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Abstract: The sustainability of ski tourism is directly related to the prevailing climatic conditions.
This study investigates the impact of climate change on the sector of ski tourism in Greece. For
this purpose, the current situation is assessed and the changes in underlying climatic parameters
(temperature, snow cover, snow depth) are examined on the basis of a selected climatic scenario
(RCP 4.5) for ski tourism in Greece in general, but also for the specific case of the Parnassos ski resort
(PSR). The results refer to the period 2051–2060 compared to 1971–1980 and show a clear increase in
temperature and a considerable decrease in snow cover and snowfall throughout the Greek territory,
as well as in the special case of PSR. The results for specific snow indicators (duration of the snow
season, number of days with an amount of at least 100 and 120 kg m−2 of natural, groomed, or
managed snow, and potential snowmaking hours for wet bulb temperature lower than −2 and −5 ◦C)
from climate projections for the 1971–2099 period further highlight the risk for mountain tourism
in Greece. Decreasing trends for all examined parameters are found for the RCP 4.5 and the RCP
8.5 scenarios. In light of these findings, necessary adaptation measures against climate change are
proposed in order to maintain the viability of the ski tourism sector in Greece.
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1. Introduction

Regardless of its small size, Greece has appreciably developed ski tourism due to the
particular topographical relief of the country. Ski tourism thrives in areas with special topo-
graphical and climatic conditions, where the sustainable development of other productive
activities is doubtful. Thus, ski tourism plays a crucial role in the development of mountain
and remote areas, considerably contributing to their sustainable growth. Climate change
(CC), which is recorded worldwide, has already had an impact in Greece, although still to
a small degree. As a Mediterranean country, it is expected to be significantly affected as a
climate change hot-spot [1,2] by rising temperatures above 2 ◦C by 2050, rising sea levels,
degradation of soils, ecosystems, etc. [3,4]. According to the report on the “Environmental,
Economic and Social Impacts of Climate Change in Greece” [5] and the climatic simula-
tions for the upcoming decades, an increase in the mean air temperature is expected to be
observed in Greece. This temperature increase is expected to be higher on the mainland
and is predicted to be higher during the summer and autumn and lower during the winter
and spring. The impacts include an increasing number and extent of forest fires, and a loss
of biodiversity and species richness is also expected. Similarly, the study of diaNEOsis
concludes with the same results [6,7]. The assessment of changes in climate parameters
in Greece for the period 2046–2051 compared to the period 1961–1990 shows an average
increase in temperature of 2.5 degrees Celsius, a decrease in rainfall by about 12% on
average (but from 10 to 30% for the winter and summer months, respectively, and mainly in
the southern regions), an increase in the moisture deficit (i.e., the difference in mm between

Climate 2023, 11, 140. https://doi.org/10.3390/cli11070140 https://www.mdpi.com/journal/climate

https://doi.org/10.3390/cli11070140
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/climate
https://www.mdpi.com
https://doi.org/10.3390/cli11070140
https://www.mdpi.com/journal/climate
https://www.mdpi.com/article/10.3390/cli11070140?type=check_update&version=2


Climate 2023, 11, 140 2 of 18

rainfall and evaporation), a gradual transition to drier soils, and an increase in hot days as
well as in the number of consecutive dry days.

Simultaneously with the disruption of production systems [8–11], CC has also exerted
its impact on the tourism industry. Ski tourism especially depends strongly on the prevail-
ing climatic conditions, which actually define its sustainability. As a result, the vulnerability
assessment of ski tourism with respect to climate change (CC) and its impacts should be
considered. The need to understand the different climate risks by region is increasing as
investors and financial management authorities require the provision of data on the risk of
CC and impacts, preferably at the SR level [12–16].

An early review of the impacts of climate change on the ski industry [17] emphasizes
that climate change could pose a significant threat by leading to the closure of SRs in
numerous mountain regions. Their sensitivity is found to be dependent on the climate
scenarios and the elevation of the SRs. Following a literature review of CC impact studies
on SRs in 27 countries [18], several outcomes emerged, namely decreased reliability of
snow terrain areas, which are strongly dependent on natural snow conditions; increased
demands for artificial snow; shorter and more variable ski seasons; an increase in the
operational span period of ski resorts (SRs); and changes in competitiveness between
regional SRs with consequences to ski tourism employment and the real estate market
in these areas. The extent and time frame of these consequences depend on the CC rate,
the way the public (skiers) adapt and respond to the changes, and the behavior of the SR
operators and their competitors. Beniston et al. [19] provide a comprehensive review of the
existing understanding of snow conditions in European mountainous regions and conclude
that changes noticed in the snow depth and duration are primarily due to the transition
from solid to liquid precipitation, along with an increase in the frequency and intensity of
melting. Furthermore, the recent IPCC report [20] concludes that there is high confidence
that snow cover will continue to decrease in almost all regions throughout the 21st century
regardless of the Representative Concentration Pathway (RCP), making SRs increasingly
vulnerable to CC.

There is, therefore, rising interest from different decision makers (e.g., institutional
investors, manager–owners of ski areas, insurance companies, real estate agents, etc.) in
information on the risk of CC and expert advice on the expected implications, both for
individual ski areas as well as the ski industry as a whole. This interest is expected to
increase further as the frequency of hot and snow-reduced ski seasons progressively affects
the operation of ski tourism and the reputation of ski destinations, thus making climate risk
reporting requirements more and more in-demand in the economic community. In any case,
the information and knowledge will help the optimum adaptation of those involved with
ski tourism to the upcoming CC. Over the next decades, ski tourism’s resilience to CC could
be either reinforced or weakened. The financial limits of artificial snow production remain
unclear. SR profits that are based on the use of artificial snow could be affected by potential
rises in the price of energy due to higher taxes on the use of fossil fuels. Furthermore,
a higher frequency of winters with limited snowfalls could also impair skiers’ decision
making process, leading them to new tourism destinations or new tourism products [21].
In light of this concept, and taking into account multiple climate parameters and their
interrelations, insights regarding the ski tourism industry are needed for the effective
assessment of winter destination vulnerability.

From the above, it becomes clear that CC and its consequent impact will create new
data in winter tourism. The perception of tourists and their attitude towards the new data
are a key parameter that will trigger further changes. Ski tourists have significant adaptabil-
ity due to their flexibility to change their vacation plan in a very short time. Therefore, an
understanding of the perceptions of the specific tourist public and its behavioral approach
is necessary to anticipate possible changes in the demand for skiing as a tourist product and
to redistribute the preferences of tourist destinations on the regional market scale. Despite
the above, only a few studies have examined this issue, a fact which demonstrates the need
to further investigate this research objective [22,23].
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In addition, it should be noted that when a leisure activity is considered inappropriate,
there are three available options for its replacement:

• Site replacement (change of destination);
• Temporal replacement (the activity occurs at the same site but at different time periods);
• Activity replacement (an activity is replaced by another activity) [23].

It is implied that the behavior of tourists who select ski tourism and their choices will
affect each tourist area differently, causing, by analogy, different losses and gains in the
market share of each area [23]. On a second level, there may be derivative indirect effects,
since if the tourist standards change, this will affect the volume of traffic and subsequently
increase energy consumption and greenhouse gas emissions by shifting them to new tourist
destinations.

The aim of this study is, firstly, to present the existing SRs in Greece and then thor-
oughly investigate CC intensity for ski tourism through a number of essential CC pa-
rameters as simulated with the use of regional climate model simulations under two
Representative Concentration Pathways (RCPs). Finally, the vulnerability of the Parnassos
SR (PSR)—as a special case study—to CC impacts is examined, and adaptation measures
are proposed accordingly.

2. Climate Change Impact Assessment on Ski Tourism in Greece

The specific objective of this work is to analyze the impact of CC on ski tourism in
Greece. For this purpose, it is necessary to study the intensity and the shift of critical climatic
parameters—such as the daily air temperature (tas), the minimum daily air temperature
(tmin), the percentage of snow cover (snc), and the snow depth (snd)—the variability of
which have a decisive influence on the operation of SRs. The above parameters were chosen,
on the one hand, as the most representative, and on the other hand, because sufficient data
are available for climate model simulations in relative high resolution. In addition, specific
mountain tourism snow indicators that describe the duration of the snow period (sp), the
snow water equivalent (swe100 and swe120), and potential snow-making hours (wbt-2
and wbt-5) are examined. Impact studies typically utilize regional climate model (RCM)
simulations as an essential part of understanding the localized effects of global CC. In the
field of CC impacts on ski tourism, the analysis methods vary considerably across several
dimensions (e.g., the climate variables that are used, the spatio-temporal resolution, the
geographical scope of the analysis, the inclusion of adaptation strategies) and use typical
climate scenarios for providing future estimates [24].

The first methodological step refers to the mapping (with the use of the open-source
Geographic Information System QGIS) of existing SRs in Greece on the basis of a literature
review. Next, the selected critical climate parameters (tas, tmin, snc, snd) and their vari-
ability are analyzed in terms of their effect on the SR operation. To assess the variability of
the climate parameters, the “stabilization” climate scenario RCP4.5 was selected as it refers
to a radiative forcing level of 4.5 W/m2 before 2100. An ensemble of multiple regional
climate model (RCM) (Appendix A) projections is used [25,26], with a resolution of approx-
imately 12 km from the EURO-CORDEX experiment. The use of RCMs is advantageous, as
they have the ability to more accurately represent the characteristics of the Earth’s surface
such as orography, land and sea distribution, and land use, characteristics that can not be
represented in the simulations of global climate models (GCMs).

The selected snow indicators are generated using the Crocus snowpack model, a multi-
layer snowpack model embedded in the land surface model SURFEX (Surface Externalisée)
forced with adjusted EURO-CORDEX ensemble climate projections [27].

The assessment of the spatiotemporal variation in the examined climatic parameters
and indicators (nine variables in total) was based on the optimum possible combination of
data, giving the obtained results the comparative advantage of capturing spatial differenti-
ation in high resolution. It should be noted that the significant diversification of impacts
from one region to another needs to take into account climate characteristics on the shortest
possible spatial scale in order to achieve more valid estimates.
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2.1. Characterization of Ski Resorts in Greece

The mapping of the SRs across Greece is presented in Figure 1 and their characteristics
are listed in Table 1. The majority of SRs are located in the Central Macedonia region (6),
followed by Central Greece (3), West Macedonia (3), Thessaly (3), Peloponnese (2), and
Epirus (2), while East Macedonia and Thrace and Western Greece have one SR each. The
analysis is based on the selection of 7 representative ski resorts, namely Vasilitsa, Velouchi,
Mainalo, Parnassos, Pelion, Falakro, and 3–5 Pigadia. These SRs cover all geographic areas
and are the most important winter tourism locations in Greece.
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Figure 1. Map of Greek ski resorts (SR). Legend: 1. 3–5 Pigadia; 2. Anilio Metsovou; 3. Vassilitsa;
4. Velouchi; 5. Vigla Pisoderiou; 6. Vitsi; 7. Gerontovrachos; 8. Elatochori; 9. Ziria; 10. Kaimaktsalan;
11. Kalavrita; 12. Olympos; 13. Lailas; 14. Menalo; 15. Parnassos; 16. Pertouli; 17. Pilio; 18. Politsies
Metsovou; 19. Seli; 20. Falakro; 21. Chryso Elafi.

Table 1. Main characteristics of Greek ski resorts (SRs).

I.D. Ski Resort Regional Unit Administrative Region Elevation (m) Slopes Lifts

1 3–5 Pigadia Imathia Central Macedonia 1450–2005 10 7
2 Anilio metsovou Ioannina Epirus 1650–1889 13 5
3 Vassilitsa Grevena West Macedonia 1788–2060 12 7
4 Velouchi Evrytania Central Greece 1750–2100 18 5
5 Vigla pisoderiou Florina West Macedonia 1600–1900 9 5
6 Vitsi Kastoria West Macedonia 1610–1875 3 1
7 Gerodovrachos Boeotia Central Greece 1850 2 2
8 Elatochori Pieria Central Macedonia 1400–1912 10 5
9 Ziria Corinthia Peloponnese 1500 2 2
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Table 1. Cont.

I.D. Ski Resort Regional Unit Administrative Region Elevation (m) Slopes Lifts

10 Kaimaktsalan Pella Central macedonia 2051–2480 14 6
11 Kalavrita Achaea West Greece 1700–2340 12 7
12 Olympos Larissa Thessaly 2000–2450 3 3
13 Lailas Serres Central Macedonia 1595–1847 2 3
14 Menalo Arcadia Peloponnese 1550–1770 8 4
15 Parnassos Boeotia Central Greece 1640–2260 23 13
16 Pertouli Trikala Thessaly 1170–1340 3 3
17 Pilio Magnesia Thessaly 1170–1471 7 5
18 Politsies metsovou Ioannina Epirus 1360–1620 4 2
19 Seli Imathia Central Macedonia 1.500–1.900 17 11
20 Falakro Drama East Macedonia and Thrace 1620–2232 20 9
21 Chryso elafi Imathia Central Macedonia 1540–1660 4 2

2.2. Climate Data and Indicators

Climate data are retrieved from the EURO-CORDEX database [25] following a multi-
criteria search, and the following parameters are utilized:

(1) Project (Experiment): Cordex/RCM
(2) Parameter (Climate Parameters):

(2.1) Mean daily air temperature (K): tas;
(2.2) Minimum daily air temperature (K): tmin;
(2.3) Snow area fraction—snow cover (%): snc;
(2.4) Snow depth (m): snd.

(3) Frequency: monthly
(4) Experiment

(4.1) Historical (Historical data of previous years)—1971–1980
(4.2) RCP 4.5 (Future climate projections)—2051–2060
(4.3) Domain: EUR-11 sector

It should be noted that all 4 climatic parameter ensembles are constructed based on
multiple different simulations (Table 2). The exact ensemble GCM-RCM members are listed
in Appendix A (Table A1).

Table 2. Climate data and number of EURO-CORDEX simulations.

Parameter Time Period Number of Simulations

tas
1971–1980 24
2051–2060 19

tmin
1971–1980 24
2051–2060 19

snc 1971–1980 25
2051–2060 15

snd
1971–1980 25
2051–2060 15

For these SRs, a GIS algorithm is developed to retrieve critical data and perform a
statistical analysis. For each climatic parameter and SR, the following is calculated:

• The annual average value;
• The average value from December to April (the usual SR operating period in Greece);
• The average value of two time periods, namely 1971–1980 and 2051–2060, based on

the annual averages;
• The average value of two time periods, namely 1971–1980 and 2051–2060, based on

the averages of the months December–April;
• The resulting differences between the two examined time periods.
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With respect to mountain tourism snow indicators, data are extracted and analyzed
for RCP 4.5 and for the high-emission scenario RCP 8.5 with the aim to characterize
the operating conditions of winter ski resorts [27] from 1970 up to 2099. The examined
indicators include:

• Duration of snow season, based on the start and end date of snow season (sp). The
index is calculated as the longest continuous period where the snow depth is continu-
ously above 30 cm.

• Snow water equivalent (swe100 and swe120). The swe100 and swe120 indices calculate
the number of days in a given time period where swe ≥ 100 kg m−2 or swe ≥ 120 kg m−2.

• Potential snow-making hours (wbt-2 and wbt-5). The wbt-2 and wbt-5 indices are
based on the wet bulb temperature (TWBT) calculation from temperature and relative
humidity, and refer to the number of hours from November to December for which
TWBT ≤ −2 ◦C or TWBT ≤ −5 ◦C.

The snow indicator analysis includes the development of a representative ensemble
from a subset of 8 adjusted climate model simulations (Table 3), the trend identification,
and the change point detection of the trend. For this, the Mann–Kendall (M-K) test is
employed for the identification of a monotonic trend of the climate indicator time series
at the 99% confidence level. The test examines the null hypothesis (H0), which states that
no monotonic trend is present, versus the alternative hypothesis (Ha), where a monotonic
trend exists in the time series [28–30]. Additionally, the non-parametric Theil–Sen estimator
is utilized for a robust estimation of the linear slope that is insensitive to outliers, which is
widely used in climatology in combination with the M-K test [31]. The time-series change
point detection analysis is conducted using the Pettitt test [32], which identifies the most
significant change in the mean of the time series and provides an estimate of the location of
each change point.

Table 3. Climate model simulations for the snow indicators.

Global Climate Model Regional Climate Model

MPI-ESM-LR CCLM4-8-17
CNRM-CM5 ALADIN53
CM5A-MR WRF331F

MPI-ESM-LR REMO2009
MPI-ESM-LR RCA4
CNRM-CM5 RCA4
CM5A-MR RCA4
EC-EARTH RCA4

3. Results
3.1. Data Analysis of the Daily Air Temperature Parameters (Tas and Tmin)

In Table 4, the average value for the climatic parameters of tas and tmin, based on their
annual averages, for the time periods 1971–1980 and 2051–2060 are presented along with
the corresponding differences. Similarly, in Table 5, the results are presented for December
to April. An increase in both tas and tmin is found in all cases, and the relative increase for
the yearly values is higher for tmin compared to tas, while the opposite is observed for the
December to April period. It should also be noted that the highest differences are recorded
for the northernmost Falakro SR. The mapping of the spatial distribution of the differences
for tas and tmin for Greece for the period 2051–2060 compared to the 1971–1980 period
from December to April are presented in Figure 2. The results highlight that the SRs are
located in the regions where higher temperature differences are observed.
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Table 4. Yearly statistical analysis of tas and tmin for the selected SRs in Greece.

SR

Tas
Annual

Average ◦C
1971–1980

Tas
Annual

Average ◦C
2051–2060

Tas
Difference ◦C

Tmin
Annual

Average ◦C
1971–1980

Tmin
Annual

Average ◦C
2051–2060

Tmin
Difference ◦C

VASSILITSA 6.58 7.98 1.39 2.50 4.21 1.71
VELOUCHI 8.29 9.98 1.69 4.45 6.37 1.92
MENALO 8.62 10.48 1.86 4.67 6.80 2.12

PARNASSOS 8.77 10.61 1.84 4.93 7.15 2.23
PILIO 13.34 14.62 1.28 9.80 11.18 1.38

FALAKRO 8.25 10.29 2.04 3.84 6.29 2.46
3–5 PHGADIA 7.76 9.39 1.63 3.70 5.76 20.6

Table 5. Statistical analysis of tas and tmin for the selected SRs in Greece from December to April.

SR

Tas
Dec–Apr

Average ◦C
1971–1980

Tas
Dec–Apr

Average ◦C
2051–2060

Tas
Difference ◦C

Tmin
Dec–Apr

Average ◦C
1971–1980

Tmin
Dec–Apr

Average ◦C
2051–2060

Tmin
Difference ◦C

VASSILITSA 0.16 2.28 2.12 −3.16 −1.40 1.76
VELOUCHI 2.10 4.31 2.21 −0.94 0.74 1.68
MENALO 2.58 5.03 2.44 −0.46 1.46 1.92

PARNASSOS 2.45 5.06 2.61 −0.71 1.48 2.19
PILIO 7.01 8.84 1.84 3.96 5.02 1.05

FALAKRO 1.33 4.38 3.05 −2.39 0.23 2.63
3–5 PHGADIA 1.07 3.57 2.51 −2.27 −0.12 2.15
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3.2. Data Analysis of the Snow Parameters (snc and snd)

Table 6 presents the annual average values for the snc and snd climate parameters
for the 1971–1980 and 2051–2060 periods, along with the percentage change from the
comparison of the two examined periods. Similarly, in Table 7, the results are presented
for the December to April period. Significant decreases for both parameters are projected
and are more pronounced for the Menalon and the Falakro SRs. Both parameters highlight
the climate risk related to the sustainability of the SRs. The spatial distribution of the snc
and snd relative changes between 2051–2060 and 1971–1980 from December to April are
presented in Figure 3.
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Table 6. Yearly statistical analysis of snc and snd for the selected SRs in Greece.

SR

Snc
Annual

Average %
1971–1980

Snc
Annual

Average %
2051–2060

Snc
Relative
Change

%

Snd
Annual

Average m
1971–1980

Snd
Annual

Average m
2051–2060

Snd
Relative
Change

%

VASSILITSA 15.48 9.96 −36% 0.04 0.02 −53%
VELOUCHI 6.67 4.21 −37% 0.01 0.00 −38%
MENALO 4.98 2.51 −49% 0.01 0.00 −53%

PARNASSOS 6.98 4.39 −37% 0.01 0.01 −44%
PILIO 1.77 1.14 −35% 0.00 0.00 −12%

FALAKRO 5.05 2.72 −46% 0.01 0.00 −69%
3–5 PHGADIA 10.52 6.20 −41% 0.03 0.01 −54%

Table 7. Statistical analysis of snc and snd for the selected SRs in Greece from December to April.

SR

Snc
Dec–Apr

Average %
1971–1980

Snc
Dec–Apr

Average %
2051–2060

Snc
Relative
Change

%

Snd
Dec–Apr

Average m
1971–1980

Snd
Dec–Apr

Average m
1971–1980

Snd
Relative
Change

%

VASSILITSA 34.27 22.27 −35% 0.10 0.04 −54%
VELOUCHI 15.08 9.58 −36% 0.03 0.01 −37%
MENALO 11.49 5.79 −50% 0.02 0.01 −53%

PARNASSOS 15.79 10.02 −37% 0.04 0.02 −44%
PILIO 4.07 2.65 −35% 0.00 0.00 −10%

FALAKRO 11.56 6.20 −46% 0.04 0.01 −68%
3–5 PHGADIA 23.32 13.92 −40% 0.07 0.03 −54%
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Figure 3. Mean snc (left subplot) and snd (right subplot) change from December to April for the
period 2051–2060 as compared to 1971–1980 in percent (the red spots denote the locations of the
seven SRs).

3.3. Data Analysis of the Snow Indicators (sd, swe100, swe120, wbt-2, and wbt-5)

The results of the trend statistical analysis for the sd index, as it is calculated from the
difference between the end and the start of the snow season projections from 1970 to 2099,
are presented in Figure 4. The corresponding mean trends are presented as mean values per
decade for both RCP 4.5 and RCP 8.5. In accordance with the sd findings, both the swe100
and the swe120 index results show a statistically significant decreasing trend for all SRs at
the 99% confidence level (Figure 5). The decreasing trends are more pronounced for the
RCP 8.5 scenario and for the Falakro and the 3–5 Phgadia SRs. The critical snow indicators
in terms of the potential snowmaking hours (wbt-2 and wbt-5) are examined annually, and
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the mean trends for the eight models are presented in Figure 6. In all SR sites, statistically
significant decreasing trends are identified at the 99% confidence level. As expected for
all SR sites, the trends are higher for the RCP 8.5 scenario and more pronounced for the
Vassilitsa, Falakro, and the 3–5 Phgadia SR sites.
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Figure 5. Average trends for the swe100 (a) and the swe120 (b) snow indicators from 1970 to 2099 for
RCP 4.5 and RCP 8.5.
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Figure 6. Average trends in hours/year for the wbt-2 (a) and the wbt-5 (b) snow indicators from 1970
to 2099 for RCP 4.5 and RCP 8.5.

The analysis of the time series breakpoints reveals that the most critical decades for
the projected changes in the snow indicators are in the near future (2020–2040), where the
climate change stress in the selected SRs will be a dominant factor that requires high-level
adaptation measures. In more detail, for more than 80% of the examined snow indicator
time series, the breakpoints are from 2020 to 2040.

4. The Case Study of the Parnassos Ski Resort (PSR)

The PSR is a resort with important comparative advantages, such as the rich biodiver-
sity, the cultural and archaeological capital in the wider area, and finally the accessibility
and connectivity to neighboring areas as well as to Athens. As far as visitor frequency of
the PSR is concerned, great variability is observed. The highest percentage of arrivals is
attributed to skiers in January, February, and March. April, which is also the last operating
month of the PSR, seems to fall behind in terms of the arrivals of skiers, as well as just
visitors. Though the PSR has extended its facilities, including types of alternative tourism,
tourists do not appear to respond. Moreover, the vicinity of another tourist attraction with
a high frequency of visitors—the archaeological site of Delphi—does not seem to be an
advantage.

For the case study of the PSR, historical data were extracted regarding:

• The natural environment (geomorphologic characteristics and ecosystems);
• The anthropogenic environment (population data, land use, infrastructure networks,

historic and cultural capital, etc.);
• The infrastructure (buildings, ski fields, lifts, etc.);
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• The frequency of visits by skiers and/or the general public.

Data were extracted from the Public Properties Company [33] archives and the website
of the PSR [34]. In particular, data regarding the mean temperature, the absolute maximum
and minimum temperatures, total precipitation, and the mean and the maximum wind
speed for the period 2009–2018 were also collected from the National Observatory of
Athens [35] for the two meteorological stations (PARNASSOS-1650 and PARNASSOS-2250)
located in the PSR.

On the basis of the analysis of the selected meteorological data, it was found that for the
time period 2009–2018, the absolute minimum air temperature is −13 ◦C and −14.3 ◦C and is
observed for both stations during January, while in terms of the maximum air temperature,
the absolute maximum value is observed in July for the 1950 station and in August for the
2250 station (23.91 ◦C and 21.32 ◦C, respectively) (Figure 7a,b).
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The mean and the maximum wind speeds per month for the two stations are depicted
in Figure 8a,b. The mean wind speed per month ranges from 4.4 km/h and 10.8 km/h to
13 km/h and 19.6 km/h at stations 2250 and 1950, respectively.
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1950 and 2250 stations.

In terms of the average total precipitation per month for the time period 2009–2018
and for the two examined stations, higher values are observed for station 1950 (Figure 9).

In terms of the climate simulations for the PSR, the following wase deduced:

• An increase in air temperature (mean and minimum) of 2 ◦C is observed (mean
annual), with this value reaching 2.5 ◦C for the months of the PSR’s operation;

• A decrease in snow cover percentage, of approximately 37%, for the annual average
value and the average value from December to April;

• A reduction in snow depth by 44% for the annual average value as well as the average
value from December to April.

With respect to the two examined PSR stations, air temperature increases are greater
at the 1950 station as compared to the 2250 station. Therefore, ski slopes that are located at
lower altitudes are more vulnerable to an increase in air temperature due to climate change.
In contrast, ski slopes situated at higher altitudes (2250 station) may be considered more
resilient to temperature increases.
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5. Discussion

The analysis of the climatic parameters and snow indicators for the SRs in Greece
emphasizes the fact that they are heavily impacted by changes in climate patterns. Sim-
ilar findings are recognized in studies that examine the impact of CC on natural snow
resources [36–39]. It should be noted that negative trends in snow cover are already being
reported in European mountain regions [40–42].

Climate change should be recognized as a driving force that strengthens and expedites
the rate of transformative shifts in the winter tourism industry and especially in SRs. The
management agencies of all SRs in Greece are urged to conduct vulnerability assessments
in order to develop management plans with specific adaptation measures to CC. The
assessments need to be implemented at the highest possible spatial resolution and take
note of a wide range of parameters (climatic, topographic, and techno-economic). In this
regard, the following robust adaptation policy recommendations could be employed to
strengthen the capacity of SRs to deal with climate change:

(a) Implement snowmaking technologies that help sustain good skiing conditions and
prolong the ski season. Snowmaking requirements are assessed for major winter
tourism destinations in Europe and artificial snow production under certain conditions
is promoted as a robust adaptation measure for SRs [43–46].

(b) Invest in infrastructure improvements to increase resilience to CC impacts.
(c) Develop early warning systems (EWS); these tools can effectively allow SRs to manage

risks related to changing climatic conditions and include both severe weather warn-
ings and snowfall monitoring and forecasting systems. Access to such data-driven
climate services can provide insights about expected climatic conditions and help SRs
to adapt their strategies accordingly [47–49].

(d) Diversify SR offerings and relocation of ski slopes; the focus is to gradually develop
new recreational facilities and attractions that are not dependent solely on winter
weather.

(e) Development of training and education initiatives; such programs are focused on SR
staff to manage the impacts of CC, such as emergency response training.

Applying the above general adaptation considerations to the PSR case study, we
suggest promoting specific measures that fall into two main categories [50,51]:

Improvement of existing technical (ski-related) infrastructure:

(a) Management actions to improve the morphology of the snow fields, i.e., snow groom-
ing to achieve the appropriate depth of snow cover with reduced requirements for
snowfall;

(b) Placement of snow fences at critical points of the snow fields to minimize snow losses;
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(c) The development of new snow slopes at higher altitudes (e.g., Liakoura area), which
demonstrate lower vulnerability to CC;

(d) The suitable formulation of existing natural caverns and water reservoirs in order to
create the potential of artificial snowfall.

Actions to increase visitor numbers and expand the operating period:

(a) Promotion of alternative types of tourism incorporating new recreation activities, such
as ecotourism and adventure tourism;

(b) Taking advantage of the proximity to the archaeological site of Delphi to create bipolar
tourism growth;

(c) Preparation and implementation of turfing and restoration studies regarding the
disturbed soil surfaces to visually upgrade the landscape;

(d) Development of a collaboration network with the municipalities in the wider geo-
graphic area as well as the Parnassos National Park Management Body to effectively
promote the PSR.

6. Conclusions

The contribution of this study lies in the evidence-based estimation of CC impacts on
ski tourism in Greece and in particular for the case study of the PSR; this is accomplished
through the examination of the CC-induced changes in several climate parameters and
snow indices on the basis of high-spatial resolution RCM simulations.

The results of the climate simulations for the period 2051–2060 as compared to the
reference period 1971–1980 show an increase in tas and tmin. In particular, the highest
increase in tas and tmin is observed in the north-west part of the country, whereas high-
altitude regions tend to show a greater temperature increase. Similarly, a considerable
decrease in the percentage of snc and snd is predicted for the whole Greek territory for the
months of December to April. This decrease presents a remarkable spatial heterogeneity,
with areas in western Greece and the northern part of the country being the most affected.

The variation (%) in the mean value of snd during the months December–April is
greater in the Epirus and West Macedonia areas, with the percentage of reduction reaching
65%. The geographical differentiation of the variation in snd follows that of tas and
tmin. As a result, the percentages of snd reduction are most apparent in the high-altitude
mountainous areas, while the situation is weakened in lowland areas.

According to the findings of this study, a strong dependence of ski tourism on future
climate conditions is recognized, even for the moderate RCP 4.5 scenario (RCP4.5). More
precisely, the simulated climate conditions for the period 2051–2060 as compared to the
reference one are:

(a) The tmin increase exceeds 1 ◦C, reaching 3 ◦C in some cases;
(b) The mean reduction in snc in the examined SRs is, on average, 40% (ranging from 35%

to 50%);
(c) Snow depth demonstrates remarkable losses, ranging from 10% to 70% reduction.

It is worth noting that high-altitude SRs were also found to be severely affected by CC,
a fact which implies that altitude itself cannot guarantee the resilience of SRs to CC impacts.
Regarding the snow indicators, statistically significant decreasing trends are identified
for all examined indicators, and the need for adaptation strategies is established from
the analysis of the time-series breakpoints. In the majority of the cases, the breakpoints
in the time series are identified in the next two decades for both RCP 4.5 and RCP 8.5.
Among the seven examined SRs, Falakro is the most vulnerable to CC; on the other hand,
vulnerability seems to be lower at the SRs of Pilio, Velouchi, and Vassilitsa, where air
temperature increase reaches smaller values; in addition, snc and snd show limited changes
for the period 2051–2060 as compared to the reference one.

The proposed adaptation measures include primarily the use of technological devel-
opments (e.g., artificial snowmaking) and initiatives related to the sustainability of each SR
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such as the diversification of offerings at ski resorts that can also provide economic benefits
to local communities and transform SRs into multi-seasonal tourist destinations.
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Appendix A

Table A1. Regional climate model (RCM) catalogue used in the simulations.

RCM Driving Model Institute Period

ALADIN53 CNRM-CERFACS-CNRM-CM5 CNRM 1971–1980
ALADIN63 CNRM-CERFACS-CNRM-CM5 CNRM 1971–1980
ALARO-0 CNRM-CERFACS-CNRM-CM5 RMIB-UGent 1971–1980

CCLM4-8-17 CNRM-CERFACS-CNRM-CM5 CLMcom 1971–1980
CCLM4-8-17 ICHEC-EC-EARTH CLMcom 1971–1980
CCLM4-8-17 MOHC-HadGEM2-ES CLMcom 1971–1980
CCLM4-8-17 MPI-ESM-LR CLMcom 1971–1980
CCLM4-8-17 MPI-M-MPI-ESM-LR CLMcom 1971–1980
HIRHAM5 CNRM-CERFACS-CNRM-CM5 DMI 1971–1980
HIRHAM5 ICHEC-EC-EARTH DMI 1971–1980
HIRHAM5 MOHC-HadGEM2-ES DMI 1971–1980
HIRHAM5 NCC-NorESM1-M DMI 1971–1980

RACMO22E CNRM-CERFACS-CNRM-CM5 KNMI 1971–1980
RACMO22E ICHEC-EC-EARTH KNMI 1971–1980
RACMO22E MOHC-HadGEM2-ES KNMI 1971–1980
RACMO22E NCC-NorESM1-M KNMI 1971–1980

RCA4 CNRM-CERFACS-CNRM-CM6 SMHI 1971–1980
RCA4 ICHEC-EC-EARTH SMHI 1971–1980
RCA4 IPSL-IPSL-CM5A-MRS SMHI 1971–1980
RCA4 MOHC-HadGEM2-ES SMHI 1971–1980
RCA4 MPI-M-MPI-ESM-LR SMHI 1971–1980
RCA4 NCC-NorESM1-M SMHI 1971–1980

REMO2009 MPI-ESM-LR MPI-CSC 1971–1980
REMO2015 IPSL-CM5A-LR GERICS 1971–1980
REMO2015 NCC-NorESM1-M GERICS 1971–1980
REMO2015 NOAA-GFDL-GFDL-ESM2G GERICS 1971–1980
WRF331F IPSL-CM5A-MR IPSL 1971–1980
WRF331F IPSL-IPSL-CM5A-MR IPSL-INERIS 1971–1980

CNRM-CERFACS-CNRM-
CM5 ALADIN53 CNRM 2051–2060

CNRM-CERFACS-CNRM-
CM5 ALARO-0 RMIB-Ugent 2051–2060

CNRM-CERFACS-CNRM-
CM5 CCLM4-8-17 CLMcom 2051–2060

CNRM-CERFACS-CNRM-
CM5 RACMO22E KNMI 2051–2060

CNRM-CERFACS-CNRM-
CM5 RCA4 SMHI 2051–2060

ICHEC-EC-EARTH CCLM4-8-17 CLMcom 2051–2060
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Table A1. Cont.

RCM Driving Model Institute Period

ICHEC-EC-EARTH HIRHAM5 DMI 2051–2060
ICHEC-EC-EARTH RACMO22E KNMI 2051–2060
ICHEC-EC-EARTH RCA4 SMHI 2051–2060

IPSL-IPSL-CM5A-MR RCA4 SMHI 2051–2060
IPSL-IPSL-CM5A-MR WRF331F IPSL-INERIS 2051–2060
MOHC-HadGEM2-ES CCLM4-8-17 CLMcom 2051–2060
MOHC-HadGEM2-ES RACMO22E KNMI 2051–2060
MOHC-HadGEM2-ES RCA4 SMHI 2051–2060
MPI-M-MPI-ESM-LR CCLM4-8-17 CLMcom 2051–2060
MPI-M-MPI-ESM-LR RCA4 SMHI 2051–2060
MPI-M-MPI-ESM-LR REMO2009 MPI 2051–2060
MPI-M-MPI-ESM-LR REMO2009 MPI-CSC 2051–2060

NCC-NorESM1-M HIRHAM5 DMI 2051–2060
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