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If you are faced with a mountain, you have several options. You can climb it and cross to the
other side. You can go around it. You can dig under it. You can fly over it. You can blow it up.

You can ignore it and pretend it’s not there. You can turn around and go back the way you
came. Or you can stay on the mountain and make it your home.

Vera Nazarian!

"In The perpetual calendar of inspiration.Old Wisdom for a New World. Norilana Books, Vermont 2012
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ABSTRACT

Climate change has become no longer a conjecture but an objective reality. The increase
of the global average temperature, the seas level rise or the increase in the frequency and
magnitude of extreme weather events are some examples observed during the past century that
have turned the global warming into a sharply contrasted evidence. In this context of climate
change, mountain regions have been defined as especially vulnerable areas. The rapid retreat of
glaciers and permafrost surfaces, the decrease of snow precipitations, the increase of natural
risks such as landslides or the alteration in the amount and distribution of some species prove
the high sensitivity of mountain ecosystems. Moreover, in many mountain economies, reliable
snowpack plays a key role as an important resource for the winter tourism industry, one of the
main income source and driving force of local development in such regions. For this reason,
research on the effects of climate change on the snowpack depth and duration is particularly
necessary in order to assess the potential socioeconomic impacts in mountain regions. On the
other hand, in recent years and sometimes thanks to public subsidies and interventions, ski
resorts are investing huge amounts of money in snowmaking infrastructures. By means of this
policy, it is expected to offset the effect of climate variability and guarantee the snowpack
necessary to assure reliable ski seasons every year. However, not all ski resorts will be able to
offset or attenuate their vulnerability by means of snowmaking, either due to economic
constraints or due to the severe environmental impacts related to this adaptation strategy.
Moreover, a future rising of temperatures could constrain the efficiency and viability of these
systems. If we focus on Andorra and the Pyrenees, there is a research gap due to a clearly lack
of academic studies in this field. For this reason, it is not accurately known how climate change
will affect the ski industry and which are the most suitable adaptation strategies for this specific
region.

The main goal of this research is to analyze how climate change could affect the snow
cover and the snowpack in the Pyrenean ski resorts and to assess the resulting vulnerability of
the ski industry of this region. In order to estimate future season length, changes in the
snowpack depth and duration have been projected for each ski resort. Most of the available
literature is focused on the demand-side impacts on ski industry. Even though several studies
have pointed out the intrinsic importance of weather and climate for tourist decision-making and
that behavioral adaptation of tourists due to spatial, temporal and activity substitution could
exert a strong influence, no study has included this issue on the final output of the climate
change impact assessments. Thus, the adaptive behavior of skiers to climate change has been
included in the analysis in order to analyze the potential redistribution of visitors among the ski
resorts due to heterogeneous climate change vulnerability. Based on the results, this study
analyzes the suitability and sustainability of the adaptation techniques and strategies to offset
the climate variability, first in a case study of Andorra in order to develop a preliminary model
and finally extending the analysis to the whole Pyrenees in order to assess the potential
concurrence among ski resorts with differentiated climate vulnerability and tourism
attractiveness and the resulting redistribution of skiers based on their behavioral adaptation to
climate effects.



Four different scenarios are considered. Two scenarios assume an increase of winter
mean temperature of +2°C and +4°C respectively, taking into account only natural snow
conditions. Two additional scenarios add the effect of snowmaking to enhance the natural snow
depth and extend the skiing season in the +2°C and +4°C base scenarios. Results show differing
vulnerability levels, allowing the classification of ski resorts into three distinct groups: (1)
highly vulnerable ski resorts with a strong reduction in visitors attendance for all climate change
scenarios, characterized by unfavorable tourism attractiveness and geographical conditions,
making it difficult to ensure snow availability in the future; (2) low vulnerability ski resorts,
with moderate reduction in season length during a high climate change scenario but no
reduction (or even an increase) in a low one, characterized by ski resorts with a medium
attractiveness and capacity to ensure enough snow conditions and capture skiers from other ski
resorts; and (3) resilient ski resorts, with good conditions to ensure future snow-reliable seasons
and outstanding attractiveness, allowing them to offer longer ski seasons than their competitors
and potentially attracting skiers from other closed or marginal resorts. Ski resorts included in
this last group increase their skier attendance in all climate change scenarios. Moreover this
study intends to overcome the gap in literature about the influences of the demand-side when
analyzing climate change impacts on winter tourism. In this way, although similar studies, only
including supply-side changes, foretell a significant reduction of the ski market in the near
future, this thesis projects a redefinition of the winter ski market due to a redistribution of
skiers, from vulnerable ski resorts to more resilient ones.
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1. Climate change, snow tourism and sustainability

One of the big questions in the climate change
debate: Are humans any smarter than frogs in a
pot? If you put a frog in a pot and slowly turn
up the heat, it won’t jump out. Instead, it will
enjoy the nice warm bath until it is cooked to
death. We humans seem to be doing pretty
much the same thing.

Jeff Goodell
Fracking, Nukes and More

1.1 Human-Environment interactions and Sustainability

One main argument for studying socio-ecological systems is to advance the
understanding of the dynamic interrelationship between various human and environmental
factors, including impacts and responses to environmental changes. The surrounding
environment, and how it changes over time, influences and constrains the development of any
human activity. At the same time, human activities never are totally neutral to the environment,
constantly changing its resources and its current state. Global environment has always evolved
and changed throughout earth and human history due both to natural processes and humans
interactions. However, in the last century the level and rate of change induced by human factors
has grown exponentially, leading to an increase of the stress to the planet’s resources and
ecosystems, exceeding its carrying capacity and jeopardizing the ability to sustain future
generations (Meadows et al., 2004). In 1983, the UN General Assembly set up the World
Commission on the Environment and Development (WCED) with the Norwegian Labour Party
leader, Gro Harlem Brundtland as the chairperson. Our Common Future, better-known as the
Brundtland Report, was the result of this commission with the aim of raising the awareness about
the dangerous trend of increasing human impact on the environment and claiming for a
“sustainable development which meets the needs of present without compromising the ability of
future generations to meet their own needs” (WCED 1987). The report intended to set the
principles of the Sustainability as the achievement of a balance between economic, environmental
and social concerns by means of a holistic planning and strategy-making, preserving essential
ecological processes, biodiversity, human heritage and based on a development able to be
sustained over the long term for future generations. Based on intergenerational-intragenerational
equity, the report supported the unlimited economic growth taking into account that indeed there
are limits to physical growth (Dresner 2002). Since then, the concept of Sustainability has spread
and evolved following different lines of thought, from more anthropocentric points of views, such
as the Brundtland report, to more ecocentric ones, considering the carrying capacity of
ecosystems as the main constrain to any kind of physical or economical growth (Daly and Cobb
1990).
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1.2 Climate change

The most paradigmatic example of how human activity can lead to a global
environmental change is probably the present climate change. In the last decades the plausibility
of a human-induced climate change has moved from a contentious conjecture to an objective
reality. The sea level rise, the melting of the glacier caps, the increase of the global average
temperature or the increase in the frequency and magnitude of extreme weather events are some
examples noticed during the past century that have turned the global warming, even though still
controversial, into a sharply contrasted evidence (IPCC, 2013).

Throughout history, the planet Earth has always undergone periodic changes on its
climate due to physical processes such as changes on the earths’ orbit, Milankovitch cycles
(Milankovitch, 1998), the solar cycles, the movement of tectonic plates or driven by volcano
eruptions (Weart, 2003). However, the rate and abruptness of present climate change has no
precedent in the recorded history of planet earth (Weart, 2003). In recent years, scientific
community agrees that this rapid change is due mainly to the enhancement of the natural
greenhouse effect due to a human-induced increase in the atmospheric concentration of green
house gases (GHGs), such as carbon dioxide (CO,) or methane (CH,). The presence of these
gases in the atmosphere exert a greenhouse effect, being transparent to incoming solar radiation
but absorbing and reflecting again the infrared radiation from the earth surface and resulting in
the rising of the average surface temperature (figure 1.1).

Incoming
Solar
Radiation
3413wWwm?

Surface
Radiation  Absorbed by
Surface

Thermals Evapo-
Surface transpiration

Net absorbed

Wm?

Figure 1.1. Climate system energy balance showing the most important
mechanisms involved in the energy exchange between the lower atmosphere and
the Earth’s surface, for example, the effect of greenhouse gas emissions and other
forcing mechanisms on climate (IPCC, 2007).

The shift in the atmospheric concentration of GHGs is highly correlated with the changes
on the past average surface temperature of the planet earth and has been identified as one of the
main forcing mechanisms for the earth climate. Figure 1.2 shows the correlation between the
changes on the average surface temperature over the last 800.000 years obtained from Antarctic
ice cores and the changes on CO, concentration in the atmosphere.
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Figure 1.2. The 800.000-year record of the atmospheric CO, from the
EPICA C and Vostok ice cores, and reconstruction of local Antarctic
temperature based on deuterium/hydrogen ratios in ice and the CO,
atmospheric concentration (Liithi et al., 2008).

In the past century, the rapid growth of economic activity, especially in the last few decades, and
mainly the intensive use of fossil fuels led to an abrupt and dramatic increase of the atmospheric
green house gases (figure 1.3). The combustion of fossil fuels, such as oil and coal are the
principal sources of emission of these kinds of gases and have been identified as the most
significant driver of the current climate change (IPCC, 2013). About half of cumulative
anthropogenic CO, emissions between 1750 and 2010 have occurred in the last 40 years. In 1970,
cumulative CO, emissions from fossil fuel combustion, cement production and flaring since 1750
were 420 GtCO,. In 2010, that cumulative total had tripled to 1300 GtCO,. Emissions from
forestry and other land use, also affecting atmospheric concentrations of GHGs, increased from

490 GtCO, in 1970 to 680 GtCO, in 2010 (IPCC, 2013).
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Figure 1.3. Level of CO, in the atmosphere, 1958-2007. Source:
Scripps Institution of Oceanography.

The Intergovernmental Panel on Climate Change (IPCC), the leading international body for
the assessment of climate change, is devoted to gather and compile all the published research and
release periodic updates of the current knowledge on climate change. Besides the understanding of
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the past and recent changes, scientific community is continuously working on models able to
project the future changes on climate. In this line, IPCC proposed different scenarios of future
climate change based on different assumption for greenhouse gas and aerosol emissions, land-use,
economic and technological development and other diving forces. Figure 1.4 shows projections of
future global average surface temperature for various IPCC scenarios (Representative
Concentration Pathways, RCP). Solid colored lines represent "most likely" trends; shaded regions
represent "probable ranges". The gray bars on the right represent year 2100 temperatures for all
four scenarios; the colored stripe represents the "best estimate", while the shaded gray region
represents "likely ranges". The different scenarios and models predict temperature changes between
one and more than four degrees Celsius by the end of this century.

Global average surface temperature change
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Figure 1.4. Projections of future global average surface temperature for various
IPCC scenarios (IPCC, 2013).

Temperature increases are expected to be greater on land than over oceans and at high
latitudes than in the tropics and mid-latitudes. Moreover, heat waves will be more intense, more
frequent and longer lasting in a future warmer climate. Cold episodes are projected to decrease
significantly in a future warmer climate. Almost everywhere, daily minimum temperatures are
projected to increase faster than daily maximum temperatures, leading to a decrease in diurnal
temperature range. Decreases in frost days are projected to occur almost everywhere in the middle
and high latitudes, with a comparable increase in growing season length. Higher average global
temperatures will cause a higher overall rate of evaporation, resulting in higher overall rates of
precipitation. The global water cycle will be enhanced, leading to more water vapor into the
atmosphere falling back again as rain and snow. Changes in precipitation are expected to be more
heterogeneous and uncertain that changes in temperature having a high temporal and spatial
variability. Some locations could suffer and increase of rain and snow precipitations, while other
could experience significant reductions. Moreover, models predict an increase on the frequency
of extreme precipitation as well as a tendency for drying of the mid-continental areas during
summer, indicating a greater risk of floods and droughts in those regions (IPCC, 2012).

Proxy and instrumental data indicate that the rate of global sea level rise has accelerated
during the last two centuries, making the transition form relatively low rates of change during the
late Holocene (order tenths of mm yr-1) to modern rates (order mm yr-1). It is very likely that the
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mean rate was 1.7 mm yr-1 between 1901 and 2010 for a total sea level rise of 0.19 m. Between
1993 and 2010, the rate was very likely higher at 3.2 mm yr-1; similar high rates occurred
between 1930 and 1950. The global sea has accelerated since early 1900s, with estimates ranging
from 0 to 0.013 [-0.002 to 0.019] mm yr-2. Regarding sea level rise projections, for an
unmitigated future rise in emissions (RCP 8.5 scenario), IPCC now expects between a half meter
and a meter of sea-level rise by the end of this century. The best estimate here is 74 cm. On the
low end, the range for the RCP2.6 scenario is 28-61 cm rise by 2100, with a best estimate of 44
cm. Now that is very remarkable, given that this is a scenario with drastic emissions reductions
starting in a few years from now, with the world reaching zero emissions by 2070 and after that
succeeding in active carbon dioxide removal from the atmosphere. Even so, the expected sea-
level rise will be almost three times as large as that experienced over the 20th Century (17 cm).
This reflects the large inertia in the sea-level response — it is very difficult to make sea-level rise
slow down again once it has been initiated. This inertia is also the reason for the relatively small
difference in sea-level rise by 2100 between the highest and lowest emissions scenario (the ranges
even overlap) — the major difference will only be seen in the 22nd century (IPCC, 2013).

Climate change will also affect biological systems and the global carbon cycle.
Temperature changes affect the ecologic niches of many types of plants and animals. The
geographical distributions or the lengths of growing seasons will be significantly affected by a
climate change. All these changes in biodiversity amount and distribution can lead to significant
impact both in wildlife and in agriculture species (IPCC, 2014).

In spite the uncertainty in the level and the time horizon of the projected changes,
especially at regional scale, the main trends of the potential shifts on the climatic system, and
therefore the potential impacts, are better known. In this context, mountain regions have been
identified as especially vulnerable areas to climate change impacts. The rapid retreat of glaciers,
important changes in snowfall amount and frequency and shifts in biodiversity amount and
distribution are some examples that demonstrate the sensitivity of mountain ecosystems (Messerli
and Ives, 1990; Beniston 2003; IPCC, 2014). Moreover, in many mountain economies, reliable
snowpack plays a key role as an important resource for the winter tourism industry, one of the
main income source and driving force of local development in such regions (Beniston 2003;
UNWTO, 2003; 2008; Sauri and Llurdés, 2010).

1.3 Climate change in mountain regions

Mountain regions are unique areas for the detection and the assessment of climate change
impacts. In recent decades, a significant increase in temperature has been detected in the majority
of the mountain regions around the world (Pepin and Seidel, 2005; Diaz and Eeischeid, 2007;
Pepin and Lundquist, 2008; Ohmura, 2012). The temperature increase in these regions has been
detected to be higher than global average change (Beniston, 2004; Esteban et al., 2012). Even
though the uncertainties and the large regional variability, climate models project that temperature
will continue to increase in coming decades (Ganguly et al., 2009). Mountain areas are expected
to be particularly affected by high rates of warming and climate scenarios project a greater
temperature rise in mountain than at lower altitudes (Giorgi et al., 1994; Bradley et al., 2006;
Nogues-Bravo et al., 2008; Barrera-Escoda and Cunillera, 2011; ESCAT, 2012; SCAMPEI,
2012) with consequent impacts on the accumulation and duration of mountain snowpacks (Adam
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et al., 2009; Garcia-Ruiz et al., 2011). This warming has been generally accompanied by a shift
toward earlier snowmelt and declining snow accumulation (Mote, 2003; Barnett et al., 2005).
Snow cover and snowpack respond also very rapidly to changes in the patterns of temperatures
and precipitations. Many academic studies have identified and analyzed the changes in the
seasonality and the amount of snow due to climate change (Brown and Robinson, 2011; Brown
and Mote, 2009; Déry and Brown, 2007, Lépez-Moreno and Serrano-Vicente, 2007). This change
in snowpack dynamics is a consequence of the great sensitivity of snow to temperature increase,
which causes a decreasing proportion of snowfall relative to rainfall, and an increase in available
energy for snow melting. Increasing temperature could turn snow precipitation into more often
rain precipitation in many temperate mountain climates (Rood et al, 2008). These changes in the
snow cover and snowpack duration could strongly affect the water resources and the mountain
biodiversity (IPCC, 2013). Ozenda and Borel (2001) have demonstrated that vegetation of snowy
areas is more vulnerable to climate change because is more exposed to the drainage in summer. In
many regions, especially those with a higher continental and Mediterranean influence, the
increase in the temperatures and the frequency and severity of canicula periods, could enhance
and move to early spring the melting of the snow cover (Lépez-Moreno et al., 2008b).

Moreover, the abrupt topography and the marked altitudinal gradient result in significant
climate variations at short distances, affecting both physically and biologically the ecosystems of
these regions. For this reason, mountains host a great biodiversity with strong transitions in
ecotons, such as abrupt changes from vegetated lands to snow or ice lands (Whiteman, 2000).
Furthermore, mountain ecosystems are often peopled with endemic species, isolated in small
ecological niches in high altitude lands. Such systems, highly sensitive, will be, and they already
are, highly affected by changes in the climatic patterns. For example, the detected rise of
temperatures is moving the ecological niche of several mountain species to higher elevations,
reducing the available land and consequently reducing its population or even leading to the their
extinction (Peters and Darling, 1985; Hansen-Bristow et al., 1988; Cumming and Burton, 1996).
Regarding to hydrology, the increasing temperatures will affect the temporality and the dynamics
of the water cycle. Even though, the trend and the direction of precipitations changes due to
climate changes are still uncertain and will vary significantly from one region to another. In this
way, it is mainly expected that climate change would lead to an increase in the amount of rain
precipitation and a decrease in the snow precipitation in mountain areas (Rood et al., 2008).
However, there are also some studies showing that some high elevation locations could
experience an increase of the snowfalls (Ldépez-Moreno, 2009). Shifts in the amount and
temporality of precipitations will affect the runoff, the soil moisture, the water reservoirs or the
level and frequency of draughts and floods (Lépez-Moreno et al., 2008b). These changes will lead
to impacts not only on the mountain regions but also in all those lowlands areas influenced by the
basins depending on the mountain resources. Because mountain areas are the source of
approximately 50% of the world rivers, climate change could have a strong economic and social
impact in densely populated areas far away from mountains affecting the water availability for
domestic uses, hydropower energy or industrial uses (Beniston 2003).

Another apparent proof of climate change in alpine spaces is the evolution of glaciers in
the last century. Glaciers are a valuable indicator due to the high sensitivity to changes in the
temperature and precipitation regimes and represent one of the most visible evidences of current
climate change (Haeberli et al., 2005; Zemp et al., 2006). The volume of ice in the glaciers is
based on the balance between the snow and the ice accumulation (input) and the melting,
sublimation and separation of ice blocks (outputs). All these factors are regulated by temperature,
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humidity, wind and other topographic factors such as the slope and the albedo of the ice
(Fitzbarris et al., 1996). With the increase in temperatures due to climate change this balance has
been strongly affected. For example, the glaciers in the European Alps reached their recent
maximum extent around 1850 (Holszhauser and Zumbiihl, 2003; Haeberli et al., 2005). The
overall are loss since then is estimated to be about 35% until the 1970s, when the glaciers covered
a total area of 2.909 km?, and almost 50% by 2000 (Zemp et al., 2006). Total ice volumes in
1850, 1970s and 200 are estimated to be about 200 km?, 100 km? and 75 km?, respectively (Zemp
et al., 2006). After 1985, an acceleration in glacial retreat has been observed, culminating in an
annual ice loss of 5-10% of the remaining ice volume in the extraordinarily warm year of 2003
(Zemp et al., 2005). Figure 1.5 shows the changes on the surface of the Austrian Hornkees glacier
from 1905 to 2003 and Pasterze glacier from 1930 to 2000.

Berlingr Halle, Sechidhe 2057 m.

(b)

Figure 1.5. Changes in the surface of the Hornkees glacier (a) from 1905 to 2003 and in the Pasterze Glacier (b)
from 1930 to 2000, in Austria. Source: Gesellschaft fiir Okologische Forschung.

In the particular case of the Pyrenees, since 1945, it has been observed a rise in temperature of
+1,3°C (Lavaud, 2008; Météo-France/ARPE, 2008). Moreover, since 1951 the days with more
than 25°C have been significantly increased as well as the number and duration of droughts. Even
though there is a high uncertainty and variability on the temporality and magnitude of projected
changes, all model projections are congruent in the increase of temperatures in the Pyrenees both
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for summer and winter seasons. Figure 1.6 shows the uncertainty and the potential range of future
changes in maximum winter temperature under different emission scenarios and using different
climate models. The projected temperature increases range from 1.1°C-1.9°C in the short-term to
2.1°C-4°C in the long-term.

Maximum Temperature in Winter

short-term mid-term long-term

Emission
scenarios
- A1B-1

- A1B-2

. . . 2 A2

¢ A - B1

* vt

Temperature change °C

"
"
"
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Climate model

Figure 1.6. Short (2020-2050), mid (2040-2070) and long-term (2070-2100) projected changes on
the maximum temperature in winter (DJF) in different locations (colored dots) in the Pyrenees for
different climate models and different emissions scenarios. Esteban from Météo-France
(SCAMPEI, 2012) and AEMET (Brunet et al., 2009) in Pons et al., 2014.

On the other hand, the projected changes in precipitation patterns are subjected to a higher
uncertainty and spatial variability depending on the climate model used for the projections. This
variability leads to very different and opposite effects on short distances, having subregions
expecting an increase of the precipitations and others expecting significant or dramatic decreases.
Although this variability in the expected precipitation patterns, the increased temperatures are
expected to shift frequent snowfalls to more frequent rain precipitation, specially at low elevation
areas. In this line, changes in temperature could be more influent than precipitation changes in the
future snowpack and snow cover, specially reducing them in low elevation areas. Lopez-Moreno
et al., (2013) found that a change of +1°C was reported to cause a 20% reduction in accumulated
snow water equivalent, and a noticeable shortening of snowpack duration. Etchevers and Martin
(2002) found that an increase in the average temperature of +2°C could lead to a 25-50% decrease
of the current snow cover of low elevations areas of the Pyrenees. In high elevation areas the
expected change would be around -20% of the current snow cover.

Some other identified effects of climate change on the Pyrenees are the 85% of reduction
in glacier surfaces since 1950, the increase in altitude of plant species in 3 meter per year since
1971 or the 15 days earlier harvest in the eastern Pyrenees (OPCC).
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Finally, the close relationship and interdependence between ecosystems and social
systems in mountain areas turn these regions into highly dependent of the available natural
resources and highly sensitive to their changes. Figure 1.7 summarizes the main climate change
impacts in mountain regions and the close relationship between physical and biological changes
and the resulting economical and social impacts. As previously indicated, changes in the water
cycle could lead to impacts on the water availability for domestic, industrial or energy uses.
Changes in biodiversity could lead to changes in the land productivity and agriculture habits
(Beniston, 2003). However one of the main economic activities that would be affected by a global
warming is the winter tourism, one of the main sources of income and development in many
mountain regions.

Hydrological
cycle

Figure 1.7. Climate change impacts on mountain regions. Source: Beniston, 2003.

1.4 Climate change and tourism

Tourism is considered one of the most climate-sensitive economic activities. Most
tourism destinations are dependent on climate and weather, such as sun or winter destinations
(UNWTO-UNEP-WMO, 2008). The relationship between tourism and climate change is complex
and occurs at multiple scales representing both a resource and a constraint for this industry (Scott
et al., 2012) (Figure 1.8). As De Freitas (2003) defined it there are three facets of climate acting
as a resource for tourism:

- The thermal component: Relates to the thermal comfort (air temperature, wind,

solar radiation, humidity, metabolic rate, clothing and activity).

- The physical component: Represents features such as wind and precipitation

(rain/snow) that may limit the possibility for tourist activities or act as a physical
annoyance.

- The aesthetic component: Refers to climate features that may influence tourists’

appreciation of a view or landscape.
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The integrated effect of these facets has a significant influence both in the capacity to offer
activities and the tourist decision-making process to travel and be engaged in any activity.
Weather and climate are a key factor considered during travel planning, influencing not only
tourist activity choices and expenditure but also the timing of travel. Furthermore the climate has
a direct effect on the availability and distribution of environmental resources used as tourism
resources such as biodiversity, snow, glaciers or water bodies. On the other hand, tourism
industry is at the same time one of the main contributors to climate change accounting around a
5% of the global Green House Gases (GHGs) emissions. These emissions are mainly due to
transport and energy use for tourism infrastructures such as accommodation and those related to
tourist activities (Scott et al., 2012).

ENVIRONMENTAL SYSTEMS SOCIOECONOMIC SYSTEMS
N ECONOMY
v >
CLIMATE AND WEATHER N ENERGY COSTS
Climate variability NATURAL DISASTERS
Daily weather L. |
Extreme weather events B i
TOURISM SYSTEMS
AF Destination and activities
A2 Tourism infrastructures
NATURAL RESOURCES <
A Tourists preferences and

behaviors

s

Figure 1.8. Interactions between socioeconomic/tourism systems and environmental/climate systems (Adapted from
Scott et al., 2012).

This strong relationship and interdependence between tourism and climate, previously
discussed in the Djerba (UNWTO-UNEP, 2003) and Davos Declarations (UNWTO-UNEP-
WMO, 2008) led the United Nations World Tourism Organization (UNWTO), the World
Meteorological Organization (WMO) and the United Nations Environment Program (UNEP) to
identify climate change as the “greatest challenge to the sustainability of the global tourism
industry in the 21st century” (UNWTO-UNEP-WMO, 2008). Since this milestone, academic
literature and research about how future climate change will affect future distribution, patterns
and tourism dynamics has grown rapidly covering many different kinds of tourism and regions
across the world (Scott et al., 2012). In this context, winter tourism, highly dependent on a
specially climate-threatened resource as is the snow, has been identified as one of the most
climate vulnerable type of tourism (UNWTO-UNEP-WMO, 2008).
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1.5 Climate change and winter tourism

Even though climate and weather are only one of the factors affecting winter tourism, the
close relationship between them turns the comprehension of the climate change impacts on winter
tourism a key issue, being the adaptation to such changes one of the main challenges that some
mountain areas will have to face in the next few decades (IPCC 2014; UNWTO-UNEP; 2003;
Sauri and Llurdés, 2010). In this line, several governmental and intergovernmental reports have
pointed out the fragility of winter tourism in different regions around the world to the projected
changes on the temporality and availability of snow. These changes could have a significant
social an economical impact resulting in a decrease on the viability and sustainability of winter
activities, such as the ski industry (ACACIA, 2000; UNWTO-UNEP, 2003; UNWTO-UNEP-
WMO, 2008; IPCC, 2013; Sauri and Llurdés, 2010). Moreover, this industry has also been
identified as one of the least prepared industries to deal with the climate change impacts (Scott,
2012).

In the late 1980°s and 1990’s, after a succession of winters with poor snow conditions, the
firsts academic studies came out dealing with the climate change impacts on the ski industry.
Since then, most of the winter tourism regions of the world have been analyzed, such as the
European Alps (Abegg et al., 1996; Breiling & Charamza, 1999; Chaix, 2010; Elsasser & Biirki,
2002; Konig & Abegg, 1997; Steiger, 2010, 2011, 2012; Steiger & Mayer, 2008; Uhlmann et al.,
2009; Endler and Matzarakis, 2011; Balbi et al., 2012), Canada (Lamothe & Périard, 1988;
McBoyle & Wall, 1987; Scott et al., 2003, 2006, 2007; Shih et al., 2009), USA (Dawson & Scott,
2007, 2010; Dawson et al., 2009; Lipski & McBoyle, 1991; Scott et al., 2008), Sweden (Moen &
Fredman, 2007), Australia (Galloway, 1988; Hennessy et al., 2003, 2009, 2011; Bicknell &
McManus, 2006), Japan (Fukushima et al., 2002) or New Zealand (Hendrikx & Hreinsson, 2012).
Some of these studies, mostly focused on the supply-side impacts (ski operations), only modeling
the natural snowpack at ski resorts (Uhlmann et al., 2009) or applying indicators that are not
enough relevant to ski-area operations such as snow cover days, defined as 2,5 cm of snow
(Lamothe & Périard, 1988), when in fact ski operators require 30-100 cm of snow to open a ski
run. The only exceptions are a few studies using statistical relationships between snow depth and
other climatological parameters (Moen and Fredmand, 2007; Galloway, 1988), most of them
basing their estimations on physical snow models. One of the major limitations of these studies
using statistical models is the omission of the effect of snowmaking on future natural snowpack.
This limitation, not only found in statistical models but also in many other studies using physical
snow models, is the main drawback found in most of the previous literature analyzing the
vulnerability of ski resorts (Scott et al., 2012). This is a key point since these models cannot
reflect the current operating realities of many ski resorts around the world. Nowadays
snowmaking covers and supplies huge areas of ski resorts and the percentage of snow-machine
covered runs increases every year (Steiger, 2008). The studies incorporating this issue (Scott et
al.,2003,2007, 2008, 2011; Hennessy et al., 2008; Steiger, 2010, 2011) found that the impacts on
the different regions analyzed are lower than the impacts reported in previous studies considering
only natural snow. Finally an alternative approach to the statistical and physical models to
analyze the climate change impacts on the ski industry is the analogue approach. Temporal
analogues use past and present experiences and responses to climatic variability, change and
extremes to provide insight for vulnerability to future climate change (Ford et al., 2010). So far,
this approach has been applied in a few studies in North America (Scott, 2006; Dawson et al.,
2009, 2001) and one in the Austrian region of Tyrol (Steiger, 2011).



Climate change, snow tourism and sustainability 12

Even though most of the studies are focused on the supply-side of ski industry, there is
considerable evidence demonstrating the intrinsic importance of weather and climate for tourist
decision-making, including motivations, destination choice and timing of travel, as well as
experience (Scott & Lemieux, 2010). Changes in the spatial and temporal distribution of climate
resources will have important consequences for tourism demand at various scales (Scott et al.,
2012). One of the first studies analyzing the demand response of tourists to climate change
(Konig, 1998) was based on a survey at Australian ski resorts. Respondents were confronted with
a scenario in which ‘‘the next five winters would have very little natural snow’’. This survey was
repeated by Pickering, et al. (2010), and the same scenario was also used in Switzerland by
Behringer et al. (2000). Unbehaun, et al. (2008) also analyzed the tourist response to ‘several
consecutive years of snow deficiency’. Steiger’s (2011) analyzed the impact of the record warm
winter of 2006-07 in the Austrian Tyrol, finding that the number of skiers significantly decreased.
Other studies (Dawson, et al., 2013; 2011; 2009) also show limited variation between responses
during past conditions (observed behavior) and future seasons (stated behavior), indicating that
behavioral adaptation to future climate change may be similar to what has been observed in recent
analogously warm winter seasons (Scott et al., 2012). Although such studies raise the question of
how ’very little snow’ is to be interpreted, all of them point out that behavioral adaptation of
tourists due to spatial, temporal and activity substitution when poor snow conditions, could exert
a strong influence on the final output of the climate change impact assessments.

In spite of these limitations, and the heterogeneity of approaches used to analyze the
climate change impacts on winter tourism, most of these studies are congruent indicating that
climate change will lead to impacts such as ski season length reductions, loss of skiable areas and
drop of visitors, both in low altitude and low latitude ski resorts. In this sense, from an operations
perspective, the ski tourism industry is at risk due to the decreasing reliability of natural snow
cover, the increasing shortening and variability of snow/ski seasons, the increasing need of
snowmaking production to ensure a reliable season, and the decreasing snowmaking opportunities
due to increasing marginal temperature conditions and costs to efficiently produce snow (Scott et
al., 2012).

1.6 Research goal and objectives

In this context, even though the Pyrenees is the most important winter tourism region in
Europe after the Alps and the expected shortening of the ski season and the reduction of the
available snow, so far there is no academic research analyzing in detail the vulnerability of the
Pyrenean ski industry to climate change. Due to this research gap it is not accurately known how
climate change could affect the ski industry and which would be the most suitable adaptation
strategies for this specific region and particularly for each ski resort (Sauri and Llurdés, 2010).

The answer to these questions will be an essential factor in order to carry out a suitable
sustainable future planning in the Pyrenees, not only of the ski industry but also of the current
development model of this region. Even though the ski industry has led to an uneven regional
development and economic impact as well as environmental impacts due to the marginalization of
the primary sector (Lasanta et al., 2007, 2007b), this region is highly dependent on winter tourism
industry being their residents well aware that climate change is presented as a future threat to
snow availability and to future development of winter tourism related activities (March et al.,
2014).
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The main goal of this study is to assess how climate change could affect the snowpack
depth and duration in the Pyrenees and the potential effects on the ski industry of this region.
Based on the results, this study analyzes the suitability and sustainability of the adaptation
techniques and strategies to offset the climate variability in the Pyrenees.

1.7 References

Abegg B (1996). Klimadnderung und Tourismus. Klimafolgenforschung am Beispiel des
Wintertourismus in den Schweizer Alpen. vdf Zurich, Zurich.

Abegg B, Agrawala S, Crick F, de Montfalcon A (2007). Climate change impacts and adaptation
in winter tourism. In: Climate change in the European Alps: adapting winter tourism and natural
hazards management. Paris: Organization for Economic Co-operation and Development.

ACACIA (2000). Tourism and recreation. In: Parry M (ed) Assessment of potential effects and
adaptations for climate change in Europe. Jackson Environment Institute, University of East
Anglia, Norwich.

Adam, J.C., Hamlet, A.F., Lettenmaier, D.P.: 2009. Implications of global climate change for
snowmelt hydrology in the 21st century. Hydrological Processes, 23: 962-972.

Barnett, T.P., Adam, J.C., Lettenmaier, D.P.: 2005 Potential impacts of a warming climate on
water availability in snow-dominated regions. Nature, 438:303-309.

Barrera-Escoda, A., Cunillera, J. (2011) Projeccions de canvi climatic per a Catalunya (NE
Peninsula Iberica). Part I: Modelitzaci6 climatica regional. Tethys, 8, pp. 77-89, doi:
10.3369/tethys.2011.8.08.

Becker, A. and Bugmann, H. (eds.) (1997). Predicting Global Change Impacts on Mountain
Hydrology and Ecology: Integrated Catchment Hydrology/Altitudinal Gradient Studies, IGBP
Report 43, Stockholm.

Behringer, J., Buerki, R., & Fuhrer, J. (2000). Participatory integrated assessment of adaptation to
climate change in alpine tourism and mountain agriculture. Integrated assessment, 1,331-338.

Beniston, M., (2003). Climatic change in mountain regions: a review of possible impacts.
Climatic Change 59,5-31.

Beniston, M., Keller, F., Koffi, B., Goyette, S. (2003b) Estimates of snow accumulation and
volume in the Swiss Alps under changing climatic conditions. Theoretical and Applied
Climatology, 76: 125-140.

Beniston, M., 2004: Climatic change and its impacts. An overview focusing on Switzerland.
Kluwer Academic Publishers, Dordrecht/The Netherlands and Boston/USA, 296 pp.



Climate change, snow tourism and sustainability 14

Bigano, A., Hamilton, J.M. and Toll, R. (2006). The impact of climate change on holiday
destination choice. Climatic Change, 76: 389-406-

Blanc, C., (2008). Ski resorts in 2020: How to face the future? 5" World Congress on Snow and
Mountain Tourism, Andorra.

Bosello, F., Marazzi, L., & Nunes, P. A. L. D. (2007a). Le Alpi italiane e il cambiamento
climatico: Elementi di vulnerabilita ambientale ed economica e possibili strategie di
adattamento. CMCC/APAT.

Breiling, M., Charamza, P., (1999). The impact of global warming on winter tourism and skiing:
a regionalised model for Austrian snow conditions. Regional Environmental Change 1 (1), 4-14.

Brown, R. D., and P. W. Mote (2009) The response of Northern Hemisphere snow cover to a
changing climate. J. Clim., 22,2124-2145.

Brown, R. D., and D. A. Robinson (2011) Northern Hemisphere spring snow cover variability
and change over 1922-2010 including an assessment of uncertainty. Cryosphere, 5,219-229.

Brunet, M., Casado, M.J, de Castro, M., Galdn, P., Lépez, J. A., Martin, J.M., Pastor, A., Petisco,
E., Ramos, P., Ribalaygua, J., Rodriguez, E., Sanz, I., Torres, L. (2009). Generacion de
escenarios regionalizados de cambio climdtico para Espaiia. Madrid, Ministerio de Medio
Ambiente y Medio Rural y Marino; Agencia Estatal de Meteorologia. 158 pp.

Biirki,R., Elsasser, H., Abegg, B, (2003). Climate change and Winter Sports: Environmental and
Economic Threats. 5th World Conference on Sport and Environment, Torino. 2003.

Burki, R., Elsasser, H., Abegg, B., Konig, U., (2005). Climate change and tourism in the Swiss

Alps, In: eds., HallM. and Higham J. Aspects of Tourism. Tourism, recreation and climate
change pp. 155-163.

Casola, J.H., Cuo, L., Livneh, B., Lettenmaier, D.P., Soelinga M.T., Mote P.W ., Wallace J.: 2009.
Assessing the impacts of global warming on snowpack in the Washington Cascades. Journal of
Climate, 22: 2758-2772.

CIPRA, Commission Internationale pour la Protection des Alpes, (2003). Aufriistung im Alpinen
Wintersport : ein Hintergrundbericht. Disponible a :http://www .alpmedia.net.

Clarimont, S., (2008). Turismo de invierno y cambio climético: la produccién de nieve artificial
en los Pirineos, jun uso sostenible del agua?. 6° Congreso Ibérico sobre Gestion y Planificacion
del Agua, Vitoria, Federacion Nueva Cultura del Agua - Universidad del Pais Vasco.

Daly, H.E, Cobb, J.B. (1990) For the Common Good, London: Green Print.

Dawson, J., Scott, D., & McBoyle, G. (2009). Analogue analysis of climate change vulnerability
in the US northeast ski tourism. Climate Research, 39, 1-9.

Dawson, J., Havitz, M., & Scott, D. (2011). The influence of ego involvement on climate-induced



Climate change, snow tourism and sustainability 15

substitution and place loyalty among alpine skiers. Journal of Travel and Tourism Marketing, 28,
388-404.

Dawson, J., Scott, D. (2012) Managing for Climate Change in the Alpine Ski Sector. Tourism
Management. 35, 244-254.

Dawson, J., Scott, D., Havitz, M. 2013. Skier demand and behavioural adaptation to climate
change in the US Northeast. Leisure/ Loisir, 37(2), 127-143.

Deadman P, Robinson D T, Moran E, Brondizio E, (2004). Colonist household decisionmaking
and land-use change in the Amazon Rainforest: an agent-based Simulation. Environment and
Planning B - Planning and Design 31,693-709.

Déry, S. J., and R. D. Brown, (2007) Recent Northern Hemisphere snow cover extent trends and
implications for the snow-albedo feedback. Geophys. Res. Lett., 34,6 (L22504).

Diaz, H.F., Eischeid, J.K. (2007). Disappearing “alpine tundra” Koppen climatic type in the
western United States. Geophysical Research Letter, (34): L18707.

Ecoplan/Sigmaplan (2007). Auswirkungen der Klimadnderung auf die Schweizer Volkswirtschaft
(nationale Einfliisse). Auftraggeber Bundesamt fiir Umwelt (BAFU) und Bundesamt fiir Energie
(BFE).

Dresner, S. (2002). The principles of Sustainability. Erthscan.

EEA, European Environment Agency, (2009). Regional Climate Change and Adaptation.
Copenhague.

Elsasser H, Biirki R (2002). Climate change as a threat to tourism in the Alps. Climate Research
20, 253-257.

Endler C, Matzarakis A. 2011. Climatic potential for tourism in the Black Forest, Germany-
Winter season. International Journal of Biometeorology 55:339-351.

ESCAT, Generacié d’escenaris climatics amb alta resolucié per a Catalunya (Resum executiu).
(2012). Servei Meteorologic de Catalunya. Departament de Territori i Sostenibilitat. Generalitat
de Catalunya.

Esteban P., Prohom Duran M., Aguilar E., (2012) Tendencias recientes e indices de cambio
climético de la temperatura y la precipitaciéon en Andorra, Pirineos (1935-2008). Pirineos 167.

Etchevers P, Martin E., (2002). Impact d’un changement climatique sur le manteau neigeux et
U’hydrologie des bassins versants de montagne. International Meeting “L’eau en montagne”,
Mégeve, 8.

Finger, D., G. Heinrich, A. Gobiet, Bauder, A.: 2012, Projections of future water resources and
their uncertainty in a glacierized catchment in the Swiss Alps and the subsequent effects on
hydropower production during the 21st century, Water Resour. Res., 48: W02521.



Climate change, snow tourism and sustainability 16

Fitzharris, B. B., Allison, 1., Braithwaite, R. J., Brown, J., Foehn, P., Haeberli, W., Higuchi, K.,
Kotlyakov, V. M., Prowse, T. D., Rinaldi, C. A., Wadhams, P., Woo, M. K., and Youyu Xie,
(1996). The Cryosphere: Changes and their Impacts, in Second Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC), Chapter 5, Cambridge University Press, pp.
241-265.

Fohn, P., (1990). Schnee und Lawinen. In: Schnee, Eis und Wasser der Alpen in einer wdrmeren
Atmosphdre, Internationale Fachtagung, Mitteilungen VAW ETH Zurich 108, 33-48.

Ford, J.D., Keskitalo, E.C.h:, Smith, T., Pearce, T., Berrang-Ford, L., Duerden., F. and Smit, B.
(2010). Case study and analogue methodologies in climate change vulnerability research. WIRE’s
Climate Change, 1(3):374-392.

Fukushima T., Kureha M., Ozaki N. et al. (2002). Influences of air temperature change on leisure
industries: case study on ski activities. Mitigation and Strategies for Climate Change 7,173-189

Galloway, R., (1988). The potential impact of climate change on Australian ski fields. In Pearman
G (ed) Greenhouse: planning for climatic change. CSIRO, Melbourne.

Ganguly, A .R., Steinhaeuser, K., Erickson, D .J., Branstetter, M., Parish, E.S., Singh, N.,
Drake, J.B., Buja, L.: 2009. Higher trends but larger uncertainty and geographic variability in 21st
century temperature and heat waves. PNAS, 106 (37): 15555-15559.

Garcia-Ruiz, J.M., Lépez-Moreno, J.I. Serrano-Vicente S.M, Begueria, S., Lasanta, T.: 2011.
Mediterranean water resources in a global change scenario. Earth Science Reviews, 105 (3-4):
121-139.

Gesellschaft fiir okologische Forschung. Base de dades de fotografies que documenten 1’evolucié
de les glaceres als Alps, http://www.oekologische-forschung.de/, last access: march 2014.

Gossling, S., Scott, D., Hall,C.M., Ceron, J.P, Dubois, G. (2012). Consumer behaviour and
demand response of tourists to climate change. Annals of Tourism Research, 39(1),36-58.

Grabherr, G., Gottfried, M., and Pauli, H. (1994). Climate Effects on Mountain Plants, Nature
369, 448.

Haeberli, W., Noetzli, J., Zemp, M., Baumann, S., Frauenfelder R. and Hoelzle, M. (2005).
Glacier Mass Balance Bulletin No. 8, 2002-2003. IUGG(CCS)-UNEP-UNESCO-WMO, Zurich

Hahn, F., (2004). L’enneigement artificiel dans ’arc alpin: Rapport de synthéses. CIPRA
Internationale Alpenschutzkommission. Disponible a www .cipra.org.

Hamilton L, Rohall D, Brown B et al (2003). Warming winters and New Hampshire’s lost ski
areas: an integrated case study. International Journal of Sociology and Social Policy 23(10), 52-
73.



Climate change, snow tourism and sustainability 17

Hamilton, L, Brown, C., & Keim, B. D. (2007). Ski areas, weather and climate: Time series
models for New England case studies. International Journal of Climatology, 27, 2213-2124.

Hansen-Bristow, K. J., Ives, J. D., and Wilson, J. P. (1988), ‘Climatic Variability and Tree
Response within the Forest-Alpine Tundra Ecotone’, Annals of the Association of American
Geographers 78,505-519.

Hennessy K, Whetton P, Smith, 1., Bathols, J., Hutchinson, M., and Sharples, J. (2003). The
impact of climate change on snow conditions in mainland Australia. CSIRO Atmospheric
Research, Aspendale, Australia

Hennessy, K., Whetton, P.H., Walsh, K., Smith, I.N., Batholts, J.M., Hutchinson, M. and
Sharpies, J. (2008). Climate change effects on snow conditions in mainland Australia and
adaptation at ski resorts through snow making. Climate Research, 35:255-270.

Heo, I., and Lee, S., (2008). The Impact of Climate Changes on Ski Industries in South Korea —
In the case of the Yongpyong Ski resort. Journal of the Korean geographical society 43 (5),715-
727.

Holzhauser, H.P. and Zumbuhl, HJ. (2003). Nacheiszeitliche Gletscherschwankungen.
Sonderdruck zum 54. Geographentag Bern, Hydrologischer Atlas der Schweiz, Tafel 3.8

Huntley, B., (1991). How Plants Respond to Climate Change: Migration Rates, Individualism and
the Consequences for Plant Communities’, Ann. Botany 67, 15-22

Intergovernmental Panel on Climate Change (IPCC) (2007). Climate change 2007: synthesis
report. Summary for policy makers. Fourth Assessment Report. United Nations Intergovernmental
Panel on Climate Change, Geneva

Intergovernmental Panel on Climate Change IPCC (2012) Managing the Risks of Extreme Events
and Disasters to Advance Climate Change Adaptation. A Special Report of Working Groups I and
11 of the Intergovernmental Panel on Climate Change [Field, C.B., V. Barros, T.F. Stocker, D.
Qin, DJ. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G .-K. Plattner, S K. Allen, M. Tignor,
and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, UK, and New York, NY,
USA, 582 pp.

Intergovernmental Panel on Climate Change IPCC (2013). The Physical Science Basis.
Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A.
Nauels, Y. Xia, V. Bex and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 1535 pp.

Intergovernmental Panel on Climate Change IPCC (2014) Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working
Group 1l to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change
[Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T .E. Bilir, M. Chatterjee,
K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R.



Climate change, snow tourism and sustainability 18

Mastrandrea, and L.L. White (eds.)]. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, XXX pp.

Jouzel, J., Masson-Delmotte, V., Cattani, O., Dreyfus, G., Falourd, S., Hoffmann, G., Wolff, E.
W. (2007). Orbital and millennial Antarctic climate variability over the past 800,000 years.
science, 317(5839), 793-796.

Keller, F., Kienast, F., and Beniston, M. (2000). Evidence of the Response of Vegetation to
Environmental Change at High Elevation Sites in the Swiss Alps. Regional Env. Change 2,70-77

Konig, U., (1998). Tourism in a warmer world: implications of climate change due to enhanced
greenhouse effect for the ski industry in the Australian Alps. Wirtschaftsgeographie und
Raumplanung 28 University of Zurich

Konig, U., Abegg, B. (1997). Impacts of climate change on tourism in the Swiss Alps. Journal of
Sustainable Tourism 5(1), 46-58

Lamothe and Périard Consultants, (1988). Implications of climate change for downhill skiing in
Québec. Climate Change Digest 88-03. Environment Canada, Ottawa

Lasanta, T., Laguna Marin-Yaseli, M., Vicente-Serrano, S.M. (2007). Do tourism-based ski
resorts contribute to the homogeneous development of the Mediterranean mountains? A case
study in the Central Spanish Pyrenees. Tourism Management, 28(5): 1326-1339.

Lasanta, T., Laguna Marin-Yaseli, M., Vicente-Serrano, S.M. (2007b). Variabilidad especial de
los efectos socioecondémicos  de las explotaciones de esqui alpino en los municipios rurales del
Pirineo aragonés. Pirineos 162: 155-176.

Lavaud, J., (2008). L’impact du changement climatique en Midi-Pyrénées, Exemple de la chaine
des Pyrénées. 1’ Agence Régionale Pour I’Environnement de Midi-Pyrénées.

Ligmann-Zielinska, A, Jankowski, P. (2007). Agent-based models as laboratories for spatially
explicit planning policies, Environment and Planning B: 34(2), 316-335

Lipski S., McBoyle G., (1991). The impact of global warming on downhill skiing in Michigan.
East Lakes Geographer 26: 37-51

Loépez-Moreno JI, Serrano-Vicente SM. 2007. Atmospheric circulation influence on the
interannual variability of snowpack in the Spanish Pyrenees during the second half of the
twentieth century. Nordic Hydrology 38 (1):38-44.

Loépez-Moreno, J.1., Goyette, S., Beniston, M., Alvera, B., (2008a). Sensitivity of the snow energy
balance to climatic changes: implications for the evolution of snowpack in the Pyrenees in the
21st century. Climate Research 36 (3),203-217.

Lépez-Moreno JI, Goyette S, Beniston M. (2008b). Climate change prediction over complex
areas: spatial variability of uncertainties and expected changes over the Pyrenees from a set of
regional climate models. International Journal of Climatology 28 (11):1535-1550.



Climate change, snow tourism and sustainability 19

Loépez-Moreno, J.I., Goyette,S.,Beniston, M., (2009). Impact of climate change on snowpack in
the Pyrenees: Horizontal spatial variability and vertical gradients. Journal of Hydrology, 374,
384-396

Loépez-Moreno, J.I., Pomeroy, J., Revuelto, J., Vicente-Serrano, S.M.: (2013). Response of snow
processes to climate change: spatial variability in a small basin in the Spanish Pyrenees.
Hydrological Processes.27(18): 2637-2650

Liithi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J. M., Siegenthaler, U., Stocker, T. F.
(2008). High-resolution carbon dioxide concentration record 650,000-800,000 years before
present. Nature, 453(7193),379-382.

March, H., Sauri, D., Llurdés, J.C. 2014. Perceptions on the effects of climate change in winter
and summer tourists areas: The Pyrenees and the Catalan and Balearic coasts, Spain. Regional
Environmental Change, 14(3), 1189-1201.

Martin, E. and Durand, Y. (1998), Precipitation and Snow Cover Variability in the French Alps,
in: Beniston, M. and Innes, J. L. (eds.), The Impacts of Climate Change on Forests, Springer-
Verlag, Heidelberg/New York, pp. 81-92.

Meadows, D .H., Randers, J. and Meadows, D.L. (2004) Limits to Growth: The 30- Year Update.
White River Junction, Vermont: Chelsea Green Publishing Co.

Meier, R., (1998). Soziookonomische Aspekte von Klimadnderungen und Naturkatastrophen in
der Schweiz (Projektschlussbericht NFP 31). Zurich: Vdf Hochschulverlag

Messerli B, Ives JD. (eds) .1997. Mountains of the World. A global priority. The Parthenon
Publishing Group, London, 495 pp.

Milankovitch, M., 1998. Canon of Insolation and the Ice Age Problem. Belgrade: Zavod za
Udzbenike i Nastavna Sredstva.

Minder, J.R.: 2010. The sensitivity of mountain snowpack accumulation to climate warming.
Journal of Climate, 23, 2634-2650

Moen, J., Fredman, P. (2007). Effects of climate change on alpine skiing in Sweden. Journal of
sustainable tourism 15: 418-437.

Mote, P. W.: 2003, Trends in snow water equivalent in the Pacific Northwest and their climatic
causes. Geophys. Res. Lett.,30(12): L1601.

OPCC. Observatoire Pyrénéem du changement climatique. http://www.opcc-ctp.org
Last access 21/2/2014.

Ohmura, A. 2012. Enhanced temperature variability in high-altitude climate change. Theoretical
and Applied Climatology, 10 (4): 499-508.



Climate change, snow tourism and sustainability 20

Ozenda, P. and J.-L. Borel (1991), Les Conséquences Ecologiques Possibles des Changements
Climatiques dans I’Arc Alpin, Rapport Futuralp No. 1, International Centre for Alpine
Environment (ICALP), Le Bourget-du-lac, France

Pepin, N.C., Seidel, D.J. 2005. A global comparison of surface and free-air temperatures at high
elevations. Journal of Geophysical Research, 110: D03104.

Pepin, N. C., Lundquist, J.D.: 2008. Temperature trends at high elevations: Patterns across the
globe. Geophys. Res. Lett., 35: L14701.

Peters, R. L. and Darling, J. D. S. (1985). The Greenhouse Effect and Nature Reserves: Global
WarmingWould Diminish Biological Diversity by Causing Extinctions among Reserve Species,
Bioscience 35,707-717.

Pickering, C. M., Castley, J. G., & Burtt, M. (2010). Skiing less often in a warmer world:
Attitudes of tourists to climate change in an Australian ski resort. Geographical Research, 48,
137-147.

Planton, S., (2008). Le changement climatique: de la planéte a la région Midi-Pyrénées Météo-
France, CNRM/GAME

Pons-Pons, M., Johnson, P.A., Rosas-Casals, M., Sureda, B., Jover E. (2012) Modeling climate
change effects on winter ski tourism in Andorra. Clim Res 54:197-207

Pons M., Lépez-Moreno, J.1., Esteban, P., Macia, S., Gavalda, J., Garcia, C., Rosas-Casals, M.,
Jover, E. (in press). Influencia del cambio climdtico en el turismo de nieve del Pirineo.
Experiencia del proyecto de investigaciéon NIVOPYR de la comunidad de trabajo de los Pirineos
(CTP). Pirineos, 169.

Price, M. F., (1990). Temperate Mountain Forests: Common-Pool Resources with Changing,
Multiple Outputs for Changing Communities. Natural Resources Journal 30, 685-707.

Railsback, S.F., (2001). Concepts from complex adaptive systems as a framework for individual-
based modelling. Ecol. Model. 139, 47-62

Rood, S.B., Pan, J., Gill, K.M., Franks, C.G., Samuelson , G.M., Shepherd, A. (2008) Declining
summer flows of Rocky Mountain rivers: changing seasonal hydrology and probable impacts on
floodplain forests. Journal of Hydrology, 349: 397-410.

Sauri, D., Llurdés J.C. (2010) EIl Turisme. In: Llebot JE (ed) Segon Informe sobre el Canvi
Climatic a Catalunya. Generalitat de Catalunya, CADS, Barcelona, pp 836-871

SCAMPEI (2012). Scénarios climatiques adaptés aux zones de motagnes: Phénomenes extrémes,
enneigement et inCertitudes. http://www.cnrm.meteo.fr/scampei/

Scholl, H. J., (2001). Agent-based and systems dynamics modeling: A call for cross study and
joint research. 34th Hawaiian International Conference on System Sciences, Maui, HI.



Climate change, snow tourism and sustainability 21

Scott, D..McBoyle, G.Mills, B. (2003). Climate change and the skiing industry in southern
Ontario (Canada): Exploring the importance of snowmaking as a technical adaptation. Climate
Research,23,171-181

Scott, D, McBoyle, G., Mills, B., & Minogue, A. (2006). Climate change and sustainability of
ski-based tourism in eastern North America: A reassessment. Journal of Sustainable Tourism,
14(4), 376-398

Scott, D., McBoyle, G., Minogue, A. (2007). The implications of climate change for the Québec
ski industry. Global Environmental Change, 1, 181-190

Scott, D., McBoyle, G. (2007). Climate change adaptation in the ski industry. Mitigation and
Adaptation Strategies to Global Change, 12(8), 1411-1431

Scott D., Dawson, J., Jones, B. (2008). Climate change vulnerability of the US Northeast winter
recreation-Tourism sector. Mitigation Adaptation Strategies for Global Change, 13, 577-596

Scott, D., & Lemieux, C. (2010). Weather and climate information for tourism. Proceedia
Environmental Sciences, 1, 146-183.

Scott, D., Lemieux, C., Kirchoff, D. and Milnik, M. (2011). Analysis of socioeconomic impacts
and adaptation to climate change by Wuébec’s Tourism industry. Technical report 1: Climate
Change Impact Assessment: Risks and opportunities. Waterloo, Ontario/Montréal, Québec,
Canada: Interdisciplinary Center onClimate Change (IC3), University of Waterloo and
Consortium on Regional Climatology and Adaptation to Climate Change (OURANOS).

Scott, D., Gossling, S., Hall, C.M. (2012) Climate Change and Tourism: Impacts, Adaptation and
Mitigation. London: Routledge. 423 pgs.

Shih, C., Nicholls, S., & Holecek, D. F. (2009). Impact of weather on downhill ski lift ticket
sales. Journal of Travel Research,47(3),359-372

Smajgl, A., Brown, D. G., Valbuena, d., and Huigen, M. G. A. (2011). Empirical characterisation

agent behaviours in socio-ecological systems. Environmental Modelling and Software 26, 8377-
844

Shih, C., Nicholls, S., Holecek, D.F. (2009). Impact of weather on downhill ski lift ticket sales.
Journal of Travel Research 47(3):359-372

Steiger R, Mayer M (2008) Snowmaking and climate change. Future options for snow production
in Tyrolean ski resorts. Mt Res Dev 28,292-298

Steiger, R. (2010). The impact of climate change on ski season length and snowmaking
requirements in Tyrol, Austria. Climate Research, 43(3), 251-262

Steiger, R. (2011). The impact of snow scarcity on tourism. An analysis if the record warm seson
2006/2007 in Tyrol (Austria). Tourism Review 66(3):4-13



Climate change, snow tourism and sustainability 22

Steiger, R. (2012). Scenarios for skiing tourism in Austria: integrating demographics with an
analysis of climate change. Journal of Sustainable Tourism,20(6), p. 867-882

Tague, C., Dugger, A.L.: 2010. Ecohydrology and Climate Change in the Mountains of the
Western USA - A Review of Research and Opportunities. Geography Compass, 4 (11): 1648 -
1663

Trujillo, E., Molotch, N.P., Goulden, M.L., Kelly, A.E., Bales, R.C.: 2012. Elevation-dependent
influence of snow accumulation on forest greening. Nature Geoscience, 5: 705-709.

Turner, B.L., Clarck, W.C., Kates, R.W., Richards, J.F, Mathews, J.Y, W.B. (eds) (1990) The
Earth as Trasnformed by Human Action. Cambridge: Cambridge University Press.

Uhlmann, B., Goyette, S., Beniston, M., (2009). Sensitivity analysis of snow patterns in Swiss
ski resorts to shifts in temperature precipitation and humidity under condition of climate change.
International Journal of Climatology 29, 1048-1055.

Unbehaun, W., Probstl, U., & Haider, W. (2008). Trends in winter sport tourism: Challenges for
the future. Tourism Review, 63, 36-47.

UNWTO-UNEP (2003) Climate change and tourism. Proceedings of the First International
Conference on Climate change and Tourism, Djerba, 9-11 April. Madrid: World Tourism
Organization.

UNWTO-UNEP-WMO (2008). Climate change and tourism: Responding to global challenges.
(prepared by Scott, D., Amelung, B., Becken, S., Ceron, J. P., Dubois, G., Gossling, S., Peeters,
P. and Simpson, M. C.), Madrid and Paris: UNWTO.WCED (1987) Our Common Future (The
Brundtland Report). Oxford: OXford University Press/ World Comission on Environment and
Development.

Weart, S. R. (2003) The Discovery of Global Warming. Cambridge, MA: Harvard University
Press.

Whiteman,D. (2000). Mountain Meteorology, Oxford University Press, 355 pp.

Witmer, U., (1986). Erfassung, Bearbeitung und Kartierung von Schneedaten in der
Schweiz. Geographica Bernensia G25.

Zemp, M., Frauenfelder, R., Haeberli, W. and Hoelzle, M. (2005). Worldwide glacier mass
balance measurements: General trends and first results of the extraordinary year 2003 in Central
Europe. Data of Glaciological Studies,99,3—12

Zemp, M., Haeberli, W., Hoelzyle, M., Paul, F. (2006). Alpine glaciers to disappear within
decades? Geophysical Research Letters, Vol. 33,1.13504



The vulnerability to climate change of the Pyrenean ski resorts 73

2. The vulnerability to climate change of the Pyrenean ski resorts

Chasing angels or fleeing demons,
go to the mountains.

Jeffrey Rasley
Bringing Progress to Paradise

21 The Pyrenees and its snow tourism

The Pyrenees is an approximately 450 km long mountain range comprising the northern
part of Spain, the southern part of France and the small country of Andorra (Figure 2.1). Altitude
ranges from 300 m to more than 3000 m a.s.l. The climate of the Pyrenees is subject to an eastward
transition from Atlantic to Mediterranean conditions. Moreover, macro-relief introduces a
significant variability to the distributions of precipitation and temperature. The Foehn effect is
frequently observed in the area, wet air masses are lifted up in northern slopes leading to drier and
warmer conditions southward, significantly enhancing the differences in precipitation between the
northern and southern slopes, and leading to higher temperatures on the southern side. In the
mountains, annual precipitation exceeds 600 mm, reaching 2000 mm at the highest divides. Most
of the annual precipitation falls during the cold season (December—March) in the Atlantic areas and
during spring and autumn (April-June and September—November, respectively) in the
Mediterranean regions. Summers are generally relatively dry in the Pyrenees (L6pez-Moreno et al.,
2009). Based on Garcia-Ruiz et al. (1986) and Loépez-Moreno (2006) the thermal altitudinal
gradient for the Pyrenees is around 0.63°C/100 m. Based on these gradients, the annual 0°C
isotherm is confined to around 2900 m (Chueca-Cia et al., 2003). Between November and April,
the 0°C isotherm is located at approximately 1600-1700 m a.s.l. (Garcia-Ruiz et al., 1986),
representing the level above which snow accumulates during these months.
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Figure 2.1. Topographic map of the Pyrenees. Source: NASA Shuttle
Radar Topography Mission, NGDC ETOPO1 .
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The Pyrenees is one of the most important winter tourism regions in Europe after the Alps. Among
all the winter activities, alpine ski is the most important one in this regions in terms of visitors and
revenues. Enclosing 49 alpine ski resorts, this region receives around 11 million of skiers per year
(calculated average of the seasons 2009-2010 to 2012-2013) being Grandvalira, Baqueira Beret,
Vallnord, Domaine du Tourmalet and Formigal the 5 resorts with more kilometers of runs (Figure

2.2) and the highest skier attendance during the last 5 years (Figure 2.3).
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Figure 2.3. Ski resorts of the Pyrenees. Bullets represent the average skier attendance at

each ski resort from 2009-2010 to 2012-2013.
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The elevation of the Pyrenean ski resort ranges from 1350 to 2700 m. a.s.l. with an average mean
elevation around 1950 m a.s.l. (Figure 2.4).
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Figure 2 4. Altitudinal range of the Pyrenean ski resorts distributed by regions

However, many ski resorts do not follow a linear altitudinal distribution and usually most of their
ski areas are concentrated in the highest half of the elevation range. For example, if we have a
closer look to the Andorran ski resorts, Pal-Arinsal, with a mean elevation of 2055 m, has most of
its ski area between 1900 and 2200 m and in Arcalis and Grandvalira, with a mean elevation of
2283 m and 2175 m respectively, the skiable area is concentrated between 2250 and 2500 (Figure
2.5).
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Figure 2.5. Altitudinal distribution of the Andorran ski resorts.
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2.2 Climate changes effects on the future snowpack in the Pyrenees ski
resorts

Many climate change studies have identified and analyzed the physical impacts and changes on
ecosystems. However, the understanding of the relationship between these physical impacts on the
environment and their human and social implications, such as socioeconomic impacts or human
responses to climate changes, is still one of the main challenges in climate change science. The aim
of this study is to relate the projected changes on snow conditions with future average winter
season length for each ski resort of the Pyrenees as socioeconomic indicator in three different
scenarios: one present scenario and two future scenarios representing a mid and a high climate
change. Figure 2.6 shows the conceptual map with the main components of the model. The model
includes regional climate change projections in order to simulate the future snowpack in the
different ski resorts of the Pyrenees. Furthermore, the model includes a snowmaking module that
simulates the effect of snow production systems in the enhancement of snow depth. Since data
about small ski resorts of the Pyrenees are not available, 41 of the total 49 ski resorts were analyzed
in the present study, representing more than 92% of the total present attendance of skiers in the
region (DSF, 2012; Botti, 2013; ATUDEM, 2013; SkiAndorra). The remaining 8 ski resorts are
very small ski areas (less than a couple or three of runs and a couple of ski lifts, often presented as s
complementary activity of a hotel or nordic ski resort) for which information was not available.
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Figure 2.6. Conceptual map of the model linking regional climate change projections to forecast

the future snowpack with season length in each ski resort.
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221 Future Natural snowpack changes in the Pyrenean ski resorts

In recent decades a significant increase in temperature has been detected in the majority of the
mountain regions around the world accompanied by a shift toward earlier snowmelt and declining
snow accumulation (Mote, 2003; Barnett et al., 2005). This change in snowpack dynamics is a
consequence of the great sensitivity of snow to temperature increase, which causes a decreasing
proportion of snowfall relative to rainfall, and an increase in available energy for snow melting
(Rood et al., 2008). Thus, a change of +1°C was reported to cause a 20% reduction in accumulated
snow water equivalent, and a noticeable shortening of the snow season in a small basin in the
Pyrenees (Lépez-Moreno et al., 2013). Despite the high uncertainties and large regional variability,
climate models project that the temperature will continue to increase in coming decades (Ganguly
et al., 2009). Mountain areas are expected to be particularly affected by high rates of warming
(Nogués-Bravo et al., 2007), with consequent impacts on the accumulation and duration of
mountain snowpacks (Adam et al., 2009; Hamlett, 2001; Garcia-Ruiz et al., 2011, Lépez-Moreno
et al., 2013). Much research effort has been directed at assessing what environmental and
socioeconomic effects a thinner snowpack of shorter duration might have, including on water
resources availability (Barnett et al., 2005; Adam et al., 2009), the ecology of affected areas (Tague
and Dugger, 2010; Trujillo et al., 2012), hydropower production (Finger et al., 2011) or the
viability of ski resorts (previously cited).

In order to estimate the future natural snow conditions at each ski resort the model uses
regional projections of the daily snowpack in the Pyrenees during the 21st Century from Lopez-
Moreno et al. (2009). This study simulates the snow depth and the snow duration running the
GRENBLS, a Surface Energy Balance Model (Keller et al., 2005) with climatic inputs provided by
the HIRHAM Regional Climate Model (Christensen et al., 1998). The seasonal evolution of
snowpack is simulated representing average conditions over a surface area typical of a RCM
employed during the EU PRUDENCE project, presented in an hourly basis and with a spatial
resolution of 50 km2 (Christensen et al., 2002). The Surface Energy Balance Model (SEBM) for
snow simulates the evolution of the snowpack based on the thermal fluxes affecting the snow
(Figure 2.7).
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Figure 2.7. Conceptual map of the variables and processes affecting the evolution of the
snowpack and the energy fluxes modeled in a Surface Energy Balance Model for Snow. Source:
Figure modified from Météo France.

GRENBLS is a single-layer physically-based model driven by hourly input data of air
temperature, dew point temperature, anemometer-level wind magnitude, precipitation, surface
pressure, and incident solar radiation. The model computes the radiative fluxes from cloudiness
data and the surface turbulent sensible and latent fluxes. The bulk heat and moisture transfer
coefficients are parameterized according to Benoit (1977) based on the Monin—Obukov similarity
theory. Surface temperature, soil moisture, and snow mass are prognostic variables. The energy
budget also considers the energy change associated with the melting of frozen soil moisture and
snow. The temperature of the snowpack is computed in a prognostic manner via heat storage using
a force-restore method (McFarlane et al., 1992). Precipitation is considered as solid if air
temperature is less than that of the triple point of water. Liquid precipitation on a snowpack induces
snowmelt, and the melt water enters directly into the soil in liquid form. Snow is modeled as an
evolving one-layer pack characterized by temperature Tsnow (K), mass Msnow (kg/m2), and
density gsnow (kg/m3). The surface energy budget is computed over the snow cover at each model
time step. The radiative and turbulent fluxes are computed first, followed by heat storage in the
snowpack; if the latter value is positive and the snow temperature is below the melting point, the
excess energy is first used to raise the temperature of the pack. Once the temperature reaches the
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melting point, any additional excess energy is used to melt the snow. The age effect of the snow on
snow density has been adopted following the ideas of Verseghy (1991). The snow density of the
bulk snow layer increases exponentially with time from the fresh-fallen snow value, gsnow,min =
100 kg/m3, to a maximum of gsnow,max = 300 kg/m3. In a similar manner, changes in snow
albedo that accompany snow aging are parameterized as a time-decay function from an initial fresh
snow albedo of 0.80. GRENBLS also incorporates total cloudiness as an input parameter. The
model was run for a control period (1961-1990) and for two future emissions scenarios: the SRES
A2 and B2 (IPCC, 2007) and for different altitudinal levels: 1500, 2000, 2500, and 3000 m a.s.l..
Outputs are Snow Water Equivalent (SWE) and snow depth series at hourly intervals at 20 points
of the Pyrenees and at four different altitudinal levels (1500, 2000, 2500 and 3000 m a.s..).
Between these altitudinal levels, the snow depth has been interpolated in order to simulate the
snowpack every 150 m. Observed snow depth at a given location is strongly affected by local
conditions (aspect, wind drift processes, etc.), whereas data derived from RCMs reflect the mean
conditions of a 50 x 50 km grid cell. To assess the capacity of simulated snowpack with an energy
balance model based on HIRHAM data to reproduce Pyrenean snowpack and its spatial
distribution, mean daily snow depth recorded at four locations in the 1990s are compared with
simulated snow series at the closest grid cells and at the altitudinal plane closest to the location of
the observed records. (Lépez-Moreno et al., 2009). The model has been calibrated with a control
period and its performance is in good agreement with the overall snow depth and duration of the
observed snowpack in the Pyrenees.

Only Formigal presented a significant different behavior with the simulated data. In this case, the
snowpack was modeled using the Cold Region Hydrological Model (CRHM; Pomeroy et al., 2007)
with historical data from the nearest meteorological station to the ski resort, Izas (L6pez-Moreno et
al., 2013; 2013b). The CRHM platform uses a modular modeling object-oriented structure to
simulate a comprehensive range of hydrological processes in mountainous and cold regions
(including blowing snow, interception, energy balance snowmelt, and infiltration to frozen soils).

The model simulations project that the snowpack in the Pyrenees will be strongly affected
by projected climate change, with a marked decrease in snow depth and duration of snowpack.
Different greenhouse gas emission scenarios (SRES) lead to significant differences in the severity
of expected changes in snowpack, being at least twice as pronounced under the A2 scenario
compared with B2. Noticeable spatial differences in the magnitude of simulated changes in
snowpack are detected. Snowpack in the central and eastern areas of the Spanish Pyrenees is
clearly the most strongly affected by climate change. The impact of climate change on snowpack is
highly sensitive to the altitudinal gradient. The decrease in accumulated Snow Water Equivalent
(SWE) at 3000 m a.s.l. is just 25% of that simulated at 1500 m. In the latest sectors under SRES A2
and B2, Accumulated SWE is predicted to decrease by up to 78% and 44%, respectively, and the
duration of the snowpack by 70% and 32% (figure 2.8).
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Figure 2.8. Simulated changes in the duration of the snowpack according to climate change projected by the
HIRHAM model under SRES B2 (left) and A2 (right) at different altitudinal planes: 1500 m a.s.l. (A), 2000 m
(B), 2500 m (C), and 3000 m (D). Source: Lépez-Moreno et al.,2009.

The ski season length has been calculated applying a 30 cm threshold to the natural snowpack
projections obtained from the snow model in the mean elevation of each ski resort. Because the
altitudinal distribution of all the Pyrenean resorts is not available, the mean elevation is used as an
indicator of the average snowpack available at each ski resort (Abegg et al. 2007, Scott et al. 2003,
Scott & McBoyle 2007, Steiger 2010). The 30 cm threshold used to assess the future reliability is
one of the most used criterions to assess the climate change vulnerability of ski resorts (Witmer,
1986; Abegg, 1996; Scott et al. 2008; Steiger et al. 2010). In order to simulate the ski season
length, those days with at least 30 cm of snow depth were those considered as open days. With
these data the model computes how many days with minimum snow conditions are achieved to
open the resort during a whole winter season. Figure 2.9 shows the mean control period (1961-
1990) and future snowpack in the average elevation (1900 m) of Ax 3 Domaines, a french ski resort
located in the Midi-Pyrénées region with a mean elevation of 1850 m assuming a +2°C (equivalent
to the B2 scenario for the period 2070-2100) and +4°C increase (equivalent to the A2 scenarios for
the 2070-2100 period) in winter average temperature.
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Figure 2.9. Mean control period (CP) and future snowpack (+2°C and +4°C) for Ax 3 Domaines ski
resort at 1900 m.

2.2.2 Snowmaking effect on natural snow

Snowmaking is currently the main adaptation strategy to offsetting the natural variability of
snow. It helps to guarantee enough snow depth, scheduled openings, and stable revenues but it is
also a commercial and image strategy to extend the season with the aim to increase revenues
(Steiger & Mayer, 2008). Over the last few decades, ski resorts across the world have invested
significant amounts of money in snow production systems and the Pyrenean ski resorts are no
exception to this global trend (Sauri and Llurdés, 2010). In this context, the model includes a
snowmaking module in order to simulate the effect of the snowmaking systems in the enhancement
of the snowpack in order to achieve a more realistic projection of the future ski season length. In
this model only the snowmaking to ensure the minimum snow conditions has been simulated.
Following the experience of technical staff in ski resorts, a daily minimum temperature threshold of
-2°C has been used to compute the potential snowmaking days during a winter season. During
these potential snowmaking days, it is assumed that a maximum of 10 cm per day can be produced
to reach the 30 cm threshold. Thus, the natural snow depth is complemented with snowmaking
following these criteria. Thus, the resulting season length will depend on the natural snow pack
available and the potential snow produced by these systems. Figure 2.10 shows the enhancement of
the natural snowpack at 1900 m in the Andorran ski resort of Pal following the defined parameters
for a +2°C climate change scenario. The figure shows the importance to include this factor in the
analysis. The presented resort, when considering natural snow alone would have only a short period
with more than 30 cm of snow depth, but when including snowmaking most of the winter season
will be above this threshold.
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Figure 2.10. Snowpack in Pal assuming a 2°C increase of the winter average temperature enhanced with
snowmaking when the 30 cm threshold is not achieved.

2.3  The vulnerability to climate change of the Pyrenean ski resorts

Three different scenarios have been evaluated in order to analyze the vulnerability of the
Pyrenean ski resorts to projected changes in future snowpack. The first scenario simulates the
present average winter season while the other two simulate future snow depth assuming a +2°C in
winter average temperature (equivalent to RCP 6.0 by the end of the century) as a mid climate
change scenario and +4°C increase (equivalent to RCP 8.5 by the end of the century) as a high
climate change scenario. Finally, in order to assess the technical reliability of each ski resort, the
capacity of the snowmaking systems to extend the season length is included in the two climate
change scenarios.

2.3.1 Natural reliability

In order to analyze the natural reliability, the 30 cm threshold has been used to estimate the
total number of open days per winter season. We assume that this threshold is the lower boundary
in order to consider a ski resort as reliable. Thus, for each ski resort, season lengths have been
analyzed taking into account the number of days during an average winter season in which this
lower boundary is reached. Using the 100-day criterion (Abegg 1996, Abegg et al. 2007, Chaix
2010, Dawson & Scott 2007, 2010, Scott et al. 2003, Scott & McBoyle 2007, Steiger 2010, Witmer
1986), the ski resorts reaching the 30 cm threshold at least 100 days per winter season are
considered as reliable with natural snow conditions and non-reliable otherwise. Figure 2.11 shows
as green points the ski resorts that offer natural reliability and as red ones those non-reliable, in a
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present average winter season (a) and in the two future climate change scenarios assuming an
increase of 2°C (b) and 4°C (c).

Figure 2.11. Natural reliability of the Pyrenean ski resorts in a present
average season (a) and the two future climate change scenarios: +2°C (b)
and +4°C (c) of the winter average temperature. The size of the points
represents the present average attendance in number of skier attendance
during the control period.

A high variability has been observed on the level of impacts at short distances, not leading to a
significant regional pattern about the vulnerability of the Pyrenean ski resorts. In this line, we
found that in the same region two resorts located at a really short distance can have significant
different level of vulnerability. However, and congruent with previous cited literature, low
elevation areas, with a predominance of south oriented slopes present a higher vulnerability. In the
particular case of the Pyrenees, those resorts with a higher Mediterranean influence were identified
as the more vulnerable to future climate change. Otherwise, those with a higher Atlantic influence,
located at higher elevations and more north oriented were identified as the more resilient ones.

2.3.2 Technical reliability

In the last few decades, ski resorts have made considerable investments in snowmaking
systems as an efficient way to cope with the natural inter-seasonal variability of snowfall. Since
this practice is also considered as one of the main current adaptation strategies to climate change,
snowmaking has to be included if we want to achieve a more realistic assessment of climate change
impacts. Including the capacity to produce snow in future climate change scenarios will also permit











































































































































































































































































































































































