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Abstract
This study introduces an improved Ski Climate Index (SCI) designed to assess skiing suitability in China by applying fuzzy 
logic. Using daily meteorological data from 733 weather stations for the periods 1961–1990 and 1991–2020, the study identi-
fies significant changes in SCI distribution over time. Additionally, a coupled analysis is performed, integrating the SCI results 
with the distribution and spatial vitality of 389 ski resorts in China. This analysis provides a comprehensive understanding 
of the interplay between actual ski resources and the ongoing evolution of the skiing industry in China and three significant 
results:1) The snow module has a major impact on SCI distribution, while other non-snow natural elements, such as sunshine 
duration, wind speed, and thermal comfort, influence the overall SCI assessment less; 2) High SCI values are concentrated 
in Northwestern and Northeastern China, with increased ski climate resources being observed in Shaanxi-Gansu-Ningxia, 
Southwest Tibet, and Sichuan due to climate change and noticeable declines in the Southern regions of Northeast China.; 
3) In terms of the distribution and vitality of ski resorts, the SCI also partially reflects the development of ski resorts. This 
skiing suitability model uses climate resources to offer valuable insights for key decision-making in resort development and 
operation, thereby supporting advancement of the ice-snow economy.
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Introduction

Climate conditions play a crucial role in determining 
successful ski resort operations and the demand for skiing. 
The availability of consistent snowfall is vital for ski 
resorts with a minimum depth of 30 cm required for the 
safety of skiers (Damma et al. 2014). Snowfall patterns are 
significantly influenced by various climatic factors. These 
include temperature, precipitation, and humidity (McClung 
& Schaerer 2006; Matzarakis et al. 2012). Additionally, 
the pace at which snow melts is determined by fluctuations 
in temperature (Zhong et al. 2018). Ski resorts are also 

affected by climate conditions. For example, aerial lifts 
will be closed if wind speeds exceed 30 km/h (Andersen 
et al. 2004). Various climate factors, such as wind speed, 
temperature, extreme weather events, and visibility will 
also directly impact skier safety and the skiing experience 
(Demiroglu et al. 2016). Optimal skiing conditions prevail 
when the daily maximum temperature falls within the range 
of -12 °C to 2 °C and coupled with wind speeds that are 
below 2 on the Beaufort scale. Conversely, skiing becomes 
less viable when the daily maximum temperature plunges 
below -16 °C or when wind speeds escalate beyond 5 on 
the Beaufort scale (China Meteorological Administration 
2017). Additionally, extended periods of exceptionally cold 
weather can lead to a hardening of the snow, consequently 
heightening the potential for skiers to encounter increased 
falling risks on the slopes.

Skiing, as an activity that is closely tied to climatic 
conditions, is being confronting by a substantial peril 
due to the escalating impacts of global climate warming 
(Steiger et  al. 2019). The Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change (IPCC) 
predicts that climate change will result in reduced snowfall 
and natural snow cover across the majority of regions 
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(Gajić-Čapka 2011; Steiger et al. 2019; IPCC 2014). With 
such future climate warming, outdoor ski resorts worldwide 
will experience varying degrees of shortened skiing seasons 
and reduced available skiing terrain, leading to an increased 
demand for artificial snowmaking (Scott et  al. 2020). 
Consequently, some ski resorts may be forced to close due to 
decreased revenue and higher operating costs. For instance, 
in North America alone, climate change already puts 31% of 
outdoor ski resorts at risk of extinction (Scott & Steiger 2024). 
Further still, skiing demand is highly sensitive to the ongoing 
changes in weather patterns. A study conducted at a Slovak ski 
resort indicated that for every 1 °C rise in temperature, there 
was a 6% decline in lift ticket sales (Demiroglu et al. 2015).

With the successful bid and hosting of the Beijing 2022 
Winter Olympics and Paralympics, along with favorable 
national policies and growing public enthusiasm for 
skiing, China's skiing industry today is experiencing rapid 
development. According to the White Paper on Ski Industry 
in China for the Snow Season of 2022–2023 (Wu 2023), ski 
resorts are being constructed and expanded at a strong pace, 
attracting a total of 19.83 million skiers. Nevertheless, despite 
boasting about their highest count of ski resorts globally, less 
than 10% of these resorts meet international standards. For 
example, only 166 out of 697 ski resorts are currently equipped 
with chairlifts (Wu 2023). Further still, China's skiing industry 
is still in its early stages and requires extensive development 
approaches (Yang et al. 2019). Therefore, promoting high-
quality development after the Winter Olympics has become 
crucial by emphasizing the interplay between the process of 
industry foundation, the consumer demand for skiing activities, 
and ski resort capacity (Wang and Man 2022; Jiang & Li 2021).

The Policy and Action for Climate Change in China 
highlights the importance of addressing climate change as a 
key driver for promoting high-quality economic development. 
However, there remains a lack of research on the climatic 
perspective of the ski industry's development in China. 
Although the Skiing Meteorological Index (QX/T386-2017), 
an industry standard, defines skiing weather suitability and 
provides meteorological services to the public, it does not 
comprehensively evaluate China's specific skiing climate. 
Consequently, there is limited understanding of the temporal 
and spatial characteristics of that skiing climate in China, 
and that issue hampers positive and effective responses to the 
climate change impacts on the ski industry (Fang et al. 2021) 
and thus impedes its sustainable and high-quality development.

Various indices have been developed to assess the climate 
resources for successful ski tourism. The first notable index 
was the 100-day rule for snow reliability (Abegg 1996). Yu 
et al. (2009) later introduced the Modified Climate Index 
for Ski Tourism, which expanded the assessment to include 
perceived temperature, wind speed, visibility, and present 
weather conditions. Following the offering of this data, the 
Optimal Ski Day index was developed. It integrated such factors 

as temperature, precipitation, sunshine duration, wind speed, 
snow cover, and snow depth (Berghammer & Schmude 2014). 
Li et al. (2016a) then further refined the approach by creating a 
climate index that rated and weighted factors like snow depth, 
snowfall duration, snow quality, temperature, wind, and annual 
precipitation. The most recent advancement in this field is the 
Ski Climate Index (SCI), which was introduced by Demiroglu 
et  al. (2021) and applied to ski resorts in Turkey. Unlike 
previous indices, which primarily focused on either snow or 
non-snow components, the SCI includes a comprehensive range 
of both, such as snow-water equivalent (SWE), temperature, 
humidity, sunshine duration, and wind speed. Further still, the 
SCI offers greater flexibility for the industry by allowing its 
components to be combined in various ways thereby avoiding 
the limitations of fixed ratings and weights that are found in 
other indices. This flexibility is achieved through the use of 
fuzzy logic, which effectively manages the uncertainties that 
clearly inherent in ski tourism climatology.

The primary aim of this study is to adapt the SCI to Chi-
na's specific conditions to assess snow reliability and skiing 
comfort there. The SCI is calculated for two distinct peri-
ods– 1961–1990 and 1991–2020 using daily observation data 
from 733 meteorological stations. ArcGIS 10.5 software is 
used to describe the temporal and spatial evolution character-
istics of skiing climate resources in China. To further illustrate 
the impact of the SCI on China's skiing industry growth, a 
comparative analysis is t hen conducted between the obtained 
results and Fang et al.'s (2023) comprehensive skiing resort 
development indicator—Ski Resort Vitality. These research 
findings provide a scientific basis for coordinating ski climate 
resources across different regions and best optimizing the spa-
tial configuration of ski resorts. Figure 1 presents an overview 
of the research process and the methodology, data, and content.

Data and model

Data source and data processing

This study primarily utilizes the "China Surface Climate 
Daily Dataset" that is provided by the China Meteorological 
Administration Data Service Center (http://​data.​cma.​cn/). 
That dataset includes daily meteorological elements from 
733 reference and basic meteorological stations across China, 
encompassing a daily average temperature (°C), wind speed 
(km/h), atmospheric pressure (0.1 hPa), sunshine hours (h), and 
relative humidity (%). The SWE data (kg/m2) is obtained from 
the re-analysis project of the National Environmental Prediction 
Center (NCEP) and the National Center for Atmospheric 
Research (NCAR) with a resolution of 2.5° × 2.5°. Bilinear 
interpolation is used to standardize the resolution of SWE data 
and the daily meteorological element stations (Zha et al. 2020; 
Khan et al. 2021).

http://data.cma.cn/
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Considering the data availability and stability, we chose 
the most recent climate standard period as a key reference 
(1991 to 2020), while also using a historical reference 
period (1961 to 1990). We analyze and process data from 
December to March each year, which is the primary skiing 

season for outdoor ski resorts in China. Due to uneven spa-
tial distribution of these stations, we performed a weighted 
analysis based on Thiessen polygons' area size where the 
meteorological stations are located (Fig. 2a). The utiliza-
tion of the Thiessen polygon method significantly enhances 

Fig. 1   Flow chart for the 
research

(a) Meteorological stations                  (b) Spatial location of 389 ski resorts

Fig.2   Study Area
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both its rationality and accuracy compared to employing just 
an arithmetic mean method since it incorporates the weight-
age assigned to each station's control area within a watershed. 
Moreover, Kriging interpolation can be used to comprehen-
sively understand the spatial distribution of SCI in the entire 
region by interpolating the measured values and filling data 
gaps. Unlike other techniques like inverse distance weighting 
and spline interpolation, Kriging not only accurately assesses 
unknown areas, but also provides reliable error estimates, 
thereby offering more comprehensive parameter information. 
To compare ski resort vitality, we collected latitude and lon-
gitude data for 415 ski resorts using web crawler technology 
from the Pow Snow Technology App as outlined by Fang et al. 
(2023). This study, therefore, focuses exclusively on examining 
the 389 outdoor ski resorts obtained from this dataset (Fig. 2b).

Calculation model

SCI model and standard optimization

The SCI model, proposed by Demiroglu et al. (2021) for the 
Turkish skiing market, consists of two modules: Snow Relia-
bility (SR) and Aesthetics and Comfort (AC). SR focuses on 
snow conditions, while AC considers aesthetics and comfort 
factors. The measurement indicators encompass SWE, wet 
bulb temperature (temperature and humidity), sunshine dura-
tion, average wind speed, and other meteorological factors. 
The SCI model applies fuzzy logic algorithms to evaluate 
ski climate conditions by combining various climate factors 
from both the snow and non-snow modules into a single 
index. It employs a fuzzification process to convert raw data 
into a 0–1 scale, where 0 represents the least favorable skiing 
conditions and 1 indicates the most favorable. This conver-
sion involves assigning fuzzy membership values to each 
data point, based on its alignment with the predefined crite-
ria in both modules. These membership values are calculated 
using functions like LINEAR and GAUSSIAN, which assess 
the degree to which the conditions fit within the defined 
set of favorable skiing conditions. Consequently, the index 
provides a detailed and continuous assessment of ski climate 
suitability. The application of fuzzy logic in tourism clima-
tology studies is today becoming increasingly common (Cai 
et al. 2019; Olya & Alipour 2015). The SCI is comprised 
of the snow module and the non-snow module, as follows:

In this formula (1), SR considers the depth of the natu-
ral snow and the duration of artificial snowmaking during 

(1)SR = NSR ∩ SM

(2)AC = 1 − (1 − SS) ∗ (1 −WC) ∗ (1 − TC)

(3)SCI = (1 − (1 − SR) ∗ (1 − AC))G ∗ (SR ∗ AC)1−G

a DJFM skiing season(from December 1st to March 31st), 
with " ∩ " accounting for the impact of certain absent 
conditions. NSR (Natural Snow Reliability) is deter-
mined based on average number of days in the DJFM with 
SWE(Water Equivalent of Snow Cover) ≥ 53 kg/m2.

However, it should be noted that the initial design of the 
SCI model was not tailored to China's specific context, so 
adjustments and optimizations were undertaken to ensure its 
best suitability. Considering that China's average snow depth 
falls below the evaluation standard proposed by the U.S. 
Bureau of Land Management for ski tourism resources (Li 
1985) and that third-class ski resorts in China require a mini-
mum snow depth of 20 cm on ski tracks according to the Clas-
sification of Quality Grades for Ski Resorts(LB/T 037–2014), 
SR meets its minimum conditions when SWE reaches 53 kg/
m2 (calculated based on a snow density of 265 kg/m3 and 
a snow depth of 20 cm) (Demiroglu et al. 2016; Sorman & 
Beser 2013). Artificial snowmaking considers temperature 
and relative humidity by using Wet Bulb Temperature (WBT) 
with the following formulation (Stull 2011):

The average temperature ( Tas ) is represented in degrees 
of Celsius, while the relative humidity (Hurs) is expressed 
as a percentage.

Formula (3) comprehensively considers snow 
reliability, aesthetics, and comfort through AC. For this 
study, we chose a gamma coefficient (G) of 0.9. The 
specific definitions for the facets and sub-indices of the 
SCI are outlined in Table 1 and follow Demiroglu et al.'s 
(2021) framework.

To provide a more intuitive representation of the SCI, 
we established a simplified 4-level rating standard inspired 
by perceived tolerance width (Yu and Li 2019) and guided 
by Scott et al.'s (2016) classification scheme using quartiles 
as the foundation. The rating criteria are as follows: 
Excellent ([0.75–1]), Good ([0.5–0.75), Fair ([0.25–0.5), 
and Poor ([0–0.25). A SCI score below 0.25indicates severe 
inadequacy in skiing climate resources in that ski area.

Kernel density method

The kernel density method assigns weights to ski resort loca-
tions based on their proximity to the study area center, thereby 
generating a continuous density distribution map indicating 
clustering or the dispersion of ski resorts. The concentration 
is indicated by higher values, while dispersion is suggested by 
lower values. ArcGIS 10.5 software was used for analyzing 
and visualizing kernel density. The specific formula for esti-
mating ski resort kernel density is as follows (Liu et al. 2022):

(4)
WBT =Tas ∗ a tan

[

0.151977(Hurs + 8.313659)1∕2
]

+ a tan(Tas + Hurs) − a tan(Hurs − 1.676331)
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Here k is the kernel function, n is the number of points 
within the bandwidth, x − xi is the distance betweenx , and 
xi which is the estimated location of the ski resort, and h is 
the bandwidth.

The vitality of ski resorts

The term "vitality" traditionally refers to the dynamic life 
force existing in organisms. However, in the mid-twentieth 
century, this concept was cleverly adapted into urban 
studies as a crucial measure to use for evaluating urban 
spatial quality (Lynch 1984). Urban vitality is essentially 
manifested through the diverse interplay between people, 
activities, and place (Fang et al. 2023). Recently, Fang 
et  al. (2023) explored ski resort vitality by assessing 

(5)fn(x) =
1

nh

∑n

i=1
k
[x − xi

h

] their attractiveness ("place"), support for skiing activities 
("activity"), and skiers' perception of them ("people"). 
Critical factors when evaluating a ski resort's vitality 
from a "place" perspective include accessibility, skiing 
facilities, supporting amenities, and operational hours. The 
assessment of "activity" revolves around two key aspects: 
(1) the number of participants involved in skiing activities 
within the ski area (aggregation) and (2) participation 
consistency across different days that include weekdays, 
weekends, and holiday periods like Spring Festival 
(stability). The aspect of "people" finds its embodiment 
in subjective evaluations provided by skiers regarding 
the diverse elements they identify related to facilities and 
services. China's ski resorts' vitality characteristics were 
analyzed using the linear combination method to calculate 
combined weights of evaluation indexes for a ski resort's 
vitality. Please refer to Table  2 for indicators for each 
dimension and their corresponding weights.

Table 1   Definitions of the SCI facets and sub-indices (Demiroglu et al. 2021)

Note: DJFM indicates December to March of the following year

Facet Sub-index Definition

Snow reliability
(SR)

Natural snow reliability
(NSR)

Seasonal (DJFM) average number of days when SWE is larger than 53 kg/m2 in a 
30-year range

Snowmaking
(SM)

Pre- and actual seasonal (DJFM) average number of hours when WBT is <—7 °C in a 
30-year range

Aesthetics and comfort (AC) Sunshine duration
(SS)

Seasonal (DJFM) average number of days when the sunshine duration is more than 6 h 
in a 30-year range

Wind conditions
(WC)

Seasonal (DJFM) average number of days when the top wind speed is less than 40 km/h 
in a 30-year range

Thermal comfort
(TC)

Seasonal (DJFM) average number of days when WBT is between -7 and 2 °C in a 
30-year range

Table 2   Evaluation index system and weight of ski resort's vitality

Source: Fang et al. 2023

Dimensions Indicators Descriptions

Ski resort attractiveness
(0.14)

Accessibility (0.01) Overall Accessibility including local and regional accessibility outside these 
areas

Operation time (0.02) The length of a ski season; Daily business hours
Skiing facilities (0.08) Ski slopes variety (i.e., green/blue/black runs); The number and combination 

of ski-lift facilities
Supporting facilities (0.03) The number and combination of service infrastructure like hotels, restaurants, 

parking lots
Activity level of ski activity (0.53) Aggregation (0.40) Kernel density analysis using the number of visits to the ski resort as the 

weight parameters
Stability (0.13) Changes in the skier visitors between the working days, weekend days and the 

Spring Festival holiday
Skiers' experience
(0.33)

Facilities experience (0.13) Experience evaluation of the perception of traffic, snow slopes, restaurants, and 
accommodation

Service experience (0.20) Ski and snowboard rental and education services
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Results

It is significant and important to assess the temporal and 
spatial distribution of skiing resources from a climatic 
perspective for tourism development and management. In 
this study, we developed the SCI to assess the suitabil-
ity of skiing climate resources in China based on their 
spatial distribution characteristics during 1961–1990 and 
1991–2020, and the changing patterns. Additionally, we 
compared SCI with the spatial distribution of outdoor ski 
resorts in China by employing the kernel density estima-
tion method. Furthermore, this study compared China's ski 
climate resources with the spatial vitality of the ski resorts 
to emphasize the significant role of ski climate assessment 
in representing industry development.

Spatial pattern of SCI in China

The fuzzy spatial representation of sub-indicators for SCI 
is illustrated in Fig. 3. In the SR module (Fig. 3a), altitude 
strongly correlates with NSR, with higher values predomi-
nantly found along the Tianshan, Qilian, Hengduan, and 
Da Hinggan Mountains. For SM, there is a distinct latitu-
dinal distribution pattern, with the Qinling-Huaihe Line as 
the dividing line between higher values in the north and 
lower values in the south. Additionally, SM shows elevated 
values in regions with high latitudes and altitudes, peaking 
in third-tier cities as well as in northern Gansu and eastern 
Inner Mongolia.

For aesthetics and comfort (Fig.  3b), SS gradually 
increases from the southeastern coastal regions to the 
northwestern inland areas. Higher values are seen in the 
western and northern parts of China while lower ones are 
found in the eastern and southern regions. The southeast-
ern region is significantly impacted by a maritime climate, 
leading to more cloudy/rainy weather conditions as well 
as shorter sunshine duration compared to the northwest-
ern counterparts. WC levels are high, with maximum con-
centration occurring in the northeastern region and most 
parts of the southern region, including specific locations 
like Gansu, Ningxia, and the Beijing-Tianjin region. Low 
values occur on the southwestern slopes of the Tibetan 
plateau and the borders of Shanxi and Hebei. TC indicates 
heat comfort, with higher values found in Heilongjiang, 
northern Inner Mongolia, and northern Xinjiang.

The spatial distribution of SCI in China from 1991 to 
2020 is shown in Fig. 4(a). Around 54% of the country's 
land area has a favorable skiing climate, falling into the 
"Excellent" [0.75–0.98) and "Good" ([0.5–0.75) catego-
ries based on a weighted analysis by area. Among these, 
the "Excellent" category ([0.75–0.98) is 40.9%, mainly 

concentrated in the Western regions beyond the Hu Huan-
yong Line, especially in the Northwest, Northeast, and 
certain areas of North China. Notably, the Xinjiang Uygur 
Autonomous Region has the highest SCI, with peak val-
ues observed in the Bayinbuluke and Altay regions of 
Xinjiang. Altay is officially designated as the "Snow City 
of China" by the China Meteorological Bureau, offering 
compelling evidence for this recognition. Heilongjiang 
Province closely follows in the high esteem category as 
a region renowned for its traditional winter sports and 
exceptional geographical advantages and thriving on 
a rich snow and ice culture as well as a flourishing ice-
based economy. The regions with low values [0–0.25) total 
approximately 36.5% of China's land area and are mainly 
concentrated in East China, Central China, South China, 
Southwest China (especially Southern Sichuan), and Yun-
nan Province. This distribution can be mainly attributed 
to the scarcity of natural ice and snow resources in these 
regions, resulting in fewer snowfall days and shorter ones.

The spatial distribution of China's skiing climate 
resources, however, does not align well with the current 
distribution of ski resorts. Generally, the existing ski resorts 
demonstrate a spatial distribution pattern centered around 
Beijing and its surrounding areas, with the Northeast and 
Northwest regions forming what can be called the "two 
wings". Comparing Fig. 4a to Fig. 3a in terms of snow 
reliability module reveals that the SR module, particu-
larly the NSR indicator, significantly impacts SCI's overall 
performance and exhibits a highly similar spatial pattern. 
The strong correlation between SCI and the NSR indicator 
emphasizes natural snow and its reliability playing a cru-
cial role in assessing an area's suitability for skiing. Higher 
SCI values correspond to higher levels of natural snow reli-
ability, while lower SCI values indicate lower natural snow 
reliability. This strong correlation reinforces the importance 
of considering natural snow reliability whenever evaluating 
an area's skiing climate. In contrast, AC modules, which 
include metrics like sunlight duration, wind speed, and ther-
mal comfort conditions, show relatively weak correlations. 
While these metrics are significant in their own right, their 
impact on the overall performance of the SCI is compara-
tively minor compared to the NSR indicator. These weaker 
correlations suggest that factors associated with the AC 
modules actually have limited influence on determining an 
area's suitability for skiing.

To further clarify the contribution of each of the factor 
noted here, we conducted a principal component analysis. 
This methodology allows for an objective assignment of 
weights to each variable based on its contributions to the 
overall variability captured by the principal components. 
Notably, NSR emerged as the most influential factor, with a 
weight of 0.31, thereby highlighting its crucial role in deter-
mining SCI. This finding indicates that variations in natural 
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(a) Snow reliability--SR

(b) Aesthetics and comfort--AC

Fig.3   The fuzzification space display of SCI sub-indexes (1991–2020)
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snow conditions substantially affect the overall performance 
or quality of SCI. In addition, the coefficients for the other 
factors were: TC at 0.20, WC at 0.19, SM at 0.18, and SS at 
0.12. While these factors are important, they have compara-
tively lesser impacts on SCI than NSR. These coefficients 
do accurately quantify the relative contributions of each fac-
tor and thus enhance our understanding of their individual 
and combined effects. Therefore, the paramount importance 
of NSR when evaluating the skiing climate is emphasized, 
clearly highlighting its crucial role in assessing the suitabil-
ity of an area for skiing as shown by the SCI. The robust-
ness of the observed correlations and the consistent spatial 
patterns seen between the SCI and NSR indicators further 
enhance the credibility of our findings and their reliability.

To understand the dynamic characteristics of climate 
resources in ski resorts better, Fig. 4b illustrates the spa-
tial distribution of SCI in China from 1961 to 1990. The 
results reveal that around 34% of the country's land area had 
favorable skiing conditions, falling into the "Excellent" and 
"Good" categories based on a weighted analysis by area. 
Notably, only 5.4% of the total land area was classified as 
"Excellent" during this period. That area was primarily con-
centrated in Northeastern China and certain areas of Qinghai 
Province, thereby offering optimal opportunities for ski tour-
ism and its related activities.

When comparing the spatial distribution of SCI between 
1991–2020 (Fig. 4a) and 1961–1990 (Fig. 4b), a notable 
distinction emerges, with the earlier period that showed lim-
ited land area in the "Excellent" category compared to the 
extensive coverage observed during the latter period. The 
significant difference in the extent of this category highlights 
potential changes and variations in skiing climate resources 

over time, further emphasizing the importance of consider-
ing long-term trends and patterns whenever assessing ski 
destinations' suitability and reliability. This insight is crucial 
for ongoing informed decision-making for ski tourism and 
climate resilience.

The observed increase in the SCI in certain regions of 
China also challenges the expectation that climate change 
would lead to worsening skiing conditions. The SCI model 
includes several components, such as temperature, precipita-
tion, snow reliability, wind speed, and other weather-related 
factors. The rise in SCI scores over the past 30 years can be 
attributed to improvements in these specific components, as 
supported by both relevant literature and empirical evidence.

In some regions of China, climate change has led to 
favorable changes in skiing conditions. For instance, higher 
air temperatures in the cold regions of North, Northwest, 
and Southwest China have reduced the extreme cold, creat-
ing a more pleasant environment for skiers and opening new 
opportunities for the ski industry (Deng et al. 2021). This 
trend is linked to unique atmospheric conditions that either 
increase snowfall or maintain the temperatures conducive 
to skiing, mirroring other global trends where localized cli-
mate variations can and have enhanced specific activities 
(Ma et al. 2021).

Precipitation in Northwest China has significantly 
increased (P < 0.01) at a rate of 0.61 mm/year, compared to 
the national average decrease of -0.16 mm/year during the 
same period, particularly in regions like Gansu and Ningxia 
(Li et al. 2016b). This increase in precipitation improves 
natural snow reliability, a key factor in the SCI. Enhanced 
precipitation also directly affects the quantity and quality of 
snow cover, thereby also benefiting skiing conditions.

(a) 1991-2020                           (b) 1961-1990

Fig.4   Spatial pattern of the SCI and ski resorts in China
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Furthermore, other studies show that near-surface wind 
speeds in China decreased by approximately -0.109 m/s per 
decade from 1958 to 2015, a trend associated with the weak-
ening of summer and winter monsoons (Zhang et al. 2019). 
Reduced wind speeds can improve ski resort operations and 
safety and positively impact the SCI. Lower wind speeds 
reduce snow drifting and enhance the stability and quality 
of ski slopes.

Advancements in snowmaking technology also play a 
critical role. Modern snowmaking equipment enables ski 
resorts to produce artificial snow even in less than ideal tem-
peratures, thereby extending the skiing season and enhanc-
ing slope conditions (Dannevig et al. 2021). This combina-
tion of localized climatic benefits, improved snow reliability, 
favorable wind conditions, and technological advancements 
provides a comprehensive explanation for the observed 
increase in SCI in select regions of China, contrary to the 
deterioration that was expected.

Evolution characteristics of SCI in China

In the context of climate change, the "two-stage difference" 
visually illustrates spatial changes in SCI more intuitively, as 
shown in Fig. 5. Warm hues (e.g., red) indicate an increase 
in SCI, while darker shades signify a more pronounced 
increase during 1991–2020 compared to 1961–1990. Con-
versely, cool colors (such as green) denote a reduction in 
SCI, and white regions depict negligible alterations. Draw-
ing clear insights from this graph, several observations can 
then be made as noted below.

The SCI has increased in 41.8% of China's land area, 
with significant rises concentrated in regions like the 
Shanxi-Gansu-Ningxia regions and certain parts of Tibet 
and Sichuan. Approximately 34.7% of these areas fall into 
the "Excellent" category of SCI. However, around 12.5% of 
the country's land area has experienced a decline in SCI, pri-
marily near the Changbai Mountain region due to decreasing 
annual precipitation observed in Southern Northeast China. 
The research by Wang et al. (2020) supports this idea by 
showing a decreasing trend in the annual snow-covered 
period at Changbai Mountain Ski Resort from 1981 to 2018 
along with low levels of accumulated precipitation. Addi-
tionally, approximately 45.7% of the land area has shown 
relatively little change and is mainly located in Southern 
China. These findings provide valuable insights into spa-
tial distribution and the changes in skiing climate resources 
within China.

After weighting the SCI values of each province based on 
the Thiessen polygon area, slight adjustments were observed 
in the rankings between the research baseline and historical 
reference period. The top three provinces remain relatively 
consistent, with Xinjiang ascending from second place to 
first. Despite a slight drop in ranking, Heilongjiang still 
maintains its high position. Qinghai closely follows suit 
by rising from fourth to third place. These leading prov-
inces have distinct advantages in terms of skiing resources. 
Notably, Jilin Province experienced a significant decline in 
ranking, dropping from fifth to eleventh place. Conversely, 
the Shanxi-Gansu-Ningxia regions emerged prominently 
and hold a noteworthy position among the top provinces. 
For regions undergoing substantial growth, it is essential to 

Fig.5   Spatial change pattern 
of the ski climate resources in 
China between 1961–1990 and 
1991–2020
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recalibrate the local ski industry development strategies and 
maximize ski climate resources' potential and do so fully. In 
areas that are experiencing notable declines, swift actions 
are necessary to mitigate and address any adverse impacts.

Implications of SCI for ski industry development 
compared to ski resorts' vitality

Ski resorts' vitality offers a comprehensive depiction of their 
development. By comparing it to SCI, we can gain a deeper 
understanding of the indicative role of the SCI in guiding 
the growth of the skiing industry overall. Figure 6 presents 
the scores for spatial vitality indicators for 389 outdoor ski 
resorts across China and showcases the standardized values 
assigned to Chinese ski resorts. These values correlate with 
the distribution of SCI (1991–2020) across China's geogra-
phy. Using the natural breakpoint method, five levels classify 
ski resort attractiveness, namely, ski activity level, skiers' 

perception, and five level classify spatial vitality as high, 
relatively high, medium, relatively low, and low.

These findings further reveal that:

1)	 The ski resorts in China generally have a dispersed 
attractiveness and only weak alignment with ski cli-
mate resources (Fig. 6a). Only 51 resorts, account-
ing for 12.3% of the total, are classified as "high" or 
"relatively high" in terms of attractiveness. In contrast, 
only 22 resorts are categorized as having "Excellent" 
or "Good" SCI levels. On the other hand, 145 resorts 
are classified as "low" or "relatively low" in attractive-
ness, with an additional 88 labeled as having a "Poor" 
SCI level. Beijing and its surrounding areas, Northeast 
China, and the Altay region of Xinjiang stand out as 
prominent ski destinations with comprehensive facili-
ties and amenities. These areas offer good accessibility 
and long snow seasons, making them highly attractive 

(a) SCI and Ski Resort Attractiveness     (b) SCI and Activity Level of Ski Activity

(c) SCI and Skiers’ Experience              (d) SCI and Spatial Vitality of Ski Resorts

Fig. 6   SCI (1991–2020) and ski resorts' vitality in China
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to visitors. Despite the natural constraints posed by cli-
mate, Southern China has seen the emergence of indoor 
facilities that are also highly appealing to skiers due to 
advancements in snowmaking and storage technologies 
that are driven by market demand.

2)	 The overall correlation between SCI and ski activity 
level is relatively low. However, the northern region 
shows a significantly higher correlation compared to the 
southern region (Fig. 6b). Ski activity is mainly con-
centrated in the Beijing-Tianjin-Hebei region and three 
provinces in Northeast China. The Zhangjiakou area in 
Hebei Province stands out for its excellence, earning an 
"excellent" rating based on SCI criteria. It consistently 
attracts a large number of skiing enthusiasts, making 
it their preferred destination. Despite the emergence of 
indoor ski resorts in southern provinces like Guangdong 
and Yunnan, their availability of ski climate resources 
remains limited. Furthermore, constraints related to 
venues and the tourism market have also contributed to 
comparatively lower levels of ski activity there.

3)	 The correlation between skiers' experiences and SCI 
showed a weak connection (Fig. 6c). Out of the 174 
resorts with "good" or "excellent" SCI scores, only 58 
were associated with skiers’ reporting "high" or "very 
high" perceived activity levels, indicating a lack of 
alignment between these factors. Meanwhile, skiers’ 
experiences demonstrated a multi-core clustering pat-
tern as shown in Fig. 6c. Ski resorts with high and rela-
tively high skiing experiences tend to cluster in Beijing-
Zhangjiakou, Northeast China, and Altay regions due to 
superior natural resources and effective supply–demand 
coordination that contribute to enhanced skiing expe-
riences. Conversely, ski resorts offering moderate and 
low skiing experiences are primarily located in regions 
like Shandong and Shaanxi. Despite Northeast China's 
advantageous natural resources and early involvement 
in the ski industry, many ski resorts in this area still 
provide only moderate or low skiing experiences due 
to the intense market competition and inadequate infra-
structure development.

4)	 Figure 6d indicates a limited alignment between avail-
able natural resources for skiing and the vitality of 
ski resorts. The spatial vitality of ski resorts exhibits 
regional disparities, primarily with higher concentration 
in the north and lower concentration in the south. High 
spatial vitality ski resorts are mainly clustered around 
Beijing, Northeast China, and the Altay region of Xin-
jiang due to favorable natural conditions, such as terrain 
and climate, abundant natural snow resources, and early 
development of integrated facilities that have attracted 
a stable customer base. The spatial distribution of ski 
resorts also displays significant heterogeneity, with only 
28.6% demonstrating high or relatively high activity lev-

els. Moreover, over half of these ski resorts are located 
in areas characterized by having a "poor" SCI rating.

Conclusion and discussion

Conclusion

In conclusion, this study has tailored the SCI so it better 
suits China's specific conditions. By analyzing daily mete-
orological data from 733 representative stations covering the 
period from 1991 to 2020 and comparing it with the histori-
cal data from 1961 to 1990, this study examined the align-
ment between China's ski climate resources and the spatial 
distribution of ski resorts. The findings were as follows:

1)Natural snow significantly influences the distribution 
of SCI, while other factors, such as sunshine duration, 
wind speed, and thermal comfort have a relatively minor 
impact.
2)Approximately 54% of China's favorable skiing regions 
are concentrated west of the Hu Huanyong Line, includ-
ing the northwest, northeast, and parts of North China. 
However, there is also an evident mismatch between ski 
climate resources and current ski resort locations.
3)Climate change has brought significant transformations 
to China's skiing climate resources. Regions like Shanxi-
Gansu-Ningxia and Southwestern Tibet and Sichuan have 
witnessed increases in their skiing climate resources 
while the southern parts of three northeastern provinces 
have experienced decreases.
The correlation between SCI and spatial vitality is rela-
tively weak overall, as more than half of the ski resorts 
are located in areas with a 'poor' SCI rating. However, 
Xinjiang Province does demonstrate relatively high spa-
tial vitality due to the abundance of ice and snow tourism 
resources there.

Discussion

Climatology is increasingly important in better understand-
ing tourism and recreation, especially in the era of climate 
change. The assessment of skiing meteorological indices is 
crucial for the sustainable development of ski tourism, par-
ticularly in emerging ski destinations like China (Steiger 
et al. 2019). However, there is currently no systematic evalu-
ation of ski climate indicators for the Chinese ski resorts; 
instead, climate resources are considered as part of that 
assessment system (Deng et al. 2021; Yu et al. 2009). From 
the perspective of natural conditions, the spatial distribution 
of natural suitability for ski areas is mainly concentrated in 
higher latitudes (Northeast, North, and Northwest China) 
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and elevated terrains (e.g., the edge of the Tibetan Plateau) 
(Deng et al. 2021). This finding aligns closely with our 
research conclusions, although subtle differences do exist. 
For example, the North region identified as being naturally 
resource-rich in the mentioned study does not fall within 
our identified favorable skiing climate region. Conversely, 
the Southwest region, not mentioned in their paper, does 
fall within our favorable skiing climate region. The primary 
reason for this distinction is that the assessment of natural 
resources considers not only climatic conditions, but also 
non-climatic factors like terrain slope, vegetation coverage, 
and distance to water resources. Still, through an assessment 
of the current climate conditions at five prominent Chinese 
ski resorts (the Yabuli Ski Resort in Heilongjiang Province, 
Beidahu Ski Resort in Jilin Province, Wanlong Ski Resort 
in Hebei Province, Nanshan Ski Resort in Beijing, and Silk 
Road International Ski Resort in Xinjiang Province), both 
Beidahu and Yabuli Ski Resorts show a trajectory towards 
excellence (Yu et al. 2009). This status concurs with our 
research findings, as both ski resorts are positioned within 
favorable skiing climate conditions according to our climate 
assessment results.

According to our findings, natural snowfall is the 
main factor influencing the distribution of skiing climate 
resources. Well-developed ski resorts are primarily located 
in areas that have abundant skiing climate resources. How-
ever, certain regions like Inner Mongolia, Tibet, and Shanxi-
Gansu-Ningxia have ample skiing climate resources, but 
limited ski market potential and a scarcity of ski resorts. 
The full realization of economic benefits from ice and snow 
tourism resources has indeed been hindered by topography, 
transportation limitations, inadequate supporting facilities, 
and market perception. Additionally, the impact of cli-
mate change on ski resorts across China has reshaped the 
competitiveness of skiing destinations (Fang et al. 2021). 
Regions, such as Shanxi-Gansu-Ningxia and Southwestern 
Tibet and Sichuan, have seen an increase in their skiing cli-
mate resources. These areas should fully capitalize on their 
favorable ski climates to unlock the potential of climate 
attractiveness and transforming their untapped ski resources 
into valuable assets for the tourism industry.

The main contributions of this study are several. This 
study refines the SCI for China by tailoring the model to 
local conditions and broadening its application. Addition-
ally, it performs a spatial and temporal analysis of Chinese 
ski climate resources in terms of the actual development of 
the ski industry, including such aspects as ski resort distri-
bution and spatial vitality. This analysis clarifies the rela-
tionship between ski climate resources and industry devel-
opment with the goal of optimizing the utilization of ski 
resources.

Still we also recognize certain limitations in our study. 
While the SCI integrates aspects of snow reliability, 

aesthetics, and comfort by considering such factors as sun 
exposure, wind conditions, and thermal comfort, the scope 
of the metrics used to assess skiing climate indices should 
be further broadened. Specifically, factors like air qual-
ity and winter hazards warrant inclusion. For instance, air 
quality is particularly sensitive to climate change due to its 
dependence on weather patterns (Jacob & Winner 2009). 
Additionally, air quality impacts human physical activity, 
as evidenced by findings that a one-unit increase in PM2.5 
concentration among UK residents correlates with a 10% 
decrease in outdoor activities and a 0.084-unit reduction in 
overall physical activity levels (Elliott et al. 2019). This cir-
cumstance highlights the complex interaction between cli-
mate conditions and human behavior further emphasizing 
the need for a more comprehensive approach to managing 
the challenges faced by the ski tourism industry under cli-
mate change. Future research should consider incorporat-
ing critical factors, such as air quality and winter hazards, 
into the SCI, and offer technical recommendations for its 
practical application. Moreover, utilizing more advanced 
interpolation methods could also improve the accuracy and 
precision of spatial interpolation techniques for compiling 
meteorological data.
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