snow cover changes in Europe predicted by [54] based on regional climate models. As in
their simulations, the Baltic Sea region turns out to be a hotspot for changing SCD, they
see an SCD decrease of —0.55 days/year over 60 years for the CN 2071-2100 compared
to CN 1961-1990. We found the largest significant decreases for the basin areas in the
boreal spring and March. The Poland coast showed a similar decrease for this period
of —0.47 days/year, while the Neman river was almost twice as much at —0.85 days/year.
The SCD increase in northern Fennoscandia in the boreal spring shown in Figure 9 confirms
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previous studies [26]. For the continental areas in Canada, the SCD increase found by [27] in
the boreal spring (Figure 9) could be confirmed. However, e.g., the Nelson River showed a
significant SCD increase of +0.31 days/year even in November, where [27] found a general
decrease. In the month of November, the continental basins of Syr Darya and Lake Balkash
in Asia also stood out with significant SCD increases (Figure 14). For Syr Darya, we found
+0.27 days/year, which corresponds to the findings of the 28-year time series from [45].
The Lake Balkash catchment SCD increase of +0.29 days/year coincides with a climate
change induced precipitation increase in this region of +0.654 mm/year [55]. The general
SCD increase in Northeast China (NEC) in the Manchurian region also has climatological
causes (see Figures 8-10). This is attributed by [56] (who studied the period 1985-2010)
to a weakening of the East Asian Winter Monsoon (EAWM), which allows colder air to
penetrate from the north. Along with increased water vapor content, this leads to increased
snowfall in NEC. The comparisons with previous, mostly regional studies over longer
periods of time show that our results of the 23 examined years confirmed previous findings
but also new trends could be identified; 23 years are therefore sufficiently well suited to
depicting trends.

The next point to discuss is the accuracy, on the one hand of the MODIS data itself,
on the other hand of the gap-filled product. The absolute accuracy of this product is given
by [57] as >93% depending on the land cover. The accuracy of MODIS on Aqua is slightly
lower due to the defective band 6. In order to reliably determine trends, a correction for the
gaps due to cloud cover is essential, since in Europe, for example, these cover 46.86% of
the pixels for Terra and 48.47% for Aqua [43]. In the first step, the daily combination of
Terra and Aqua, the accuracy remains at 92% [58,59]. The 3-day interpolation leads to
hardly any deterioration in accuracy, and that of the topographical interpolation is given
by [60] with 95%. Filling the remaining gaps with the pixel values of preceding days has a
greater influence on the accuracy. The accuracy drops with increasing time steps, a cloud-
persistence count (CPC) layer is included in our and the CGF product [61]. The filling of
cloud gaps occurs mainly in the first few days with an exponential decrease. In the example
from [61], 90% of the gaps were filled after just 5 days. After 10 days, there are usually no
more gaps. A study by [3] in Chile was therefore satisfied with a temporal filling of up to
3 days and obtained almost cloud-free snow coverage. During the polar night, the gaps are
of course larger, but due to the usually continuous snow cover during this time, there is
no loss of accuracy either. The gap-free SCD is validated either indirectly with weighted
individual accuracies of the different steps [58,62], or directly with measuring stations on
the ground. The latter are unfortunately very unequally distributed or are missing entirely.
In comparison with station data, [59] achieved an accuracy of 92.79-93.34% for the gap-free
SCD data set in China; for the described GSP product, an accuracy of 86.66% was achieved
for Europe (station data mainly exist in the Netherlands and Norway) [43]. For Chile the
overall accuracy was between 81 and 92% [63]. For our global approach, np analysis of the
accuracy was carried out so far, and due to the examined areas, only indirect validation is
possible. An estimation of the accuracy based on the CPC is still in progress.

The next point is to discuss whether the chosen approach, which combines the
MK test and Theil-Sen slope, is suitable. The combination of these has often been used
for snow surface dynamics [17,64,65], but it also means that some developments remain
undetected. Larger interannual SCD variations and fluctuations lead to a lower significance
and are therefore not noticeable in such a large data set. On a regional scale, however, these
strong fluctuations can already have catastrophic hydrological effects such as floods or
droughts, as has been shown in [26]. The strength, or even the weakness, of the Theil-Sen
slope calculation lies in the fact that such extremes are filtered out—even if these are not
real outliers, but only reflect the natural variability. Alternatively, it would be advisable to
rather use the coefficient of variance (CV; the standard deviation divided by the mean) [66].
This would also allow to better assess the significance of SCD changes, since, for example,
one day less SCD per year has a smaller impact in the Arctic than in the central European
low mountain ranges. There is also the question of whether the choice of catchment areas
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as aggregation makes sense. From a hydrological point of view, this has definitely proven
to be the case [28,29], but the set threshold values meant that only one basin in the southern
hemisphere was examined. For the southern hemisphere, an investigation of mountainous
areas as in [22] would therefore make more sense, since there is no extensive snow cover in
the lowlands—but most of the seasonal snow cover occurs in the lowlands of the northern
hemisphere [67]. This leads to the desired follow-up investigations, which are to be carried
out with the data set (and the additional years).

In the future, evaluations should therefore be carried out according to altitude as well
as meridional and zonal classification. Of course, this is then no longer globally feasible,
but is applied to selected catchment areas that were shown in this study. The relatively
snow-poor areas of the southern hemisphere should be considered by examining the global
mountain ranges in a further study in order to be able to compare the results of the GSP
processor directly with the work of [22]. Together with information on flora (NDVI and
land cover classes), the influence of snow development on vegetation development is to be
examined with regard to the important topic of greening of the Arctic [68].

5. Conclusions

In summary, it was found that the 23 years that are now available are already sufficient
to determine significant trends for a considerable part of the observed areas. This was
possible for the snow cover duration of the entire hydrological year in the 80% confidence
interval for almost 25% of the observed area (pixel-based). For the sometimes very large
(an aggregated) major basin areas of the FAO data set, it was shown that these are very well
suited to interpreting the snow cover development averaged over the entire catchment area.
Nevertheless, of course this study cannot replace detailed hydrological modeling (with
additional area properties and meteorological conditions), and a closer look should certainly
at least consider the relief dependency. However, we are showing an easy-to-implement
possibility to achieve a global overview of basin-dependent SCD developments—and then
to take a closer look at interesting basins. For both the pixel-based and basin-based analysis,
we found a global general decrease in SCD. In some areas, there was also a shift in the snow
cover season (earlier onset or delayed melt) with roughly the same overall duration.
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Appendix A

The Mann-Kendall (MK) test [49,50] is used to determine whether there is a monotonic
trend in a time series, and the Theil-Sen slope [51] is used to determine the magnitude of
the trend. In the MK test, the null hypothesis (Hp) indicates no trend, while the alternative
hypothesis indicates the presence of a trend. In the following, i and j stand for two
consecutive years (where j is later than 7), x; and x; stand for the SCD of the corresponding
years. First, the strength of the sequence for the time series X = (xl-, Xjjoooy xn) is described
by the MK statistic S is derived from Equations (A1) to (A2) [48]:

n—1 n
S = Y sgn(xj—x) (A1)
i=1 j=it1
+1 (JC] —X; > 0)
sgn(xj—x;) =4 0 (xj—x =0) (A2)

-1 (JC] —Xx < 0)
After that, the variance of S depending on the number of years # is calculated using
Equation (A3):
n(n—1)(2n+5)
18

Finally, the Z statistic is calculated from S and Var(S), which states whether there is a
positive or negative trend (Equation (A4)):

Var(S) = (A3)

Z = 0(S= (A4)

The trend is significant when |Z| > Z(;_, ), where « is the significance level corre-
sponding to the p-value and can be set to e.g., 0.05. Finally, the magnitude of the trend (j)
is calculated by the Theil-Sen slope (Equation (A5)):

B = Median (x’_x’) (A5)

Appendix B

Since, for the sake of clarity, only the most relevant time periods are presented in
the manuscript, the histograms for the pixel- and basin-based analysis are shown below.
Figure A1 shows the histograms of the pixel-based analysis, Figure A2 shows the histograms
of the basin-based analysis. In addition, Tables A1 and A2 show the mean slope values for
the time periods and confidence intervals.

Table Al. Arithmetic mean of the slopes (scaled to days per year) of the pixel-based trend analysis
for the three confidence intervals. Note that the pixels are a percentage of the total (not the total

number N).
Period CI 80% [Days/Year] (%) | CI90% [Days/Year] (%) | CI95% [Days/Year] (%)
01 —0.12 (13%) —0.18 (6%) —0.23 (3%)
02 —0.09 (11%) —0.12 (5%) —0.14 (2%)
03 —0.16 (12%) —0.22 (6%) —0.27 (3%)
04 —0.10 (11%) —0.17 (5%) —0.22 (2%)
05 —0.05 (13%) —0.07 (6%) —0.07 (3%)
06 —0.09 (11%) —0.16 (5%) —0.24 (3%)
07 —0.01 (12%) —0.01 (4%) —0.01 (2%)
08 0.00 (11%) 0.00 (4%) —0.00 (2%)
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Table Al. Cont.

Period CI 80% [Days/Year] (%) | CI90% [Days/Year] (%) | CI95% [Days/Year] (%)
09 ~0.02 (13%) ~0.04 (5%) ~0.05 (2%)
10 ~0.07 (14%) ~0.11 (6%) ~0.14 (3%)
11 0.03 (14%) 0.04 (6%) 0.03 (3%)
12 ~0.12 (13%) —0.17 (6%) ~0.22 (3%)
SON —0.04 (17%) —0.07 (8%) —0.11 (4%)
DJF ~0.29 (15%) ~0.40 (7%) —0.48 (4%)
MAM ~0.20 (18%) ~0.28 (9%) ~0.35 (4%)
JJA —0.07 (16%) —0.12 (7%) —0.17 (4%)
early ~0.14 (19%) ~0.18 (9%) ~0.22 (4%)
late ~0.33 (21%) —0.43 (11%) ~0.52 (6%)
full —0.44 (24%) —0.57 (13%) —0.69 (7%)
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Figure A1. Histograms of derived Theil-Sen slopes of the pixel-based trend analysis of SCD for the
19 observed periods. The color coding represents the confidence intervals, and a normalization with
the largest value was carried out.
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Figure A2. Histograms of derived Theil-Sen slopes of the basin-based trend analysis of SCD for the
19 observed periods. The color coding represents the confidence intervals, and a normalization with
the largest value was carried out.

Table A2. Arithmetic mean of the slopes (scaled to days per year) of the basin-based trend analysis

for the three confidence intervals. N shows the total number of basin areas.

Period CI 80% [Days/Year] (N) | CI90% [Days/Year] (N) | CI95% [Days/Year] (N)
01 —0.15 (15) —0.13 (6) —0.03 (2)
02 —0.03 (19) —0.04 (6) —0.01 (4)
03 ~0.16 (28) ~0.20 (16) ~0.20 (10)
04 ~0.10 (8) ~0.12 (6) ~0.19 (3)
05 0.03 (15) 0.04 (4) 0.08 (2)
06 ~0.03 (16) ~0.06 (7) —0.11 (4)
07 0.00 (18) 0.01 (10) 0.00 (9)
08 0.00 (9) 0.01 (4) 0.01 (3)
09 0.00 (14) 0.02 (7) 0.01 (6)
10 ~0.03 (3) —0.04 (2) —0.04 (2)
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Table A2. Cont.

Period CI 80% [Days/Year] (N) | CI90% [Days/Year] (N) | CI95% [Days/Year] (N)
11 —0.03 (23) —0.08 (11) 0.01 (5)
12 —0.17 (10) —0.26 (6) —0.22 (3)
SON —0.13 (14) —0.23 (6) —0.06 (2)
DJF —0.03 (11) —0.09 (6) —0.10 (5)
MAM —0.33 (14) —0.33 (8) —0.42 (5)
JJA 0.02 (8) —0.10 (4) 0.13 (1)
early —0.42 (9) —0.51 (4) —0.55 (1)
late —0.42 (15) —0.42 (5) —0.48 (4)
full —0.72 (12) —1.02 (6) —0.77 (3)
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