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Abstract: Climate change is an evolving business reality influencing the sustainability of ski tourism
worldwide. A new integrated model of the co-evolution of supply (27 ski areas) and demand-side
(skier behaviour) climate change adaptation in the ski tourism market of Ontario, Canada is presented.
Ski area operations are modeled under a high-emission 2050s scenario, with skier responses to altered
operations informed by a survey of 2429 skiers. These market adaptive dynamics reveal new insights
into differential climate risk, capturing patterns not apparent when considering only operational
conditions of ski resorts. A decoupling of ski season length and skier visitation was found at four
ski areas, where, despite average season length losses, visitation increased as a result of reduced
competition. Simulated skier visit losses were smaller than reductions in season length, contributing
to an increase in crowding. Growing the market of skiers was also identified as a critical adaptation
strategy that could offset skier visit losses from shortened seasons. Climate change challenges
the future sustainability of ski areas in this market in several ways: profitability of ski areas with
substantially shorter seasons, increased snowmaking costs, crowding impacts on visitor experience,
and potential overtourism at the few most climate resilient destinations.

Keywords: climate risk; ski industry; sustainable tourism; adaptive dynamics; tourism demand

1. Introduction

Established tourism business models and livelihood strategies are challenged by climate change,
which in turn may impede sustainable tourism development in regions with greater climate change
risk or high dependency on climate-dependent tourism markets. The multi-billion-dollar global ski
industry is a particularly climate-sensitive tourism market that has received considerable attention in
the research literature [1,2], the media (see [3] for a critical review), and tourism organizations [4–6].
Climate change is an evolving business reality for the ski industry, with recent trends toward shorter
and more variable ski seasons and emerging climate risk disclosure requirements. Recent record warm
winters in major ski tourism regions around the world have illustrated differential climate risk among
ski areas and destinations. Industry reports on annual ski season length in the United States (US)
and other international markets indicate average ski seasons were reduced in the 2010s for the first
time in 40 years [7–9]. Future climate risk has also received increasing attention from the financial
markets and institutional investors (e.g., [10–12]). Although much of the ski industry remains hesitant
to publicly engage in climate action, emerging pressures for climate and carbon risk reporting [13,14]
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mean that publicly traded ski resort conglomerates (e.g., Vail Resorts and Alterra Mountain Company
in the US) will need accurate climate risk assessments to meet disclosure requirements likely before
2025. Independent ski resorts seeking loans or investments are likely face similar requirements soon
after [15].

Climate change risk of the ski industry has been examined by over 120 studies in 27 countries [2].
This geographically and methodologically diverse literature has consistently projected decreased
reliability of natural snow cover, shortened and more variable ski seasons, increased snowmaking
requirements, contraction in the number of operating ski areas, altered ski tourism demand affecting
revenues and employment, and declining real-estate values of vacation properties. The timing and
severity of these impacts depends on the rate of climate change and the adaptive responses of both
tourists (i.e., demand) and decision makers in the ski tourism industry and destination communities
(i.e., supply), as well as the resulting shifts in intra- and intermarket competitiveness [2,8].

An important limitation of this literature is that the interactions between evolving supply-side
(i.e., shorter and more variable ski seasons, with declining number of operating ski areas) and
demand-side responses (i.e., ski tourist adaptation behaviours) have not been assessed to determine
the consequences for regional ski tourism markets and individual destinations [2,8]. For example,
the ski season in the US Northeast region is projected to shorten by 22% in a mid-century (2050s)
high-emission scenario (RCP 8.5) [7] and by 18% in Austria under the same scenario [16]. Surveys
with skiers in these two markets show a large share of respondents stating they would ski less often
(39% in Austria, 34% in the US Northeast) revealing a high potential for climate-induced reduction in
demand [17,18]. However, past anomalously warm winter seasons that are representative of average
seasons in a mid-century high-emission scenario have shown smaller impacts on skier visits than
suggested by season length projections and skier surveys. During two record warm winters in these
two markets, skier visits in the US Northeast declined by 11.6% in the 2001–2002 season, while in
Austria, the 2006–2007 season resulted in 11% less skier visits [19,20].

There are two factors that could explain the gap between observed and projected demand response
to changing climate. First, season length changes do not lead to a proportionate decline of skier visits,
as demand is characterized by high seasonality [21]. For example, ski operation days are initially lost
at the more sensitive beginning and end of the season when demand is substantially lower than in
core winter periods (e.g., Christmas, school holidays in February). Second, the stated response of
skiers to snow deficiency cannot be directly translated to precise estimates of reduced demand, as only
the proportion of respondents that would ski less often (or not ski at all) is estimated, but how many
fewer days they would ski is not. In the above example, if the approximately one-third of skiers who
indicated they would ski less in these two markets would ski 25% less often, then net impact on total
skier visits would be a 9% decline.

The differences between supply-side modeling (i.e., season length projections), demand-side
stated behavior (i.e., surveys) and observed ski market responses to anomalously warm conditions
(i.e., analogues) stress the need for integrated climate risk assessments that examine the dynamics
between synchronous supply-side operations and demand-side tourist behavioral adaptation.
The objective of this study is to address this gap by coupling the SkiSim2.0 ski operations
model (developed by [22,23] with a spatially dynamic tourist behaviour agent-based model (ABM)
(based on [24,25]) to model the internal dynamics of skier visits within a regional ski tourism market
(Ontario, Canada) under variable climate conditions and an evolving landscape of competitive
destinations [26].

The integrated model was developed to simulate how the regional ski market in the Canadian
Province of Ontario could evolve in response to changes in supply (season length, ski area closures) and
demand (number of active skiers/participants, population, substitution behaviour patterns). This study
area was selected because: (1) the limited size (27 ski areas, with average of 3.01 million skier visits
between 2007–2008 and 2018–2019) and relatively closed nature of this market make it suitable to
development and testing of the new coupled model; (2) the important economic contribution to small
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and rural economies in the province (represents 31% of the total Canadian ski and snowboard market);
(3) high relevance to contemporary decision making in the ski industry and municipal and provincial
governments, because this market has lost ski areas and experienced challenging climatic conditions
over the last decade; and (4) working relationships critical to the success of the project (including data
access) had been established with Ontario Ministry of Tourism, Ontario Ministry of Natural Resources,
and Ontario Snow Resorts Association.

2. Materials and Methods

This research takes a novel approach to modeling climate risk of ski tourism by combining
multiple data inputs into an integrated geospatial model: (1) “SkiSim2.0”, a ski area operations
model that utilizes daily climate inputs to simulate snow conditions (with natural and machine-made
snow) and the operational status of ski areas (i.e., open/closed); (2) an empirical skier survey with
stated behavioral responses of skiers to closed ski areas (i.e., spatial, temporal, activity substitution);
(3) ski area characteristics, including ski resort snowmaking and lift capacity used to consider the
impacts of increased visitation on resort crowding; and (4) ski industry performance data to define the
number of available skiers (agents) and seasonality of demand (e.g., season segments, annual visits).
Each of the components of the integrated model and the data sources included in Figure 1 are further
described below.

Figure 1. Integrated Ski Operations—Skier Visitation Model.

2.1. Ski Area Operations Model (SkiSim2.0)

SkiSim was developed to overcome a major limitation of climate change impact studies in the
winter tourism sector-the omission of snowmaking that has been an integral weather management
strategy in several regional markets for 30 years. Originally developed and applied in the Ontario
ski market [22], SkiSim has since been further developed [23] and applied in several regional ski
markets including part of Canada [22,26,27], China [28], European Alps [16,23,29,30], Scandinavia [31],
the United States [7,32,33]; and worldwide at Olympic Winter Games sites [34].

SkiSim2.0 uses daily weather data to simulate natural and machine-made snow, based on
snowmaking capacity and operational decision rules. The decision rules applied in this study have
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been derived from consultations with ski area managers and snowmaking crews in the study region [26].
To validate the modelled seasons length under different snowmaking capacities, the SkiSim2.0 output
was compared to the daily snow conditions at each resort, as reported by the Ontario Ski Resorts
Association [OSRA]) (see [35]). The most accurate season length simulation from SkiSim2.0 was
then used to represent current snowmaking capacity at each ski area (ranging from 5 to 10 cm/day).
The model was also run with advanced snowmaking capacity at each ski area, where the highest
capacity of any ski area in the study area became the standard for all 27 ski areas.

Daily weather data from 13 climate stations within the study area were obtained from the
Meteorological Service of Canada [36] and used to simulate snow conditions at the 27 ski areas in
this regional market (Figure 2). To represent the range of possible climate futures in the study region,
climate change scenarios from the IPCC Fifth Assessment Report [37] were used. Only scenarios from
global climate modelling groups that participate in the World Climate Research Programme’s Coupled
Model Inter-comparison Project Phase 5 (CMIP5) were considered for this analysis. The climate change
ensemble scenarios were obtained from the Environment and Climate Change Canada [38] climate
and scenarios portal, which provides the projections of 29 individual Global Climate Models (GCMs)
as well as an ensemble scenario. For this analysis, a current emissions trajectory or high-emission
scenario (RCP 8.5) was utilized for the mid-century time period (2040–2069). A high-emission scenario
was utilized to explore the potential impact of new warm extreme winters that this regional market
has not yet experienced, and the capacity of current and improved snowmaking to cope with these
new conditions. To produce daily temperature and precipitation data for each location, monthly
temperature and precipitation ensemble scenarios were downscaled to the 13 individual climate
station locations using the Long Ashton Research Station (LARS) stochastic weather generator [39,40].
Further details on the SkiSim2.0 model and its application on the Ontario ski market place can be
found in [26].

Figure 2. Locations of the 27 Modelled Ski Areas in the Ontario Market.
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The primary coupling between the SkiSim2.0 and ABM modules in the integrated model (Figure 1)
is the input of the daily operational status of each of the 27 ski areas in the simulation (i.e., the transfer
of a daily open/closed value, based on a minimum snow depth threshold of 30 cm for ski operations
and daily temperature conditions).

2.2. Skier Survey and Market Demand Projections

A survey of skiers and snowboarders (here after “skiers”) (n = 2429) was conducted in the 2013–2014
winter season in 10 selected ski resorts, which included one private resort, the two largest resorts in
the market, and seven medium-to-small-sized resorts (as defined by OSRA). The aim of the survey
was to identify behavioral responses of skiers to (temporary or permanently) closed ski areas in the
Ontario ski market [41,42]. Descriptive statistics of the behavioural response (i.e., share of respondents
selecting each adaptation behavior) and their alternative ski resort choice (when applicable) was used
to generate behavioral rules for the agents in the ABM. Specifically, survey results on substitution
behavior, preferred alternate ski resorts (e.g., if primary/preferred ski resort is closed), and temperature
preferences were used to inform agent decisions in the ABM. Three substitution behaviors were
distinguished in the survey: (1) temporal substitution (i.e., postponing the ski trip within the current
ski season); (2) spatial substitution (i.e., traveling to a different ski resort); and (3) activity substitution
(i.e., forego the ski trip and participate in non-skiing activity). To account for a range of temporal closures,
respondents selected their preferred substitution type if the ski resort was “closed today”, “closed until
mid-January” and “closed permanently” [41]. In the case of spatial substitution, respondents were
asked to choose their most likely alternate ski resort from a list of the 27 Ontario ski resorts in the study
area or in the neighbouring provinces and US states (Quebec, Michigan, New York). To determine the
acceptable travel distance to an alternate ski resort (i.e., spatial substitution) a matrix of respondents’
home location (first three digits of postal code) and the location of their preferred resort was generated
using ArcGIS Geographic Information System software. A network analysis was conducted using the
Ontario road network to calculate not only the distance, but approximate driving time from origin to
destination for each respondent. This matrix defines the pool of potential alternative ski areas based
on respondent’s travel distance. For additional detailed results from the skier survey, please refer
to [41,42].

A limitation of many climate risk assessments of socio-economic systems has been the application
of changed climate conditions (30, 50, 80 years in the future) to unchanged socio-economic systems
(e.g., [43,44]). This is a visible limitation of climate risk assessments of the ski industry (e.g., [45]) and
both [46,47] have discussed its importance for estimating climate change impacts on skier visits in
European markets. To compare climate change related impacts on skier visits with potential changes
in ski demand, two different ski market development trends based on scenarios developed for the
Canadian Ski Council (CSC) were utilized [48]. In the “trend” scenario, demographic (population
growth and ageing) and skiing participation rates are projected to result in a 3% decline of skiing
demand by the early 2030s (from the 2014–2015 season baseline). The CSC “market intervention”
scenario projects market growth of 148% over the same time frame. Considering the maturity of this ski
tourism market and relatively stable national ski participation rate over the last two decades (ranging
from 8.5% in 2002–2003 to 5.8% in 2015–2016) [49], the highly optimistic market intervention scenario
was not included in the analysis. Instead, a “mid-point” scenario that assumes a still very successful
market intervention strategy to increase demand by 59% with marketing campaigns to attract new
skiers and support novices, especially from families and those with little background in snow-based
leisure activities [50].

2.3. ABM Module

An ABM approach provides a framework for creating simulations that can represent heterogeneous
characteristics of tourism actors, such as individual decision making of skiers in response to daily
snow and weather conditions and available ski area destination options. The ABM approach has been
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used to examine supply-demand dynamics in diverse tourism systems, including travel, lodging and
leisure patterns [25,51–57]. A main advantage of the ABM approach is that individual tourist decision
making, and characteristics can be modeled through a sequence of “if–then” decisions. This type of
modelling approach supports the development of different scenarios (e.g., [58]) that can be used to
experiment with a variety of structural characteristics of the ski tourism system, such as the loss of
specific ski resorts or projected growth/decline in skier numbers resulting from population growth or
market development strategies.

To link snowpack variability and ski area operations with potential changes in ski visitation
patterns at the regional market scale, Pons et al. [24,25] developed a geo-referenced ABM using
behavioural rules to simulate the adaptation of skiers to projected changes in snow conditions under
climate change. The ABM structure [24] was adapted for this study, with skier visit data and skier
surveys (Section 2.2) used to define the behavior rules within the ABM. This adapted ABM was used
to simulate skier response to current climate variability (for the 1981–2010 period), represented by
a climatologically average ski season, a record warm season (which also represents an analogue for
an average winter in the 2050s under projected climate change), and the coldest season in the last
25 years. For mid-century ski seasons under climate change (RCP 8.5 scenario), seasons representing
the coldest, warmest, and an average season within the 30-year period (2040–2069) were used in the
ABM simulation.

The functioning of the ABM module is described following a skier agent as it moves through
a series of step-by-step decisions in the modelled landscape of ski resorts in Ontario (see Figure 3).
The simulation is initiated by generating the number of agents based on the number of skier visits
in the climatically average year, provided by the OSRA annual end-of-season reports [59]. Due to
unavailable resort-specific skier visit data, the reported skier visits per OSRA’s size classification were
allocated to the resort-level proportionate to lift capacity in each size category [42]. Seasonality of skier
visits was implemented by different weights for weekdays (0.3), weekends (1) and the holiday season
(1.5) based on OSRA data.

Figure 3. Skier agent decision making flowchart.
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For each skier agent and time step in the simulation (i.e., one day of the skiing season), the model
checks whether the allocated ski resort is open. If the resort is open, the temperature at the base
station of the ski resort is then checked to confirm it is within an acceptable range. Using secondary
data from [60], the ABM includes a 5% reduction in skier visitation if temperatures are colder than
−15 ◦C, a 10% reduction if temperature is less than −20 ◦C, and a 15% reduction when temperatures
are less than −25 ◦C. Similarly, unusually warm weather results in a 15% reduction in visitation when
temperatures exceed +15 ◦C. If temperatures are between −15 and +15 ◦C, all skier visits without
thermal reductions are recorded for that day and ski area.

Conversely, if the ski resort is identified by the SkiSim2.0 module as closed, then the substitution
behavior sub-model is enacted. This sub-model places skier agents into one of three types of substitution
patterns: (1) spatial (check for open ski resorts elsewhere in Ontario or in nearby regional markets),
(2) temporal (delay skiing for another day in the season at the same ski area), and (3) activity (removed
from simulation). The percentage of skier agents engaging in any one of these substitution behavior
rules are based on the responses from the skier survey (Section 2.2). The potentially differing behavior in
the earlier and later season segments was included by using mid-January as a breakpoint. On simulated
days before mid-January, the substitution behaviour pattern is 7% activity, 48% temporal and 45%
spatial, while after mid-January it is 3% activity, 36% temporal and 61% spatial substitution [41].
Spatial substitutions include other ski areas within an established acceptable travel distance (identified
in the survey), including alternative destinations outside of the Ontario market (Quebec, New York,
Michigan). Should a skier agent select spatial substitution, open status and temperature thresholds of
a list of alternative ski areas that are within acceptable travel distance from place of origin is checked.
Skier agents performing temporal substitution delay their skiing for when their chosen resort may be
open later in the season.

The ABM also compares the maximum skier capacity of each ski area (based on hourly lift capacity
obtained for each ski area) with simulated visitation numbers, and records overcrowding when
resulting waiting time at lifts would exceed 15 min. It is important to note that overcrowding is only
used as an indicator of visitor experience on peak demand days and does not influence substitution
behaviours or overall skier visits. Key outputs from the ABM module include the total number of skier
visits per resort (daily and seasonally) and incidents of overcrowding (see Figure 1).

2.4. Model Performance

To test the ABM simulation performance, we compared total system-wide skier visitation generated
by the model to the total visitations reported by OSRA during ski seasons that represent the range of
climate variability in the study area. The 2011–2012 season was a record-warm winter (at 3.6 ◦C above
the 30-year average), while 2013–2014 represents the coldest winter in over 20 years (at 2.8 ◦C below the
30-year average). The coldest winter within the 1981–2010 period was not selected because it occurred
in the early 1980s when the ski marketplace was not comparable to recent seasons (i.e., the number,
size, and snowmaking capacities of ski areas were very different and annual skier visits were not
systematically recorded).

In each type of winter, the ABM simulates system visitation levels well, with a −6.3% difference in
the climatically average season and shows very close fit with both the record warm (−2.6% difference)
and cold seasons (+0.4% difference). The largest difference during climatically average winters is related
to the difference in the SkiSim2.0 module and observed operational patterns of ski areas in the early
and late portions of the ski season. SkiSim2.0 models ski area operational status as a binary variable
(entirely open/closed), while reported conditions often reveal ski areas as partially open (some terrain
and lifts are operational) (see [35]). The integrated model reallocates skier visits in the early and late
months of the season on days when it simulates certain ski areas as fully operational, when in fact some
are only partially operational. During the record warm season, more ski areas were closed during these
marginal early and late season days, reducing this overestimate by the model. Similarly, during the
cold season, most ski areas benefitted from increased snowfall and greater snowmaking opportunities,



Sustainability 2020, 12, 10617 8 of 16

enabling greater terrain and lift capacity in the early and late season (i.e., fewer partial operating days)
and reducing the difference with simulated capacity. A possible explanation for the larger bias in the
warm season is that the SkiSim2.0 model does not capture extraordinary efforts of ski areas during
record warm conditions, increasing snowmaking capacity on the most important ski runs by moving
snow guns from less important ski slopes, making snow in more marginal (and expensive) warmer
conditions, as well as partially opening skiable terrain and lifts.

While the results of the simulations are very promising, it is important to note that these results
provide an indication of fit at the marketplace scale. A more detailed level of validation at the
individual ski area level would be an important additional test of the model but is not possible because
daily visitation data from all ski areas is not available. This proprietary visitation data, kept private
by ski resorts for competitive reasons, means that the model should be considered experimental,
with increasingly confident results possible if ski area resolution data should become available to
researchers in the future. Nonetheless, the model provides valuable understanding of the competitive
dynamics of a regional ski market and the impact of climate variability and change on ski area operations
and skier behavior. The model also provides important insights into the potential implications of
market evolution, including lost or new ski areas, investments in snowmaking that allow some ski areas
to protect their season length more reliably, market development and demographic trends, and even
tourism or environmental policies that might alter access to water for snowmaking.

3. Results

3.1. Ski Season Length

In a climatically average season (e.g., 2010–2011) in the reference period (1981–2010), the average
season length across all 27 simulated ski areas was 116 days (Figure 4). The record warm season
(2011–2012) resulted in a much shorter season (−35 days or −30%). Importantly, the record warm
season also had a considerably higher standard deviation at the 27 ski areas (Figure 4), with the season
length ranging between 49 and 92 days, compared to a climatically average season (112–119 days).
This differential impact of anomalously warm conditions was expected based on observed seasons
(see [35]), as climatic sensitivity and snowmaking capacity differs between the ski areas in the study area.

Figure 4. Modeled ski seasons (operation days).

A climatically average season in the 2050s, with current snowmaking capacity, is approximately
17 days shorter than in the reference average period and has higher variation (48–114 days) among the
ski areas. This future average season is nonetheless 19 days longer than the record warm 2011–2012
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season. A cool season in the 2050s is only slightly shorter than in the reference cool period (−11 days)
and has limited variation across ski areas (107–115 days). A warm season in the 2050s results in
a highly pronounced season shortening (−78% compared to reference warm season) and variation
among the ski areas (ranging from 0–80 days). While five ski areas still have seasons of 70 days or
longer, the remaining ski areas have less than 30 days.

With improved snowmaking capacity in the 2050s, losses in a climatically average season are
slightly less (−11%), but variation remains high (57–118 days). The results underscore that while
some ski areas are limited by climatic conditions and not their snowmaking capacity, others have an
opportunity to intensify snowmaking to allow them to better maintain season length under future
warmer conditions. Importantly, increased snowmaking capacity reaches the limits of its effectiveness
in the warm seasons of the 2050s, where even with advanced snowmaking, only five ski areas are able
to maintain a season longer than 70 days, one ski area has 50 days, and the remainder of the Ontario
ski market has 30 days or less.

3.2. Skier Demand, Utilization and Crowding

The impact of the altered ski season length and operational status of individual ski areas in the
study area on annual market-wide skier visits is substantially affected by the market development
scenarios. Under the trend scenario in market development (−3% relative to 2014–2015 season) and
current snowmaking capacity, simulated skier visits in the 2050s shows moderate reductions in the
climatically average (−10.9%) and cool season (−8.7%) (Table 1). Notably, the simulated demand
losses are considerably lower than simulated season length losses (Table 1), which is consistent with
observations during anomalously warm winters in this marketplace (see [35]). In the warm 2050 season,
skier visits decline markedly by 77.5%, demonstrating the combined threat of market stagnation and
climate change for the future of this ski tourism market. Investment in improved snowmaking across
all ski areas is able to slightly reduce losses in skier visits (Table 1) but cannot offset the severe losses
in the warm winters of the future. This finding illustrates the limits of technical adaptation through
snowmaking in this market and it remains uncertain whether this investment would be economic for
all 27 ski areas.

Table 1. Modeled Skier Visits Under Climate Change and Market Development Scenarios.

2050s Climate Change
Scenario (RCP 8.5)

Market Development Scenario

Trend Scenario (−3%) Midpoint Scenario (+59%)

Current
Snowmaking

Improved
Snowmaking

Current
Snowmaking

Improved
Snowmaking

Average winter −10.9% −10.4% +46.0% +46.9%

Warm winter −77.5% −70.0% −63.1% −50.9%

Cool winter −8.7% −8.5% +49.8% +50.0%

In the mid-point scenario, where the ski industry has been highly successful in market development
(+59% relative to 2014–2015 season) by attracting new skiers among Ontario’s growing and increasingly
diverse population and/or increasing annual number of skiing days, the impact of shortened ski
seasons in the average winters of the 2050s is mitigated. In climatically average winters of mid-century,
annual skier visits are 46% higher with current snowmaking capacity. The increased demand in the
mid-point market development scenario is not able to prevent the massive losses in skier visits the
warm seasons of the future (−63.1%), as too many ski areas are closed for much of the ski season and
supply capacity is much reduced at the regional market scale.

In addition to insight into how annual skier visits may change at the regional market scale,
the coupled model provides novel insight into the spatial redistribution of demand as climate sensitive
ski areas are not operational for longer periods of the season or are potentially closed. Information on
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potential market share gains by ski areas with climatic advantages and/or higher adaptive capacity
is very important for business and destination level adaptation. In a climatically average season in
the 2050s, three (four with improved snowmaking) ski areas attract more skiers than in the 1981–2010
reference period, with an average increase of 10.5% (current snowmaking) and 8.4% (improved
snowmaking). Reduced competition from some closed ski areas for part of the season leads to a
transfer of demand to these ski areas preferred by the skiers surveyed. In a warm season in the 2050s,
when most ski areas struggle to open, two of the most climate resilient ski areas are projected to receive
an increase of 11.1% (current snowmaking) and 17% (improved snowmaking) skier visits compared to
a warm season in the 1981–2010 reference period. The projected increase in demand at both resorts
occur despite being open far fewer days, highlighting that there are business opportunities even where
there is climate risk and an overall decline in skier visits at a regional market level.

A potential effect of fewer opportunities to ski (e.g., shorter ski seasons, resort closures) is a higher
concentration of skiers. From a business perspective, concentration could be positive, as ski lift capacity
is better utilized, enhancing the profitability of ski areas. However, from a customer perspective, higher
levels of skier concentration may be perceived as crowding (e.g., busier slopes, longer lift lineups,
congested parking lots and retail shops). To further investigate the potential for crowding that could
degrade the visitor experience, the utilization rate as a percentage of annual capacity (where annual
capacity = ski operation day * daily lift capacity in persons/h) was calculated for the reference period
and future scenarios. The average market-wide utilization rate (across all 27 ski areas) ranged between
10–13% in the reference period (average vs. warm season), with a broader range between 4–24% among
individual ski areas (Table 2). The utilization rate remains similar in 2050s average seasons; however,
it increases substantially in warm seasons to 18–19% (up to 36% at some individual ski areas) in the
trend scenario and 29–31% (up to 59% at some individual ski areas) in the mid-point scenario (Table 2).

Table 2. Utilization rate (%) of market-wide annual lift capacity.

2050s Climate
Change Scenario

(RCP 8.5)

1981–2010
Current

Snowmaking

Market Development Scenario

Trend Scenario (−3%) Midpoint Scenario (+59%)

Current
Snowmaking

Improved
Snowmaking

Current
Snowmaking

Improved
Snowmaking

Average winter 9.7 10.2 9.9 16.7 16.3

Warm winter 13.0 19.1 17.7 31.4 29.0

Cool winter 9.0 9.3 9.2 15.2 15.0

At a seasonal utilization rate of 25% at an individual ski area, a skier would wait an average of
15 min for every lift ride. This 15 min threshold was used to define a “crowding day” in the model.
Averaged across all 27 ski areas, 5% (cool season) to 11% (warm season) of operating days exceeded
the crowding threshold in the reference period (Table 3).

Table 3. Share of crowding days to total operation days.

2050s Climate
Change Scenario

(RCP 8.5)

1981–2010
Current

Snowmaking

Market Development Scenario

Trend Scenario (−3%) Midpoint Scenario (+59%)

Current
Snowmaking

Improved
Snowmaking

Current
Snowmaking

Improved
Snowmaking

Average winter 7% 5% 5% 17% 17%

Warm winter 11% 23% 18% 50% 46%

Cool winter 5% 4% 4% 15% 15%

In the 2050s, the proportion of crowded days increases in the warm seasons to 23–50% (trend and
mid-point scenario, respectively), whereas in the future average and cool seasons, crowding days
remain relatively stable. This implies substantial challenges with overcrowding in future warm
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seasons when the number of ski areas and skiable terrain/lifts in operation (i.e., marketplace scale
supply) are substantially diminished. Importantly, analysis of the incidence of crowding at the ski area
level (Figure 5) shows that a high proportion (61% with current snowmaking; 57% with improved
snowmaking) of the crowding days occurs at resorts with very short ski seasons (≤50 days). These ski
areas account for 46%/54% (current/improved snowmaking) of simulated demand, indicating a high
potential for additionally redistributed skiers if these ski areas were to close permanently. It remains
unclear whether ski area managers/owners will continue to operate a ski area for only a few weeks in a
season, but financially the season start-up and closure costs make operating for such a short season
highly doubtful. With the likelihood that more vulnerable ski resorts would remain closed during
these future warm seasons, or close permanently, crowding days at the more climate resilient ski
areas (i.e., remain in operation) would be higher than the model indicates, as skiers would be further
concentrated as market supply contracts. The potential closure of more vulnerable ski areas identified
with industry stakeholders and tourism officials is an additional scenario the coupled model could
explore, but that analysis is beyond the scope of this paper.

Figure 5. Share of crowding days in relation to operation days.

4. Discussion

The new integrated model linking climate-induced changes in the operations of individual ski
areas (operating days, snowmaking requirements) with the adaptive behaviour of skiers (spatial,
temporal, or activity substitution) was designed to explore the interactions of adaptation dynamics at a
regional ski tourism market scale and provide novel insights into differential climate risk and possible
climate change adaptation strategies. As an integrated tourism system, inter-resort competition and
ski tourist decision making play a key role in the impacts of climate variability and change, and this
analysis was able to reveal patterns that are not apparent when considering only the operational
conditions of ski resorts as isolated entities.

Consistent with previous studies in this and nearby regional ski markets (see [7]), climate change
resulting from a high-emission scenario reduced the average ski season length in the 2050s and
snowmaking requirements to limit season losses increase at all ski areas in cool and average seasons.
Many of the ski areas would be able to cope with future average winter conditions through current or
improved snowmaking (if it were affordable). However, future warm winters exceed the adaptive
capacity of even advanced snowmaking at most of the ski areas in this study area. Snowmaking
declined in future warm seasons at most ski areas because they physically cannot make sufficient
snow to be operational, resulting in devastating impacts on ski season length (−78% across the 27 ski
areas), with only three ski areas (those further north and further away from the moderating effect of
the Great Lakes) able to maintain ski seasons of approximately 80 days. The distribution and sequence
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(i.e., consecutive warm winters that could bankrupt smaller ski area businesses) of future extremely
warm seasons will be critical to the evolution of this ski tourism market, emphasizing the importance
of better understanding extremes within climate change projections. As is evident in previous record
warm seasons, compared to ski demand, supply-side operations are more sensitive to unseasonably
warm conditions [35]. The financial implications of frequent or successive extreme warm winter
seasons is an important area for future inquiry, including the need to explore the probability of warm
winters moving forward.

Four other novel findings from the integrated model are notable. First, the analysis revealed that
improving the snowmaking capacity at all 27 ski areas (i.e., increasing all ski areas from their current
capacity to the advanced capacity of leaders in the region) was not a highly effective adaptation strategy.
Market-wide skier visits were not substantially higher (see Table 1) when all ski areas possessed
advanced snowmaking. Therefore, any public-private partnerships to increase snowmaking capacity
should strategically focus on investment at the most climate resilient and highest capacity (lifts and
terrain) ski areas that are closest to large population centres.

Second, market development (i.e., strategies to increase skiing participation and annual skier
visits) was found to be an important adaptation strategy that was capable of offsetting losses from
shorter average seasons under climate change. This potential adaptation strategy is rarely discussed in
the literature, in part because it is currently difficult to accomplish in mature markets, but this may
change as the baby boomer generation stops skiing and the industry focuses on younger generations
that will dominate the market [61]. A potential shift toward domestic tourism following the covid-19
pandemic [62] and as a response to reduce tourism related greenhouse gas emissions, may favour
a revival of ski tourism market development in this region and others. Ensuring ski operations are
decarbonized will be an important factor in taking advantage of potential opportunities in the transition
to a low carbon economy [63]. The impact of climate change on future skier visits was found to be
greater than the impact of market trends, but the combined impact of climate change and declining
trend in skiing participation was very detrimental to a sustainable future for this ski tourism market.
The range of climate and market development scenarios revealed substantially different outcomes,
and hopefully inspire ski industry and tourism officials to pursue policies that support the low emission
and high market development pathways.

Third and most importantly, the integrated model provided new insight into differential climate
risk among ski areas within this regional market and the potential for increased demand transfers
to other regional markets as well. The operational success of some ski areas was not exclusively
dependent on climatic conditions, but rather on their ability to capitalize on transferred skiers from
other resorts. The adaptive dynamics reveal opportunity for some ski areas where the transfer of skier
visits from more vulnerable competitors was concentrated. A decoupling of ski season length and
skier visitation was found at 3–4 ski areas, where, despite average season length losses in the 2050s,
visitation market share increased through the loss of competitors. Transfer of demand from more
vulnerable to more climate resilient ski areas, and the capacity of those ski areas to accommodate this
transferred demand and provide quality visitor experience, are crucial adaptations that needs to be
better understood if the profitability and continued operation of many ski areas is to be accurately
projected. The findings further indicate that assumptions in the literature [58,64–66], and the media
that climate change shortened ski seasons will result in reduced skier visits is not likely to be accurate
for all destinations.

Fourth, as a result of the increased transfer of skier visits to more climate resilient ski areas,
more frequent and more intense crowding at these ski areas is a highly likely scenario, with a higher
concentration of skiers in a shorter ski season at fewer open ski resorts. While seemingly counter
intuitive in an era of accelerating climate change, an important recommendation from this study is
that the more climate resilient ski areas in this regional market should invest in capacity (e.g., lifts,
parking, transportation, hospitality and retail) to accommodate transferred demand, as these additional
revenues will be essential to offset the financially damaging extreme warm seasons in the decades
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ahead. Other potential supply-side responses to crowding include price increases and limiting access to
skier volumes that current capacities can handle, thereby limiting overtourism impacts at destinations.
Collectively, these adaptation strategies raise important questions for ski operation management. Is it
financially feasible to invest in higher infrastructure and service capacities if these capacities are used
on fewer days due to shortening seasons (i.e., capacities are mainly needed for peak days when demand
is exceptionally high)? How would price increases affect demand in the short term and influence the
image of this sport and skiing culture (e.g., participation rate) in the long term? How might guests
perceive access limits and how does that effect the trip planning behavior of skiers? Additional research
with the ski industry and government tourism authorities is needed to further explore the effectiveness
of these and other adaptation strategies to increase the sustainability of ski tourism in a warmer world.

Author Contributions: Conceptualization, D.S., R.S., M.P.; methodology, D.S., R.S., M.R., M.P., P.J.; software, M.P.
and P.J.; validation, M.P. and R.S.; formal analysis, M.P., R.S., D.S., M.R.; data curation, M.P., R.S., M.R.; supervision,
D.S.; project administration, D.S.; funding acquisition, D.S., P.J. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Social Science and Humanities Research Council (Canada) Insight
Development Grant number 430-2013-000473.

Acknowledgments: The collaboration and data access of the Ontario Ski Resorts Association is
gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Scott, D.; Hall, C.M.; Gössling, S. Tourism and Climate Change: Impacts, Adaptation & Mitigation, 1st ed.;
Routledge: London, UK, 2012; ISBN 0-415-66886-7.

2. Steiger, R.; Scott, D.; Abegg, B.; Pons, M.; Aall, C. A critical review of climate change risk for ski tourism.
Curr. Issues Tour. 2019, 22, 1343–1379. [CrossRef]

3. Knowles, N.L.B.; Scott, D. Media representations of climate change risk to ski tourism: A barrier to climate
action? Curr. Issues Tour. 2020, 1–8. [CrossRef]

4. CIPRA. Tourismus im Klimawandel. Ein Hintergrundbericht der CIPRA; CIPRA International: Schaan,
Liechtenstein, 2011.

5. Hagenstad, M.; Burakowski, E.; Hill, R. The Economic Contributions of Winter Sports in a Changing Climate.
Available online: https://gzg764m8l73gtwxg366onn13-wpengine.netdna-ssl.com/wp-content/uploads/2018/0
2/POW_2018_economic_report-1.pdf (accessed on 17 December 2020).

6. UNWTO. Davos Declaration. Available online: http://www.world-tourism.org/pdf/pr071046.pdf (accessed
on 12 February 2009).

7. Scott, D.; Steiger, R.; Knowles, N.; Fang, Y. Regional ski tourism risk to climate change: An inter-comparison
of Eastern Canada and US Northeast markets. J. Sustain. Tour. 2019, 28, 568–586. [CrossRef]

8. Scott, D.; Steiger, R.; Rutty, M.; Knowles, N.; Rushton, B. Climate Change Risk in the US Midwestern Ski
Industry. Clim. Risk Manag. 2020. submitted.

9. WKO. Seilbahnen. Zahlen/Daten/Fakten. Available online: https://www.wko.at/branchen/transport-verkehr/
seilbahnen/Factsheets.html (accessed on 17 December 2020).

10. Bosley, C.; Groendahl, B. Climate Change Is Killing Alpine Skiing as We Know It. Bloomberg. Available
online: https://www.bloomberg.com/news/articles/2020-01-15/climate-change-is-killing-alpine-skiing-as-
we-know-it (accessed on 15 January 2020).

11. Olick, D. Climate Change is Taking a Toll on the $20 Billion Winter Sports Industry—And Swanky Ski Homes
Could Lose Value. CNBC. Available online: https://www.cnbc.com/2019/03/20/climate-change-is-taking-a-t
oll-on-the-20-billion-ski-industry.html (accessed on 21 March 2019).

12. Shields, M. High and Dry: Alpine Resorts Grapple with Climate Change. Reuters. Available online: https:
//www.reuters.com/article/us-climate-change-alps-insight-idUSKCN1UB0E0 (accessed on 16 July 2019).

13. Mazzacurati, E.; Firth, J.; Venturini, S. Advancing Task Force on Climate-Related Financial Disclosures
Guidance on Physical Climate Risks and Opportunitie. Available online: https://www.physicalclimaterisk.co
m/EBRD-GCA_TCFD_physical_climate_final_report.pdf (accessed on 17 December 2020).

http://dx.doi.org/10.1080/13683500.2017.1410110
http://dx.doi.org/10.1080/13683500.2020.1722077
https://gzg764m8l73gtwxg366onn13-wpengine.netdna-ssl.com/wp-content/uploads/2018/02/POW_2018_economic_report-1.pdf
https://gzg764m8l73gtwxg366onn13-wpengine.netdna-ssl.com/wp-content/uploads/2018/02/POW_2018_economic_report-1.pdf
http://www.world-tourism.org/pdf/pr071046.pdf
http://dx.doi.org/10.1080/09669582.2019.1684932
https://www.wko.at/branchen/transport-verkehr/seilbahnen/Factsheets.html
https://www.wko.at/branchen/transport-verkehr/seilbahnen/Factsheets.html
https://www.bloomberg.com/news/articles/2020-01-15/climate-change-is-killing-alpine-skiing-as-we-know-it
https://www.bloomberg.com/news/articles/2020-01-15/climate-change-is-killing-alpine-skiing-as-we-know-it
https://www.cnbc.com/2019/03/20/climate-change-is-taking-a-toll-on-the-20-billion-ski-industry.html
https://www.cnbc.com/2019/03/20/climate-change-is-taking-a-toll-on-the-20-billion-ski-industry.html
https://www.reuters.com/article/us-climate-change-alps-insight-idUSKCN1UB0E0
https://www.reuters.com/article/us-climate-change-alps-insight-idUSKCN1UB0E0
https://www.physicalclimaterisk.com/EBRD-GCA_TCFD_physical_climate_final_report.pdf
https://www.physicalclimaterisk.com/EBRD-GCA_TCFD_physical_climate_final_report.pdf


Sustainability 2020, 12, 10617 14 of 16

14. Task Force on Climate-Related Financial Disclosures. Final Report: Recommendations of the Task
Force on Climate-Related Financial Disclosures. Available online: https://www.fsb-tcfd.org (accessed
on 17 December 2020).

15. Gössling, S.; Scott, D. The decarbonisation impasse: Global tourism leaders’ views on climate change
mitigation. J. Sustain. Tour. 2018, 26, 2071–2086. [CrossRef]

16. Steiger, R.; Scott, D. Ski tourism in a warmer world: Increased adaptation and regional economic impacts in
Austria. Tour. Manag. 2020, 77, 104032. [CrossRef]

17. Dawson, J.; Scott, D.; Havitz, M. Skier demand and behavioural adaptation to climate change in the US
Northeast. Leisure/Loisir 2013, 37, 127–143. [CrossRef]

18. Unbehaun, W.; Pröbstl, U.; Haider, W. Trends in winter sport tourism: Challenges for the future. Tour. Rev.
2008, 63, 36–47. [CrossRef]

19. Dawson, J.; Scott, D.; McBoyle, G. Climate change analogue analysis of ski tourism in the northeastern USA.
Clim. Res. 2009, 39, 1–9. [CrossRef]

20. Steiger, R. The impact of snow scarcity on ski tourism. An analysis of the record warm season 2006/07 in
Tyrol (Austria). Tour. Rev. 2011, 66, 4–15. [CrossRef]

21. Steiger, R.; Posch, E.; Tappeiner, G.; Walde, J. The impact of climate change on demand of ski tourism—A
simulation study based on stated preferences. Ecol. Econ. 2020, 170, 106589. [CrossRef]

22. Scott, D.; McBoyle, G.; Mills, B. Climate change and the skiing industry in southern Ontario (Canada):
Exploring the importance of snowmaking as a technical adaptation. Clim. Res. 2003, 23, 171–181. [CrossRef]

23. Steiger, R. The impact of climate change on ski season length and snowmaking requirements. Clim. Res.
2010, 43, 251–262. [CrossRef]

24. Pons, M.; Johnson, P.A.; Rosas, M.; Jover, E. A georeferenced agent-based model to analyze the climate
change impacts on ski tourism at a regional scale. Int. J. Geogr. Inf. Sci. 2014, 1–21. [CrossRef]

25. Pons-Pons, M.; Johnson, P.A.; Rosas-Casals, M.; Sureda, B.; Jover, E. Modeling climate change effects on
winter ski tourism in Andorra. Clim. Res. 2012, 54, 197–207. [CrossRef]

26. Scott, D.; Steiger, R.; Rutty, M.; Pons, M.; Johnson, P. The differential futures of ski tourism in Ontario
(Canada) under climate change: The limits of snowmaking adaptation. Curr. Issues Tour. 2019, 22, 1327–1342.
[CrossRef]

27. Scott, D.; McBoyle, G.; Minogue, A. Climate Change and Quebec’s Ski Industry. Glob. Environ. Chang.
2007, 17, 181–190. [CrossRef]

28. Fang, Y.; Scott, D.; Steiger, R. The impact of climate change on ski resorts in China. Int. J. Biometeorol. 2019.
[CrossRef]

29. Steiger, R.; Abegg, B. The Sensitivity of Austrian Ski Areas to Climate Change. Tour. Plan. Dev. 2013, 10, 480–493.
[CrossRef]

30. Steiger, R.; Stötter, J. Climate Change Impact Assessment of Ski Tourism in Tyrol. Tour. Geogr. 2013, 15, 577–600.
[CrossRef]

31. Scott, D.; Steiger, R.; Dannevig, H.; Aall, C. Climate change and the future of the Norwegian alpine ski
industry. Curr. Issues Tour. 2019, 1–14. [CrossRef]

32. Dawson, J.; Scott, D. Systems Analysis of Climate Change Vulnerability for the US Northeast Ski Sector.
Tour. Hosp. Plan. Dev. 2010, 7, 219–235. [CrossRef]

33. Scott, D.; Dawson, J.; Jones, B. Climate change vulnerability of the US Northeast winter recreation—Tourism
sector. Mitig. Adapt. Strateg. Glob. Chang. 2008, 577–596. [CrossRef]

34. Scott, D.; Steiger, R.; Rutty, M.; Fang, Y. The changing geography of the Winter Olympic and Paralympic
Games in a warmer world. Curr. Issues Tour. 2019, 22, 1301–1311. [CrossRef]

35. Rutty, M.; Scott, D.; Johnson, P.; Pons, M.; Steiger, R.; Vilella, M. Using ski industry response to climatic
variability to assess climate change risk: An analogue study in Eastern Canada. Tour. Manag. 2017, 58, 196–204.
[CrossRef]

36. Meteorological Service of Canada. Historical Climate Data Portal. Available online: http://climate.weather.
gc.ca/historical_data/search_historic_data_e.html (accessed on 17 December 2020).

37. IPCC. Climate Change 2013: The Physical Science Basis: Working Group I Contribution to the Fifth Assessment
Report of the International Panel on Climate Change; IPCC: Genf, Switzerland, 2013.

38. Environment Canada. Canadian Climate Data and Scenarios. Available online: http://www.cccsn.ec.gc.ca/?
page=ensemblescenarios&lang=fr (accessed on 17 December 2020).

https://www.fsb-tcfd.org
http://dx.doi.org/10.1080/09669582.2018.1529770
http://dx.doi.org/10.1016/j.tourman.2019.104032
http://dx.doi.org/10.1080/14927713.2013.805037
http://dx.doi.org/10.1108/16605370810861035
http://dx.doi.org/10.3354/cr00793
http://dx.doi.org/10.1108/16605371111175285
http://dx.doi.org/10.1016/j.ecolecon.2019.106589
http://dx.doi.org/10.3354/cr023171
http://dx.doi.org/10.3354/cr00941
http://dx.doi.org/10.1080/13658816.2014.933481
http://dx.doi.org/10.3354/cr01117
http://dx.doi.org/10.1080/13683500.2017.1401984
http://dx.doi.org/10.1016/j.gloenvcha.2006.05.004
http://dx.doi.org/10.1007/s00484-019-01822-x
http://dx.doi.org/10.1080/21568316.2013.804431
http://dx.doi.org/10.1080/14616688.2012.762539
http://dx.doi.org/10.1080/13683500.2019.1608919
http://dx.doi.org/10.1080/1479053X.2010.502383
http://dx.doi.org/10.1007/s11027-007-9136-z
http://dx.doi.org/10.1080/13683500.2018.1436161
http://dx.doi.org/10.1016/j.tourman.2016.10.020
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
http://climate.weather.gc.ca/historical_data/search_historic_data_e.html
http://www.cccsn.ec.gc.ca/?page=ensemblescenarios&lang=fr
http://www.cccsn.ec.gc.ca/?page=ensemblescenarios&lang=fr


Sustainability 2020, 12, 10617 15 of 16

39. Semenov, M.; Barrow, E. Use of a stochastic weather generator in the development of climate change scenarios.
Clim. Chang. 1997, 35, 397–414. [CrossRef]

40. Semenov, M.; Stratonovitch, P. Use of multi-model ensembles from global climate models for assessment of
climate change impacts. Clim. Res. 2010, 41, 1–14. [CrossRef]

41. Rutty, M.; Scott, D.; Johnson, P.; Jover, E.; Pons, M.; Steiger, R. Behavioural adaptation of skiers to climatic
variability and change in Ontario, Canada. J. Outdoor Recreat. Tour. 2015, 11, 13–21. [CrossRef]

42. Rutty, M.; Scott, D.; Johnson, P.; Jover, E.; Pons, M.; Steiger, R. The geography of skier adaptation to adverse
conditions in the Ontario ski market. Can. Geogr. Géographe Can. 2015, 59, 391–403. [CrossRef]

43. Amelung, B.; Nicholls, S. Implications of climate change for tourism in Australia. Tour. Manag.
2014, 41, 228–244. [CrossRef]

44. Hein, L.; Metzger, M.J.; Moreno, A. Potential impacts of climate change on tourism; a case study for Spain.
Curr. Opin. Environ. Sustain. 2009, 1, 170–178. [CrossRef]

45. Wobus, C.; Small, E.E.; Hosterman, H.; Mills, D.; Stein, J.; Rissing, M.; Jones, R.; Duckworth, M.; Hall, R.;
Kolian, M.; et al. Projected climate change impacts on skiing and snowmobiling: A case study of the United
States. Glob. Environ. Chang. Part A 2017, 45, 1–14. [CrossRef]

46. Steiger, R.; Posch, E.; Walde, J.; Tappeiner, G. Effects of Climate Change on Tourism Demand Considering
Individual Seasonal Preferences. Available online: https://www2.uibk.ac.at/downloads/c4041030/wpaper/20
20-08.pdf (accessed on 17 December 2020).

47. Damm, A.; Greuell, W.; Landgren, O.; Prettenthaler, F. Impacts of +2 ◦C global warming on winter tourism
demand in Europe. Clim. Serv. 2017, 7, 31–46. [CrossRef]

48. RRC Associates. 2013–14 Season Overview and Model for Growth. Available online: https://www.skicanada.
org/wp-content/uploads/2014/08/CWAA-RRC-presentation-051414.pdf (accessed on 17 December 2020).

49. Canadian Ski Council. 2017–18 Model for Growth Overview. Available online: http://17dfdj3mzri3pv5x11aauj
x1-wpengine.netdna-ssl.com/wp-content/uploads/2019/02/Model-for-Growth-2017-18-season.pdf (accessed
on 17 December 2020).

50. Canadian Ski Council. Understanding Potential Skiers. Available online: http://17dfdj3mzri3pv5x11aaujx1
-wpengine.netdna-ssl.com/wp-content/uploads/2019/02/CSC-segmentation-report_final-.pdf (accessed on
17 December 2020).

51. Alvarez, E.; Brida, J.G. An agent-based model of tourism destinations choice. Int. J. Tour. Res. 2019, 21, 145–155.
[CrossRef]

52. Balbi, S.; Giupponi, C.; Perez, P.; Alberti, M. A spatial agent-based model for assessing strategies of
adaptation to climate and tourism demand changes in an alpine tourism destination. Environ. Model. Softw.
2013, 45, 29–51. [CrossRef]

53. Boavida-Portugal, I.; Rocha, J.; Cardoso Ferreira, C.; Zezere, J.L. Agent-based Modelling of Tourists
Destination Decision-Making Process. In Frontiers in Information Systems GIS—An Overview of Applications;
Teodoro, A.C., Ed.; Bentham Science Publishers: Sharjah, UAE, 2018; Volume 1, pp. 32–66.

54. Chao, D.; Furuta, K.; Kanno, T. A Framework for Agent-Based Simulation in Tourism Planning.
In Human-Computer Interaction, Proceedings of the 14th International Conference, HCI International 2011, Orlando,
FL, USA, 9–14 July 2011; Jacko, J.A., Ed.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 280–287,
ISBN 978-3-642-21615-2.

55. Li, S.; Yang, Y.; Zhong, Z.; Tang, X. Agent-Based Modeling of Spatial Spillover Effects in Visitor Flows.
J. Travel Res. 2020. [CrossRef]

56. Student, J.; Kramer, M.R.; Steinmann, P. Simulating emerging coastal tourism vulnerabilities: An agent-based
modelling approach. Ann. Tour. Res. 2020, 85, 103034. [CrossRef]

57. Vinogradov, E.; Leick, B.; Kivedal, B.K. An agent-based modelling approach to housing market regulations
and Airbnb-induced tourism. Tour. Manag. 2020, 77, 104004. [CrossRef]

58. Soboll, A.; Dingeldey, A. The future impact of climate change on Alpine winter tourism: A high-resolution
simulation system in the German and Austrian Alps. J. Sustain. Tour. 2012, 20, 101–120. [CrossRef]

59. Ontario Snow Resorts Association (OSRA). 2010–2011 End of Season Report; OSRA: Collingwood, ON,
Canada, 2011.

60. Rutty, M.; Andrey, J. Weather Forecast Use for Winter Recreation*. Weather Clim. Soc. 2014, 6, 293–306.
[CrossRef]

http://dx.doi.org/10.1023/A:1005342632279
http://dx.doi.org/10.3354/cr00836
http://dx.doi.org/10.1016/j.jort.2015.07.002
http://dx.doi.org/10.1111/cag.12220
http://dx.doi.org/10.1016/j.tourman.2013.10.002
http://dx.doi.org/10.1016/j.cosust.2009.10.011
http://dx.doi.org/10.1016/j.gloenvcha.2017.04.006
https://www2.uibk.ac.at/downloads/c4041030/wpaper/2020-08.pdf
https://www2.uibk.ac.at/downloads/c4041030/wpaper/2020-08.pdf
http://dx.doi.org/10.1016/j.cliser.2016.07.003
https://www.skicanada.org/wp-content/uploads/2014/08/CWAA-RRC-presentation-051414.pdf
https://www.skicanada.org/wp-content/uploads/2014/08/CWAA-RRC-presentation-051414.pdf
http://17dfdj3mzri3pv5x11aaujx1-wpengine.netdna-ssl.com/wp-content/uploads/2019/02/Model-for-Growth-2017-18-season.pdf
http://17dfdj3mzri3pv5x11aaujx1-wpengine.netdna-ssl.com/wp-content/uploads/2019/02/Model-for-Growth-2017-18-season.pdf
http://17dfdj3mzri3pv5x11aaujx1-wpengine.netdna-ssl.com/wp-content/uploads/2019/02/CSC-segmentation-report_final-.pdf
http://17dfdj3mzri3pv5x11aaujx1-wpengine.netdna-ssl.com/wp-content/uploads/2019/02/CSC-segmentation-report_final-.pdf
http://dx.doi.org/10.1002/jtr.2248
http://dx.doi.org/10.1016/j.envsoft.2012.10.004
http://dx.doi.org/10.1177/0047287520930105
http://dx.doi.org/10.1016/j.annals.2020.103034
http://dx.doi.org/10.1016/j.tourman.2019.104004
http://dx.doi.org/10.1080/09669582.2011.610895
http://dx.doi.org/10.1175/WCAS-D-13-00052.1


Sustainability 2020, 12, 10617 16 of 16

61. Buckley, R.; Gretzel, U.; Scott, D.; Weaver, D.; Becken, S. Tourism megatrends. Tour. Recreat. Res.
2015, 40, 59–70. [CrossRef]

62. Gössling, S.; Scott, D.; Hall, C.M. Pandemics, tourism and global change: A rapid assessment of COVID-19.
J. Sustain. Tour. 2020, 1–20. [CrossRef]

63. Scott, D.; Steiger, R. Critical Reflections on Projections of Climate Change Risk for the Ski Industry. In Sport
and Environmental Sustainability: Research and Strategic Management; Routledge: London, UK, 2019.

64. Damm, A.; Köberl, J.; Prettenthaler, F. Does artificial snow production pay under future climate conditions?—A
case study for a vulnerable ski area in Austria. Tour. Manag. 2014, 8–21. [CrossRef]

65. François, H.; Morin, S.; Lafaysse, M.; George-Marcelpoil, E. Crossing numerical simulations of snow
conditions with a spatially-resolved socio-economic database of ski resorts: A proof of concept in the French
Alps. Cold Reg. Sci. Technol. 2014, 108, 98–112. [CrossRef]

66. Töglhofer, C.; Eigner, F.; Prettenthaler, F. Climatic and Economic Impacts on Tourism Demand in Austrian
Ski Areas. Clim. Res. 2011, 46, 1–14. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1080/02508281.2015.1005942
http://dx.doi.org/10.1080/09669582.2020.1758708
http://dx.doi.org/10.1016/j.tourman.2014.01.009
http://dx.doi.org/10.1016/j.coldregions.2014.08.005
http://dx.doi.org/10.3354/cr00939
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ski Area Operations Model (SkiSim2.0) 
	Skier Survey and Market Demand Projections 
	ABM Module 
	Model Performance 

	Results 
	Ski Season Length 
	Skier Demand, Utilization and Crowding 

	Discussion 
	References

