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Abstract: The rising surface temperatures driven by climate change have resulted in signifi-
cant reductions in snow depth and snow cover duration globally, with pronounced impacts
on snow-dependent regions. This study focuses on Greece, a region where snow plays a
critical role in water resources and winter tourism. Using numerical model reanalysis data
spanning from 1991 to 2020, this study identifies statistically significant declining trends in
snow depth and duration of snow cover across much of the country. The findings reveal
considerable spatial and temporal variability, with the most pronounced reductions occur-
ring in winter months and mountainous regions. Particularly affected are the northern and
central mountainous areas, where snow cover days have decreased by up to 1.5 days per
year. Ski resorts at lower elevations exhibit steeper declines in snow reliability compared to
higher-altitude resorts, posing challenges to winter tourism. These trends underscore the
urgency of adaptation strategies for climate resilience in snow-dependent sectors and the
broader implications for water resource management in the region.
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1. Introduction
Snow cover is highly responsive to variations in precipitation and temperature, which

are the primary factors influencing snowfall, snow cover, and snowmelt. These changes
are evident across multiple temporal scales, ranging from short-term weather events to
long-term monthly and seasonal climate patterns [1], and result in significant spatial and
temporal variability in the distribution of snow mass [2]. Meltwater from seasonal snow is
crucial for replenishing essential freshwater resources. In most Northern Hemisphere land
regions, annual runoff is predominantly driven by snowmelt [3]. As the climate warms,
there are regionally and temporally nonuniform changes in snow cover, snowmelt, runoff,
and precipitation patterns [4–7]. In addition to supplying water, seasonal snow cover plays
a critical role in the global energy cycle by cooling near-surface temperatures [8]. Variations
in snow mass have profound effects on snow-dependent ecosystems, human populations,
and economic activities, even in neighboring regions which are snow-free [1]. Moreover, by
insulating the underlying soil and affecting vegetation phenology and fire risk, seasonal
snow exerts a significant influence on carbon-cycle processes [9].

Snow is the foundation for winter sports and affects the operation of ski resorts, which
are major contributors to local and regional economies. Based on data from 2017, approxi-
mately 350 million people globally visit ski resorts each year, underscoring the scale and
importance of this market segment, particularly for Europe’s mountainous areas, where
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winter tourism drives regional economies but depends heavily on favorable snow condi-
tions, whether natural or artificially produced [10]. Numerous studies over recent decades
indicate that climate change significantly threatens European ski tourism [10–12]. Rising
temperatures and diminishing natural snowfall, especially at lower altitudes, are projected
to substantially reduce ski seasons by as early as the 2030s, with cascading impacts on
employment in winter-related industries and real estate values for holiday properties [10].
Research focusing on Slovak ski areas, for instance, estimated a 6% decline in ticket sales
with a 1 ◦C temperature increase, with potential losses reaching 19% under high-emission
scenarios predicting a 3.2 ◦C increase [13]. The IPCC’s Sixth Assessment Report also
highlighted research gaps regarding European ski tourism, particularly in Eastern Europe,
where comprehensive climatological studies on snow availability are scarce [14].

Ref. [15] assessed the cryosphere’s status across Europe and found significant warming
and glacial retreat, particularly in Southern and Eastern Europe, including Southeast Europe
and the Balkans. The same study highlighted the increased vulnerability of these areas due
to thinner snowpack and shorter snow seasons, exacerbating challenges for ski tourism
and water resources. The review emphasized the need for region-specific adaptation
strategies to address rapid climate shifts and their socioeconomic impacts on tourism and
local communities.

The most recent pan-European analysis on the effects of climate change on winter
tourism, part of the Copernicus Climate Change Services’ “European Tourism” SIS, incor-
porated reanalysis data from 1960 to 2015 [16]. This study revealed pronounced annual
fluctuations in snow conditions and forecasted a notable decrease in snow depth across
European mountain ranges over the 21st century, irrespective of specific climate scenarios.
Regarding Greece, a recent study evaluated the impact of climate change on ski tourism
in Greece, focusing on the Parnassos Ski Resort under scenario RCP 4.5 [17]. Findings for
2051–2060 (compared to 1971–1980) indicated a significant rise in temperature and reduced
snow cover, limiting the number of snowy days and potential hours for snowmaking. This
poses substantial risks to ski tourism sustainability in Greece.

Despite terrestrial snow being recognized as an Essential Climate Variable (ECV)
by the World Meteorological Organization’s (WMO) Global Climate Observing System
(GCOS) [18], Greece still lacks a comprehensive and systematic ground-based observational
network for monitoring snow. The lack of accurate knowledge of snow cover and mass
creates a series of problems, such as, among others, inaccurate estimates of freshwater
availability and the lack of accurate initial and boundary conditions for hydrological models,
which are important tools to minimize the impact of potentially hazardous flood events.
Moreover, in operational weather prediction, insufficient data on snow mass diminish
the accuracy of weather forecasts at local and regional scales due to land–atmosphere
feedback [19]. For climate modeling, it is critical to quantify snow–atmosphere interactions
through precise observations and the modeling of energy and mass exchanges [20].

In this current study, we investigate trends in natural snow cover and depth in Greece
during the most recent 30-year period, spanning from 1991 to 2020, using numerical reanal-
ysis data. This paper is structured as follows: Section 2 presents the datasets and methods
followed by the presentation of the results in Section 3, while the final two sections are
devoted to the discussion of the results and the presentation of some concluding remarks.

2. Materials and Methods
This study focused on an area of Greece within a bounding box with coordinates 34.5◦

to 42◦ N and 18.8◦ to 30◦ E. Figure 1 illustrates Greece’s main topographical characteristics
and its key geographical regions and ski centers, which are referenced in later sections of
this study. Positioned in Southeastern Europe, Greece features a diverse climate heavily
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influenced by its geographical location, varied landscapes, and the Mediterranean Sea.
Three primary climate zones characterize Greece: the Mediterranean climate with hot, dry
summers and mild, wet winters [20,21]; the Alpine climate in mountainous areas, with
lower temperatures and heavy snowfall in the winter; and the temperate climate found
in northern regions, featuring more balanced seasonal variations. The geographical and
topographical features across Greece result in localized climate variations, particularly in
mountainous and coastal regions [22].
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The datasets used for the current study included snow cover and depth data from the
regional land surface reanalysis product Copernicus European Regional RE-Analysis Land
(CERRA-Land) [23]. This dataset was used to construct the 30-year climatology and analy-
sis trends. The CERRA-Land dataset was provided at a spatial resolution of 5.5 km. The
credibility of the snow cover data provided by CERRA-Land was assessed by performing
a comparison with the daily snow cover from the Interactive Multisensor Snow and Ice
Mapping System (IMS) [24] provided by the National Oceanic and Atmospheric Adminis-
tration’s National Environmental Satellite Data and Information Service (NOAA/NESDIS)
and available at a 4 km resolution [25,26]. The comparison was performed for the common
period of 2005–2020 for the two datasets. It was found that both the CERRA-Land and IMS
datasets showed a consistent behavior regarding the geographical distribution of snow
cover over the Greek territory. Regarding the CERRA-Land snow depth data, a recent
publication over the Alps demonstrated that this dataset was able to provide a satisfying
description of monthly snow evolution [27]. Based on these assessments, we believed that
the CERRA-Land dataset was reliable and could be used for the snow climatology analyses
performed in the frame of this work.

The climatological analysis presented herein was performed using daily maximum
snow cover and snow depth provided by CERRA-Land. For this analysis, a snow cover
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day was defined as a day with a maximum daily snow depth greater than 0 cm. The
monthly, seasonal, and decadal trends were also calculated, while the statistical significance
of the results was also tested. To estimate the trend’s slope, a linear regression was applied
using the Theil–Sen non-parametric approach. Additionally, the Mann–Kendall (MK)
non-parametric test was used to evaluate significance, set at a 95% confidence level. This
analysis was performed for the whole Greek domain but also on grid points that fell at or
near ski centers [28].

3. Results
3.1. Snow Cover Climatology

The snow cover climatology for Greece, depicted in Figure 2, reveals that the highest
number of snow cover days occurs in the Pindus Mountain range, the Olympus Mountain,
and the highest parts of the Rhodopi Mountain range, where snow cover persists for up
to 130 days per year on average. These regions, situated at higher altitudes, experience
prolonged snow accumulation due to the colder prevailing temperatures and favorable
topographic conditions. Several other mountainous areas in Continental Greece, includ-
ing those in central and northern regions, as well as on the island of Crete, also record
significant snow cover. These areas typically experience more than two months of snow
cover annually, with persistent snow found at elevations higher than approximately 1500 m.
The spatial distribution highlights the critical role of elevation and geographic positioning
in determining snow retention, with higher-altitude regions acting as snow reservoirs.
Lower-altitude and coastal areas show minimal or negligible snow cover days, reflecting
the influence of milder winter conditions and less frequent snowfall events.
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When analyzing the number of snow cover days independently for the three decades
between 1991 and 2020, it became evident that, during the first decade (1991–2000), the
number of snow cover days in most mountainous areas of North and Central Greece was
higher than the 30-year average (Figure 3a,d). Then, in the following decade (2001–2010),
the largest part of Continental Greece had more snow cover days than the 1991–2020
period (Figure 3b,e). However, in the last decade analyzed (2011–2020), snow cover was
dramatically reduced in duration, mainly in mountainous areas (Figure 3c,f). This reduction
was particularly significant, with some regions experiencing a decrease of up to 25 days
compared to the climatological average. It should be noted that the area of Northwestern
Greece where the most pronounced decrease in snow cover days was found (Figure 3f)
over the last decade considered (2011–2020) coincided with the area where 2 m temperature
showing the largest increase during 1991–2020, with a cumulative increase over 30 years of
more than 2 C.
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Figure 4 shows the yearly deviation in the number of snow cover from 1991 to 2020,
depicting the difference in the number of days with snow cover, relative to the climatologi-
cal baseline for the same period (1991–2020). The CERRA-Land data revealed a significant
interannual variability in snow cover across Greece. Early in the record (1991–1996), espe-
cially in 1991 and 1993, the days of snow cover were much more numerous compared to the
climatology (up to 35 days more). The late 1990s (1997–1999) shifted to mostly neutral or
slightly negative deviations, suggesting that snow cover was closer to or slightly below the
climatological average. The 2000s were marked by oscillations between positive and nega-
tive deviations. The years 2001, 2005, and 2012 stood out, indicating significantly more snow
days than the average. In contrast, 2007 and 2008 exhibited strong negative deviations.
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After 2010, the pattern shifted with a notable increase in the years showing negative
deviations. For the period starting in 2010, 7 out of the 10 years taken into consideration
showed pronounced and widespread negative deviations across nearly the entire region,
underscoring a significant and extended reduction in snow cover duration. From 2013 to
2019, negative deviations were predominant, indicating a consistent trend of fewer snow
cover days. The years 2014, 2016, and 2020 had the most areas with the highest negative
deviations, reflecting a major reduction in snow cover days.

3.2. Trends in Snow Cover Days

The MK test results revealed a significant negative trend in snow cover days in most
mountainous areas in Greece throughout the study period (Figure 5a). Areas with a strong
negative trend, primarily in Northern and Central Greece, showed the most pronounced
decreases in snow cover days, with reductions of up to −1.5 days per year. This significant
negative trend suggested substantial decreases in snowfall or changes in snow persistence
over time. Limited areas in Northern Greece showed trends toward increased snow days
(evidenced by the light blue shades in Figure 5a), but these were minimal and isolated,
lacking statistical significance. While there might have been year-to-year variability, the
general trend for the snow-prone mountainous areas in this region leaned heavily toward
a reduction in snow cover. Focusing on the areas featuring elevations higher than 500 m,
it was found that 20% of these areas experienced a decrease in the number of snow-cover
days, with values of 6.6% considered statistically significant. These areas were primarily
located in Northwestern Greece. On the other hand, a very small percentage of regions
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showed a positive trend, with less than 1% of the area exhibiting a statistically significant
increase in snow cover days.
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An analysis of snow cover day trends in autumn (Figure 5b) revealed that the overall
trend in Greece was notably subdued compared to the broader September-to-May period
(Figure 5a). According to the analysis, a minor or negligible trend in snow cover days
was found in autumn across most of the country. This was not the case for winter months
(Figure 5c), when a substantial negative trend in snow cover days was evident throughout
much of Northern and Central Greece, particularly in mountainous and higher-elevation
regions. This indicated a clear and significant reduction in snow cover days during the
winter months, up to −1.5 days per year. The consistency and concentration of these
significant trends highlighted a substantial and persistent decrease in winter snow cover
over the 30-year period. In spring, a decrease in snow cover days was also evident,
especially in Central Greece. Compared to the autumn and winter maps, the spring trend
showed a similar negative pattern, but with more statistically significant areas, indicating
that the reduction in snow cover days during spring was more widespread and pronounced.

3.3. Snow Depth Climatology

The spatial distribution of snow depth in Greece revealed significant geographical
variability, primarily influenced by elevation and latitude. The snow depth values in this
study might have been lower than the actual ones, mostly due to the lower elevation of
the modeled ground and the spatial resolution of the CERRA-Land dataset. However, the
spatial and temporal distribution of snow depth in the analyzed dataset was considered
reliable. Indeed, the greatest snow depths were observed in the mountainous regions
of Northern and Central Greece, particularly along the Pindus Mountain range and the
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country’s northern borders with Albania and North Macedonia (Figure 6). These areas
consistently exhibited snow depths exceeding 30 cm, with localized peaks reaching over
42 cm, reflecting the impact of orographic effects and cooler temperatures at higher altitudes.
In contrast, snow depths diminished significantly in lower-altitude and southern regions,
including the Peloponnese and Crete, where the average values remained below 12 cm.
Coastal areas and islands experienced minimal or negligible snow accumulation due to
milder temperatures and limited snowfall.
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Looking into the chosen consecutive decades, it was found that, during the first decade
(1991–2000), significant snow depths were concentrated in the northern and mountainous
areas of Central Greece, with values reaching over 30 cm in some regions. During the
2001–2010 period, the spatial extent of high snow depth was reduced, while, during the
last decade considered (2011–2020), snow depth decreased further, with only limited areas
in Northern Greece maintaining a moderate snow depth, highlighting a consistent trend of
snow depth reduction over time.

Inspection of the deviation in the snow depth from the 1991–2020 baseline (Figure 7d–f)
further supported the findings of the observed trends. During 1991–2000, deviations were
minor, with slight positive anomalies in some northern regions, indicating snow depth
conditions close to the baseline. However, the 2001–2010 period exhibited widespread
positive deviations (Figure 7e), especially in Central and Northern Greece, denoting an
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increase in the snow depth. The negative trend was most pronounced in 2011–2020, where
large negative deviations dominated, particularly in central and southern areas, with
reductions exceeding 12 cm in some regions (Figure 7f).
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A substantial interannual variability in snow depth across Greece is evident in Figure 8.
The early 1990s exhibited a mix of positive and negative deviations. For instance, 1991 and
1993 showed positive deviations, indicating years with snow depths above the climatologi-
cal average. In contrast, 1992, 1996, and 1997 displayed negative deviations, suggesting
below-average snow depths. The 2000s showed pronounced shifts: years like 2002, 2003,
and 2005 featured positive deviations with significant snow depths, whereas 2007 and 2008
showed sharp negative deviations, indicating substantial reductions. From 2010 onwards,
the trend began to lean more consistently toward negative deviations. The most striking
negative deviations were observed in 2014, 2015, 2016, and 2020, suggesting a notable
decrease in snow cover depth. Positive deviations became rarer in the more recent years
considered, with only a few isolated years like 2012, 2017, and 2019 showing increases in
snow cover depth.
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3.4. Trends in Snow Depth

A clear and consistent decrease in snow depth over time is evident in Figure 9, with
the decline becoming more spatially widespread and statistically significant during the
last two decades of the analyzed period. During the first decade (1991–2000), negative
trends dominated in Northern and Central Greece, but the extent of statistically significant
changes was relatively limited. Some areas, particularly in Northern Greece, showed local-
ized positive trends, albeit minimal and not widespread. The second decade (2001–2010)
showed a sharper and more extensive decrease in snow depth (Figure 9b), especially in the
northern and mountainous regions of Central Greece. The negative trends became larger,
with extended areas experiencing statistically significant reductions in snow depth. This
indicated that, during this decade, an acceleration in snow loss occurred compared to the
previous one. The last and most recent decade considered (2011–2020) demonstrated the
most pronounced decrease in snow depth. The areas with statistically significant negative
trends expanded further, covering much of Northern Greece and spreading into southern
regions as well. There was little evidence of positive trends in this period, mostly in the
mountains of Crete, but with no statistical significance. Finally, when considering the whole
30-year period (Figure 9d), only negative trends were evident throughout Greece, and
they were statistically significant in Northwest Greece, the area with the most pronounced
warming in the period of 1991–2020.
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3.5. Evolution of Snow Depth in Greek Ski Centers

Snow plays a crucial role in the winter economy, especially in regions that rely on
tourism and winter sports. Ski resorts depend heavily on consistent snowfall to attract
tourists. This is the reason why, in this section, we focused on the analysis of snow depth
specifically over major ski centers in Greece. Indeed, Figure 10 provides an insightful
comparison of average snow depth evolution across nine ski centers. We focused on the
wet period (September through May), and the three consecutive decades of 1991–2000,
2001–2010, and 2011–2020 were also analyzed separately. It is clear that snow depths
have decreased over the years, with the most recent decade (2011–2020) consistently
displaying lower snow accumulation compared to the earlier decades. This trend highlights
a significant reduction in snow accumulation over time, implying that the conditions for
sustained snow cover in Greek ski centers have weakened.

One of the most evident patterns is the decrease and seasonal shift in peak snow
depths. In the decade of 1991–2000, snow depth often reached higher maximum values that
persisted longer into the season, extending into late winter and early spring. In contrast,
the 2011–2020 decade showed lower peaks, with decreased maximum snow depths and
an earlier melt, indicating a shorter snow season. This pattern was particularly evident
in ski centers like Kaimaktsalan (Figure 10a), 3–5 Pigadia (Figure 10b), Seli (Figure 10c),
and the northern part of Greece, where snow depths have notably decreased in the most
recent decade compared to the early 1990s. During the first two decades considered, the
earlier peaks were sustained and supported a longer duration of snow cover, but the recent
decade reflected not only a drop in these peaks but also a quicker decline in snow depth as
the season progressed.
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Figure 10. Average snow depth evolution over three decades: 1991–2000 (blue line), 2001–2010 (black
line), and 2011–2020 (red line) at nine Greek ski centers: (a) Kaimaktsalan, (b) 3-5 Pigadia, (c) Seli,
(d) Anilio- Metsovo, (e) Vasilitsa, (f) Pertouli, (g) Elatochori, (h) Parnassos. The x-axis represents
months (September to June), and the y-axis shows snow depth in meters.
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Specific observations at centers such as 3–5 Pigadia and Seli revealed consistent
decreases in the snow depth during the consecutive decades considered, with the first
decade showing stable and substantial snow cover, while the latest decade indicated
less snow accumulation, peaking at lower values and later in the season, with a snow
season which started later and ended earlier. This trend aligned with the snow depth
evolution across most of the ski centers, underscoring the overall pattern of reduced snow
cover. Pertouli (Figure 10f) and Vasilitsa (Figure 10e) demonstrated a similar trend, with
marked reductions in the average snow depth, particularly after February, suggesting
that the duration of the snow season shortened over the decades. This pattern was more
pronounced in Vasilitsa, where, during the most recent decade considered, the snow depth
in the autumn was minimal, while it decreased fast and much earlier, in the early spring.
Similar findings were discussed based on data from a weather station in the broader
Pertouli area, where decreasing trends in snow cover found during the autumn were
statistically significant [29].

Ski centers in Parnassos (Figure 10h), Anilio (Figure 10d), and Elatohori (Figure 10g)
also reflected the trend of declining snow depths. The earlier decades, especially 1991–2000,
showed more pronounced snow depth peaks that were sustained for a longer period,
whereas the 2011–2020 period featured lower peaks and an accelerated decrease, signifying
a shorter overall snow season. Comparing the three decades, the data revealed that the
1991–2000 period was characterized by higher and more stable snow depths, indicative
of consistent and prolonged snow seasons. The 2001–2010 decade, while still showing
significant accumulation, hinted at some variability and initial signs of decline in snow
cover and duration. The average 2011–2020 period stood out as markedly lower in terms of
snow depth, whereas lower peaks of maximum values confirmed that the snow cover in
Greece’s ski centers became increasingly sparse and less reliable over the years.

In addition, the number of days with snow cover was calculated and provided further
insights into the changes that occurred in eight Greek ski centers over the last three decades.
Table 1 summarizes the average number of days with snow cover between September and
May for each ski resort during the three periods (1991–2000, 2001–2010, and 2011–2020),
alongside the percentage deviation observed in the most recent decade (2011–2020) com-
pared to the earliest one (1991–2000). The data indicate an important decrease in snow days
across all ski resorts. Ski resorts located at lower altitudes, such as Pertouli, 3–5 Pigadia,
Elatohori, and Seli, demonstrated significant decreases in snow cover. During the second
decade considered (2001–2010), a reduction in snow cover days had already become appar-
ent, with a progressive decline, culminating in percentage decreases of up to 36% during
the most recent decade (2011–2020) compared to the first decade (1991–2000). On the other
hand, ski resorts at higher altitudes (>1900 m), such as Kaimaktsalan and Parnassos, main-
tained more consistent snow cover during the first decade considered (1991–2000). By the
second decade in this study (2001–2010), a gradual decline was observed, which continued
into the 2011–2020 period, resulting in comparatively smaller decreases of around 20%.
These trends highlight the disproportionate impact of decreasing snow cover at lower-
altitude ski resorts, while also underscoring broader, long-term effects across all elevations.
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Table 1. Average number of days with snow cover per calendar year between 1991 and 2020 for each
decade separately, and associated deviations between the latest and earliest decades, for eight ski
resorts in Greece. The elevation (m) corresponds to the base of each ski resort.

Ski Resort Elevation (m) Avg Snow Days
(1991–2000)

Avg Snow Days
(2001–2010)

Avg Snow Days
(2011–2020)

% Deviation
(2011–2020) and

(1991–2000)

Kaimaktsalan 2247 152 143 134 −18

3–5 Pigadia 1707 112 102 82 −30

Seli 1674 109 95 78 −31

Anilio 1729 98 92 77 −21

Vasilitsa 1874 111 94 86 −25

Pertouli 1255 100 91 73 −27

Elatochori 1666 101 88 65 −36

Parnassos 1915 110 99 91 −19

4. Discussion
The analysis of snow cover and snow depth trends in Greece over the past three

decades, using the CERRA-Land reanalysis dataset, provides a comprehensive understand-
ing of the impacts of climate change on the region’s snow conditions. The data indicate a
significant decrease in both the extent and duration of snow cover, particularly in the last
decade considered (2011–2020), emphasizing the vulnerability of Greece’s mountainous
regions to warming temperatures and shifting precipitation patterns. After 2010, a clear
shift emerged, with a marked rise in the frequency of years exhibiting negative deviations.
Notably, 7 out of the past 10 years displayed significant and widespread reductions in snow
cover duration across nearly the entire region. This decline was particularly acute in the
mountainous regions of Northern and Central Greece, where snow cover days decreased by
as much as 25 days compared to climatological averages in some areas. These findings align
with global studies that highlight the sensitivity of snow cover to temperature variations
and its substantial decline due to warming climates [4,5,8]. This decrease was more evident
in the comparative analysis between the ski centers, which showed marked decreases in
snow depth and a noticeable shortening of the snow season over time.

The spatial analysis revealed that the northern and central mountainous areas of
Greece, particularly along the Pindus and Rhodopi mountain ranges, historically expe-
rienced the largest number of snow cover days and the deepest snow accumulations.
However, these regions have since shown significant negative trends, with reductions in
snow cover days of up to −1.5 days per year. The seasonal breakdown of these trends high-
lights that winter months experience the most significant decline, with the most substantial
decreases observed in the peak winter season. Spring trends similarly reflect a pronounced
reduction in snow cover days, indicating an earlier melt and a truncated snow season. This
pattern is consistent with findings noting significant snow season shortening in Southern
and Eastern Europe [14,30,31]. The earlier onset of snowmelt has profound implications for
water resources, ecosystems, and human activities that rely on consistent snow cover [3].

Yearly deviations in snow depth further underline this decreasing pattern. While
the early 1990s displayed variability with both positive and negative deviations from
the 30-year average, the later years, particularly after 2010, showed a persistent shift to-
ward negative deviations. The most pronounced decreases in snow depth were observed
in 2014, 2015, 2016, and 2020, suggesting that the impact of warming temperatures has
accelerated in recent years, resulting in less consistent and shorter-lasting snow cover.
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Positive deviations have become rare, and even in years with above-average precipita-
tion [32], the increases are not substantial enough to counteract the longer-term downward
trend. Similar trends have been documented across European mountain ranges, where
diminishing snow accumulation is attributed to increased temperatures and changes in
precipitation patterns [14,33].

The decline in snow conditions is particularly concerning for the ski industry, a vital
economic sector in Greece’s mountainous regions. The analysis of snow depth evolution
in nine major ski centers between 1991 and 2020 shows a clear pattern of decreased snow
depth in recent years. In the decade of 1991–2000, snow depth at these ski centers reached
higher maxima that persisted through late winter and into early spring, providing longer
and more reliable ski seasons. The following decade (2001–2010) maintained significant
snow accumulation, though variability began to emerge, indicating early signs of declining
snow reliability. By the most recent decade (2011–2020), the data showed considerably
lower peaks in snow depth and an earlier decline, signaling a significant shortening of the
snow season and posing substantial challenges for ski tourism. These observations are
supported by findings indicating that rising temperatures and reduced natural snowfall
could significantly shorten ski seasons and affect winter tourism across Europe [10,30,34,35].

The primary limitation of this study lies in the reliability of the reanalysis data (CERRA-
Land), which, although valuable for large-scale analyses, may lack the precision of ground-
based measurements in capturing localized snow conditions, especially in regions with
complex terrain [23]. The use of a single reanalysis product also raises questions about
potential biases inherent in the model’s representation of snow processes, but the lack of a
ground-based observational network for snow conditions in Greece inhibits any relevant
study based on in situ measurements.

5. Conclusions
In conclusion, this study underscores the pressing need for region-specific adaptation

strategies to address the challenges posed by declining snow cover and depth in Greece.
The reduction in snow days and depth aligns with the broader trends observed across
Europe and highlights the vulnerability of Greece’s mountainous regions to climate change.
Adaptation measures, such as the development of artificial snowmaking technology and
diversified tourism strategies, could help mitigate some of the impacts. However, without
global and regional efforts to curb warming trends, the long-term sustainability of winter
tourism and snow-dependent ecosystems in Greece remains uncertain [14].

Future work should aim to incorporate a more robust network of in situ snow mea-
surements across Greece, enabling the cross-validation of reanalysis and satellite data.
Expanding the analysis to include snow water equivalent (SWE) data could provide a
more comprehensive understanding of the impact on water resources. Studies could also
examine the role of extreme weather events, such as sudden warm spells and heavy pre-
cipitation, in altering snow conditions and their implications for the persistence of snow
cover. Incorporating climate models that project future scenarios based on varying emis-
sions pathways (e.g., RCP 4.5 and RCP 8.5) would aid in assessing long-term changes and
potential adaptation measures for winter tourism and water resource management.

Finally, it would be beneficial to extend the analysis beyond ski centers to assess
the impacts on other snow-dependent sectors and ecosystems, such as agriculture and
forestry, and evaluate socioeconomic repercussions for local communities reliant on snow
for tourism and other seasonal activities. Regional collaborative studies across Southeastern
Europe could also provide comparative insights, addressing the research gaps highlighted
by the IPCC (2022) for Eastern European snow and climate impact studies.
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