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Abstract

Snow disasters are severe natural hazards in Jilin Province, China. This research formulated
a holistic risk assessment framework which integrates the factors of hazardousness, sensi-
tivity, vulnerability, and disaster prevention and mitigation capacity. Using multi-source
data and Geographic Information System (GIS), we evaluated snow disaster risks through
15 selected indicators weighted by the entropy method. Results show high-risk areas
primarily concentrated in southeastern mountainous regions, including Jingyu, Fusong,
Changbai, and Linjiang. Disaster sensitivity decreases from southeast to northwest, while
high-vulnerability zones appear in central urban areas like Changchun. The comprehensive
risk generally declines from the southeastern mountains to the northwestern plains. This
assessment model effectively reflects snow disaster formation mechanisms and spatial
patterns, providing scientific support for disaster prevention and emergency management
in Jilin Province.

Keywords: multi-source data; Geographic Information System (GIS); entropy weight
method; snow disaster risk assessment

1. Introduction

Snow disasters, resulting from widespread or persistent snowfall, significantly disrupt
transportation, agriculture, energy supply, and daily life [1]. While seasonal snow accumu-
lation is vital for replenishing water resources and maintaining ecological balance, excessive
snowfall can trigger severe disasters, including avalanches, which threaten socio-economic
development and ecosystem stability through road blockages, crop destruction, livestock
loss, and infrastructure damage, posing a severe threat to socio-economic development and
ecosystem stability [2,3]. Characterized by sudden onset, broad impact, and high destruc-
tive potential, these events present significant challenges for prevention and emergency
management [4]. With its temperate continental monsoon climate featuring long winters
and frequent snowfall, Jilin Province in Northeast China is a high-risk area for such disas-
ters. Given the realities of climate change and the growing frequency of extreme weather
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events, a systematic assessment of snow disaster risks in Jilin Province is imperative to
formulate scientific strategies for regional disaster prevention and to underpin sustainable
socio-economic development. Researchers have conducted extensive studies using various
methodologies to mitigate losses from snow disasters. Traditional approaches primarily
relied on meteorological observations and historical disaster records. For instance, Ger-
main, D. et al. (2016) employed historical data to assess snow disaster risk in northern
Quebec [5], while Delegerima et al. (2020) established a risk assessment system for the
Xilingol Pastoral Area using meteorological station data from 1980 to 2015 [6]. Similar
methodologies were applied in Anhui Province [7], the Qinghai-Tibet Plateau [8-10], and
Heilongjiang Province [11]. However, meteorological stations are unevenly distributed and
particularly sparse across plateaus, mountainous areas, and remote regions. Furthermore,
their data is not updated in real time, failing to capture fine-scale local variations. This
limitation has made the integration of multi-source data, fueled by the rapid advancement
of Geographic Information Systems (GIS) and remote sensing, a crucial method to enhance
the precision of risk assessments.

Remote sensing provides critical snow parameters—including snow cover area [12,13],
snow depth [14,15], and snow water equivalent [15,16], which enhance the real-time capa-
bility and coverage of snow disaster evaluation. For example, Vydra et al. (2024) utilized
MODIS snow cover products and hydrological station data to analyze how snow cover
changes affect runoff timing and water resource management in Central Asia’s Syr Darya
basin [17]. Similarly, the work of Zhang et al. (2010) utilized MODIS snow cover products
for monitoring the dynamics of winter snow cover in China’s Liaoning Province [18]. Sun
et al. (2024) further incorporated long-term remote sensing snow depth data to construct a
multi-indicator risk assessment framework based on historical disaster frequency, blizzard
days, maximum snow depth, and related variables [19]. Nevertheless, a full integration of
remote sensing data with other influencing factors is often absent in many existing studies.
This shortcoming hinders the advancement of comprehensive risk assessment models and
compromises the objectivity and applicability of the evaluation results.

GIS provides a powerful platform for integrating multi-dimensional data, such as
terrain, meteorology, land use, and socio-economic information, enabling spatially explicit
risk modeling and visualization. This capability significantly enhances the data foundation
for snow disaster assessment and supports regional disaster zoning. Numerous studies
have demonstrated its application: Zhao et al. (2021) developed a low-temperature freez-
ing disaster warning model in Guizhou Province using the Analytic Hierarchy Process
(AHP) [20]. Liu et al. (2011) constructed a comprehensive risk index for the Xilingol Prairie
by incorporating hazard, exposure, vulnerability, disaster prevention and mitigation ca-
pacity [21]. Wang et al. (2013) built a county-level snow disaster early warning model on
the Tibetan Plateau by integrating remote sensing, meteorological, and socio-economic
data [22]. And Gao et al. (2008) combined MODIS snow indices with DEM to monitor
grassland snow disasters in Tibet [23]. Despite these advances, most existing models fail to
systematically incorporate the four core dimensions of disaster risk: hazardousness, sensi-
tivity, vulnerability, and mitigation capacity. As a result, assessments tend to overemphasize
natural factors while underrepresenting socio-economic drivers and the moderating role
of emergency response capability. Moreover, regional-scale studies are often constrained
by coarse data resolution or subjective weighting methods, such as expert scoring, which
limit the objective quantification of indicator contributions and reduce the reliability of
evaluation outcomes.

As a key agricultural and ecological region in China, Jilin Province exhibits snow
disaster risk patterns shaped by complex interactions among topography, climate, and socio-
economic factors. However, existing research lacks a systematic integration of multi-source
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data with objective weighting methods within a comprehensive disaster risk assessment
framework. The theoretical model of natural disaster risk has not been fully incorporated,
limiting the ability of local governments to develop differentiated prevention strategies
and hindering evidence-based decisions for regional resilience building. To address these
gaps, this study develops a GIS-based comprehensive snow disaster risk assessment model
grounded in disaster risk theory, with empirical validation in Jilin Province. The research
aims to: (1) construct a four-dimensional evaluation framework encompassing hazard,
sensitivity, vulnerability, and mitigation capacity based on multi-source data; (2) analyze
spatial patterns of snow disaster risk via spatial analysis and classification techniques; and
(3) provide scientific support for regional disaster prevention planning and emergency
resource allocation

2. Materials and Methods
2.1. Study Area

Jilin Province is situated in central Northeast China (121°38’-131°19’ E, 40°50'—46°18’ N),
as shown in Figure 1. It borders Heilongjiang Province to the north, Liaoning Province to
the south, the Inner Mongolia Autonomous Region to the west, Russia to the east, and the

Democratic People’s Republic of Korea to the southeast, serving as a key geographic gateway
linking Northeast China with Northeast Asia [24].
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Figure 1. Overview of the study area: (a) the geographic map; (b) climate stations. The DEM in (a) is
provided by the SRTM.

Topographically, the province descends from the higher southeastern regions to the
lower northwestern areas, with elevations spanning from 2 m up to 2667 m at Baiyun
Peak, the summit of the Changbai Mountains. Climatically, it falls within a temperate
continental monsoon zone, distinguished by prolonged cold winters followed by warm,
humid summers. The mean annual temperature ranges from 2 °C to 6 °C [25], with extreme
minima below —40 °C. Additionally, temperature inversion is a characteristic phenomenon
in winter, particularly in mountainous areas, resulting in an inverted vertical temperature
distribution where under stable atmospheric conditions, valley areas become colder than
higher elevations [26]. The province spans a total area of approximately 187,400 km? and is
administratively divided into eight prefecture-level cities, such as Changchun, Jilin, and
Siping, in addition to the Yanbian Korean Autonomous Prefecture [25].

As a significant grain production base in China, Jilin possesses fertile black soils and
primarily cultivates corn, rice, and soybeans [27]. The eastern Changbai Mountains also
form an essential forestry region with extensive forest coverage. Despite its agricultural
and ecological significance, the province’s ecosystems face increasing challenges under
global climate change [28]. Jilin's winters are marked by persistent cold and snow cover.
Yet, the region has recently exhibited a trend towards warmer and drier conditions. This
warming has been accompanied by a rise in the frequency and intensity of extreme weather
events, including intense snowfall, winter rainstorms (freezing rain), and cold waves [29].
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2.2. Data Sources
2.2.1. Climate Data

Meteorological data were obtained from 52 climate stations in Jilin Province (Figure 1b)
from 1 January 2000, to 31 December 2020. The China Meteorological Data Sharing Service
Network (http://data.cma.cn, accessed on 21 August 2025) provided the daily snow depth
data in CSV format. The raw snow depth data were further processed to obtain two
subsequent meteorological indicators: snow depth and the number of days with snow
depth greater than 10 cm. Table S1 summarizes the data source used in this study.

2.2.2. Remote Sensing Data

Remote sensing snow data were sourced from the National Glacier, Frozen Soil, and
Desert Scientific Data Center (https:/ /www.ncdc.ac.cn, accessed on 30 August 2025), which
released the 2000-2020 MODIS China Snow Phenology dataset [30]. The spatial resolution
is 500 m, with a temporal resolution of one year. The multi-year mean values of snow cover
days for Jilin Province from 2000 to 2020 were calculated for further work.

2.2.3. Topographic Data

The Digital Elevation Model (DEM) elevation data used in this study originates from
the Shuttle Radar Topography Mission (SRTM) system [31], which was carried by NASA’s
Endeavour Space Shuttle on 11 February 2000. This system covers 80% of the earth’s land
area, with a latitude range from 60° N to 60° S. The spatial resolution of the SRTM data is
90 m [32], offering relatively high accuracy. This dataset was primarily used to derive the
elevation, slope, and aspect of Jilin Province.

2.2.4. Land Cover Data

The land use type data comes from the 30 m resolution product provided by the
Resource and Environmental Science Data Center of the Chinese Academy of Sciences [33]
(http:/ /www.resdc.cn, accessed on 7 September 2025). This data is based mainly on remote
sensing images from the U.S. Landsat satellites, and it was generated using manual visual
interpretation methods. The land use data is classified into three levels: the first level
categorizes the land into six types, including cultivated land, forest land, and others, based
on land resources and usage attributes; the second level further subdivides the land based
on natural characteristics into 20 types, such as paddy fields, dry land, and shrubland,
which is used in this work.

2.2.5. The Socio-Economic Data

To obtain data on the population, economy, transportation, public fiscal expenditures,
healthcare, and agriculture in Jilin Province, this study downloaded the 2020 Jilin Provin-
cial Statistical Yearbook from the Jilin Provincial Bureau of Statistics (https://tjj.jl.gov.cn,
accessed on 15 August 2025). After organizing the data, eight key indicators were selected
for analysis. We organized the data at the municipal level and ultimately selected eight key
indicators, which include: total population (10,000 people), crop planting area (hectares),
total road mileage (km), number of industrial enterprises (units), public fiscal expenditure
(100 million yuan), number of hospital beds (beds), per capita GDP (yuan) and number of
large livestock (heads).

2.3. Research Methods
2.3.1. Method Framework

This study outlines the methodological framework for a comprehensive snow disaster
risk assessment model through a structured framework (Figure 2), which is organized
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into three coherent phases. data preparation, model construction, and risk integration
and mapping. Firstly, this study integrates four categories of data: meteorological records,
remote sensing snow cover products, topographic datasets, and socio-economic statistics.
These data support calculating four core risk components: hazardousness, susceptibility,
vulnerability, and mitigation capacity. All indicators were normalized to eliminate dimen-
sional differences and ensure comparability. Information entropy was then calculated based
on the normalized data to quantify each indicator’s dispersion and informational value,

establishing a basis for objective weighting.

Disaster-causing Disaster-susceptibility Disaster-bearing Disaster prevention I
L hazardousness sensitivity vulnerability and mitigation capacity |
I Construction of the risk assessment Classification of snow disaster risk Suggestions for disaster prevention |
L system for snow disasters levels and mitigation |

Figure 2. Flow chart of snow disaster risk assessment.

Then, the entropy weight method (EWM) [34] was applied to determine the weights of
indicators across different assessment levels objectively. This method minimizes subjective
bias and enhances the scientific rigor of the evaluation. The EWM was used iteratively to
derive weight coefficients for the four core components, which were then integrated into a
comprehensive risk assessment model.

Lastly, using the established model and assigned weights, the four-factor layers were
combined to compute a composite snow disaster risk index. Risk levels were classified using
the percentile method, resulting in a spatially explicit risk zoning map. This visualization
aids in identifying regional risk patterns and supports data-informed decision-making for
disaster prevention, resource allocation, and emergency management.

2.3.2. Selecting and Calculating the Indicators for Snow Disaster Risk
Disaster-causing hazardousness represents the prerequisite for snow disaster forma-
tion, with higher values indicating greater potential threat. Snow depth, snow cover days,
and days with snow depth exceeding 10 cm were selected as assessment indicators, with
particular emphasis on sudden heavy snowfall events. The calculation model is:
3
R, =) A X A (1)
where R, represents the disaster-causing hazardousness index, A; represents the weight coeffi-
cient for each hazard indicator. A; represents the corresponding normalized indicator value.
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Disaster-susceptibility sensitivity reflects the inherent environmental conditions that
influence snow disaster formation. Four indicators were selected: elevation, slope, aspect,
and land use type. The calculation model is:

4
Ry = Y By @

where Ry represents the disaster-susceptibility sensitivity index, A; represents the weight
coefficient for each sensitivity indicator, B; is the corresponding normalized indicator value.
Disaster-bearing vulnerability characterizes the severity of potential loss when snow
disasters occur. Four indicators were selected: total population, number of large livestock,
number of industrial enterprises, and crop planting area. The calculation model is:

Re=Y " NG (3)

where R, represents the disaster-bearing vulnerability index, A; represents the weight
coefficient for each vulnerability indicator, C; represents the corresponding normalized
indicator value.

Disaster prevention and mitigation capacity represents regional capabilities in disaster
resistance and recovery. Four indicators were selected: per capita GDP, public fiscal
expenditure, total road mileage, and number of hospital beds, reflecting individual and
governmental disaster response capabilities. The calculation model is:

4
R = Y1, AD, @

where R; represents the disaster prevention and mitigation capacity index, A; represents the
weight coefficient, D is the corresponding normalized indicator value.

2.3.3. Construction of the Risk Assessment Model

Given that the evaluation indicators have different units and dimensionalities, direct
comparison across indicators is not feasible. To eliminate the influence of measurement
units and enable meaningful comparisons, all 15 indicators were normalized to a stan-
dardized scale ranging from 0 to 1 using the min-max normalization method [35]. The
normalization formula is applied as follows:

x; — min(x;)
max(x;) —min(x;)

Yi = (5)
where y; denotes the normalized value for the i-th indicator, while x; represents is its
original value. The terms max(x;) and min(x;) respectively correspond to the maximum
and minimum values observed for that specific indicator.

The entropy weight method [34] is an objective technique that assigns weights to
indicators by quantifying the information derived from variations in their observed values.
Compared to traditional subjective methods like the AHP, this approach effectively avoids
bias introduced by expert scoring [36]. In snow disaster risk assessment, information
entropy quantifies each indicator’s uncertainty and informational contribution. A higher
entropy value indicates greater uncertainty and information content in describing snow
disaster risk, resulting in a smaller weight; conversely, a lower entropy value corresponds
to less uncertainty and a larger weight. The information entropy is calculated for each
indicator E; as follows:

Ej = —kZ?zl Py X In (pij) (6)
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where x;; denotes the value of the i-th sample for the j-th indicator, and pj; s defined as its
corresponding proportion (i=1,2,3,...,n;j=1,2,3, ..., m). Subsequently, the entropy
weight W; for each indicator is computed as follows:
Dj
W = 9)

Y= by

D, =1-E (10)

where D; represents the coefficient of variation of the j-th indicator (j =1, 2, 3, ..., m).
The entropy weight method was used to calculate the weights for each layer, as shown in
Table 1.

Table 1. The indicator weight of snow disaster assessment.

Snow Disaster Indicator Weight Sub-Indicators Weight
Disast . Snow depth 0.32
hlsas gr—casmg 0.12 Snow cover day 0.24

azardousness SCD (SD > 10 cm) 0.44

DEM 0.39

Disaster-susceptibility 015 Slope 0.40

sensitivity ) Aspect 0.13

Land use type 0.08

Number of large livestock 0.20

Dlsaster—be.a.rmg 0.7 Number of 1r.1dustr1a1 0.44
vulnerability enterprises

Total population 0.24

Crop planting area 0.12

Per capita GDP 0.16

Disaster prevention and 0.46 Public fiscal expenditure 0.37

mitigation capacity : Total road mileage 0.07

Number of hospital beds 0.40

This study employed the percentile method to classify snow disaster risk levels and
establish corresponding thresholds. This approach applies to various data types (e.g.,
continuous and discrete) and is not constrained by data distribution patterns [37]. It also
demonstrates strong generalizability, making it suitable for disaster risk assessments across
different regions and time periods. The percentile is calculated as follows:

m/100N — F, |

Pm = L + :

(11)
where Pp, denotes the m-th percentile; L represents the lower boundary of the m-th per-
centile group; N denotes the total number of groups; F;, denotes the cumulative frequency
of groups below L; f is the frequency of the m-th percentile group; and i is the class width
of the m-th percentile group. Based on the calculated percentiles, snow disaster risk levels
were categorized as shown in Table 2, where R represents the comprehensive snow disaster
risk index.
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Table 2. Classification of risk level of snow disasters. R represents the risk assessment index for
snow disasters.

The Risk Level of Snow Disaster The Risk Value Range
High R > 80%
Relatively High 60% < R < 80%
Medium 40% < R < 60%
Relatively Low 20% < R < 40%
Low R <20%

2.3.4. Risk Assessment Model of Snow Disasters

The snow disaster risk assessment system for Jilin Province established in this study
comprises four core components: disaster-causing hazardousness, disaster-susceptibility
sensitivity, disaster-bearing vulnerability, and disaster prevention and mitigation capacity.
By integrating these four categories of risk indicators [38], a comprehensive evaluation of
snow disaster risk levels in Jilin Province can be conducted. The entropy weight method [34]
was employed to determine indicator weights, and the integrated snow disaster risk is
calculated as follows:

R; = WaR, + WpRy + WRe — WyR; (12)

where Ry represents the snow disaster risk assessment index, R;, Ry, Rc and Rj repre-
sent the normalized assessment indicators for disaster-causing hazardousness, disaster-
susceptibility sensitivity, disaster-bearing vulnerability, and disaster prevention and mit-
igation capacity, respectively. W,, Wy,, W, and Wy represent the weight coefficients for
each component.

3. Results

A four-component framework encompassing hazardousness, sensitivity, vulnerability,
and disaster prevention and mitigation capacity was employed to evaluate snow disaster
risk in Jilin Province. The resultant risk index was then classified to achieve a comprehen-
sive zoning of risk levels.

3.1. Disaster-Causing Hazardousness Assessment

The hazard assessment for snow disasters revealed the following indicator weights:
average snow depth (0.32), number of snow days (0.24) and days with snow depth >10 cm
(0.44). The hazard assessment model based on the entropy weight method is formulated as:

R, = 0.32A1 + 0.24A; + 0.44A; (13)

where A1, Ay, and Aj represent the normalized assessment indicators of snow depth, snow
cover days, and days with snow depth greater than 10 cm, respectively.

In Jilin Province, the average snow depth, number of days with snow cover, and
number of days with snow depth greater than 10 cm during winter generally show higher
values in the eastern and southern regions, especially the southeast. The values are lower
in the west and northwest plain areas. The Changbai Mountains region, including Fusong
County, Antu County, and Jingyu County, has the highest snow depth, with the most snow
cover days and the most snow depth greater than 10 cm (Figure 3a—c). The greater the snow
depth, the more days with snow cover, and the more days with snow depth greater than
10 cm, the higher the risk of snow disasters and the greater the potential for catastrophe.
Figure 3d shows the multi-year variations of three snow cover indicators. The highest
average snow depth was recorded in HY2000, reaching 13.77 cm. The highest average
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snow cover days and days with snow depth exceeding 10 cm were recorded in HY2012, at
136 days and 75 days, respectively. The minimum values for all three indicators occurred
in HY2018, at 2.30 cm, 28 days, and 1 days, respectively. The snow cover indicator values
fluctuated between their maximum and minimum values.
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Figure 3. Three indicators of disaster-causing hazardousness: (a) snow depth; (b) snow cover day;
(c) days with snow depth over 10 cm; (d) temporal variations of three snow cover parameters in Jilin
province (HY2000-2019).

Using the percentile method, the hazard was classified into five levels (Figure 4a).
Spatially, the hazard distribution exhibits a decreasing trend from central-southern regions
toward both eastern and western peripheries. High-risk areas are concentrated in central-
southern regions such as Jingyu, Fusong, Changbai, and Linjiang, surrounded by higher-
risk zones. Medium-risk areas are widely distributed around these core regions. In contrast,
lower and low-risk areas are primarily located along the western, northern, and eastern
edges, including most of Baicheng, Songyuan and Yanbian.
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Figure 4. Four components of snow disaster risk assessment in Jilin Province, China: (a) disaster-

causing hazardousness; (b) disaster-susceptibility sensitivity; (c) disaster-bearing vulnerability;
(d) disaster prevention and mitigation capacity.

3.2. Disaster-Susceptibility Sensitivity Assessment

Disaster-susceptibility sensitivity is characterized by topographic and land cover
conditions influencing snow accumulation and melt. The calculated weights for elevation,
slope, aspect, and land use are 0.39, 0.40, 0.13 and 0.08, respectively, with slope emerging as
the dominant factor. The susceptibility assessment model is expressed as:

Ry = 0.39B; + 0.40B; + 0.13B3 + 0.08B4 (14)

where By, By, B3, and B4 represent the normalized assessment indicators for elevation, slope,
aspect, and land use categories, respectively.

In Jilin Province, elevation and slope increase from west to east, with the highest
elevation in the Changbai Mountains reaching 2667 m (Figure 5a,b). Sunny and shady
slopes are interspersed, with a higher proportion of shady slopes in the southeast (Figure 5c).
The land cover is characterized by forest land in the east and southeast, transitioning to
cropland in the central and western regions, while urban areas are predominantly clustered
in cities such as Changchun, Jilin, and Siping (Figure 5d). Snow accumulation tends to be
more sustained in areas with higher elevations, and snow is more prone to lateral slippage
in steep slopes. Shady slopes receive less sunlight than sunny slopes, making them more
susceptible to snow disasters. Forests, typically located in mountainous areas with complex
terrain, offer favorable snow accumulation conditions and effectively trap snow.

Spatial analysis reveals a transparent southeast-to-northwest decreasing gradient in
susceptibility levels (Figure 4b). High susceptibility zones are concentrated in the south-
eastern mountains, including Jingyu, Fusong, and Changbai counties. Medium to high
susceptibility areas extend through central regions, while low susceptibility predominates
in the western plains.
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Figure 5. Four indicators of disaster-susceptibility sensitivity: (a) dem; (b) slope; (c) aspect; (d) land
use categories.

3.3. Disaster-Bearing Vulnerability Assessment

Disaster-bearing vulnerability reflects potential socio-economic losses from snow
disasters, with higher population density and economic activity correlating with greater
impacts. The calculated weights for vulnerability indicators are: large livestock (0.20),
industrial enterprises (0.44), total population (0.24) and crop planting area (0.12). The
prominence of industrial enterprises highlights their critical role in regional vulnerability.
The assessment model is formulated as:

Re = 0.20C; + 0.44C, + 0.24C3 + 0.12C4 (15)

where Cyq, Cp, C3, and Cy4 correspond to the normalized values for the number of large
livestock, industrial enterprises, total population, and crop planting area, respectively.

The distribution of large livestock, industrial enterprises, total population, and crop
planting area in Jilin Province exhibits a clear “central concentration” characteristic. Areas
like Yushu and Yitong have a relatively large livestock population, while Changchun and
Jilin have many industrial enterprises. The population is densely distributed in Changchun
and its surrounding areas, while the agricultural planting area is mainly distributed in the
central and western regions (Figure 6a—d). Areas with a large number of large livestock and
industrial enterprises, dense populations, and extensive crop planting areas are severely
affected by the snow disaster.

Spatial analysis reveals a concentric pattern with vulnerability decreasing outward
from central regions (Figure 4c). High-vulnerability areas concentrate in central Jilin, includ-
ing Dehui, Jiutai, Yushu, and central Changchun. Moderate vulnerability zones transition
toward peripheral areas, while low-vulnerability regions predominate in southeastern and
northwestern territories.
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Figure 6. Four indicators of disaster-bearing vulnerability: (a) number of large livestock; (b) number
of industrial; (c) total population; (d) crop planting area.

3.4. Disaster Prevention and Mitigation Capacity

Disaster prevention and mitigation capacity reflects regional capabilities in resisting
and recovering from natural disasters, evaluated through healthcare resources, fiscal capac-
ity, infrastructure, and economic development. The calculated weights are: per capita GDP
(0.16), public fiscal expenditure (0.37), road mileage (0.07) and hospital beds (0.40). The
predominance of hospital beds underscores the critical role of medical resources in disaster
response. The assessment model is formulated as:

R = 0.16CD; + 0.37D; + 0.07D3 + 0.40D4 (16)

where D1, Dy, D3, and Dy represent per capita GDP, public fiscal expenditure, total road
mileage, and hospital bed numbers, respectively.

The disaster prevention and mitigation capacity in Jilin Province is characterized by
a high consistency with the distribution of disaster-bearing bodies, presenting a distinct
central concentration trend. Regions like Changchun and the Changbai Mountain area have
higher per capita GDP, and public fiscal expenditure is mainly concentrated in Changchun
and Jilin cities. Tonghua, Baishan, Changbai, and the eastern region have a lower proportion
of total road mileage, while hospital beds are more widely distributed in the central region
(Figure 7a—-d). Areas with higher per capita GDP and public fiscal expenditure, as well
as greater road mileage and hospital beds, are better able to mitigate the risks posed by
snow disasters.

Capacity levels exhibit a radial pattern diminishing from central urban cores toward
peripheral areas (Figure 4d). The highest capacity is concentrated in central cities, progres-
sively decreasing toward southern, western, and eastern margins, reflecting the uneven
distribution of critical infrastructure and resources across the province.
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Figure 7. Four indicators of disaster prevention and mitigation capacity: (a) per capita GDP;
(b) public fiscal expenditure; (c) total road mileage; (d) number of hospital beds.

3.5. Comprehensive Assessment of Snow Disaster Risk in Jilin Province

The snow disaster risk assessment model for Jilin Province integrates four critical
dimensions: hazard (0.12), sensitivity (0.15), vulnerability (0.27), and mitigation capacity
(0.46). These components collectively capture snow disasters’” formation mechanism, du-
ration, potential damage, and response capability. The comprehensive risk assessment
formula is expressed as:

Ry = 0.12R; + 0.15Ry + 0.27R. — 0.46R; (17)

where R, Ry, R. and Rj represent disaster-causing hazardousness, disaster-susceptibility
sensitivity, disaster-bearing vulnerability, and disaster prevention and mitigation capacity,
respectively. Spatial analysis reveals a distinct southeast-to-northwest decreasing gradient
in risk levels (Figure 8).
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Figure 8. A comprehensive assessment of snow disaster risk assessment in Jilin Province, China.

Weight analysis across dimensions indicated that disaster prevention and mitigation
capacity (0.46) most significantly influenced the final risk pattern, followed by vulnerability
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(0.27). The comprehensive risk displayed a transparent gradient decreasing from southeast-
ern mountainous areas to northwestern plains. High-risk zones predominantly concentrate
in southeastern mountainous regions, including Jingyu, Fusong, Changbai, and Linjiang.
Moderate-risk areas radiate outward from these core zones, while low-risk regions are
primarily distributed across the western and northwestern plains, encompassing Baicheng,
Da’an, and adjacent counties. This spatial pattern reflects the interaction between natural
risks and socio-economic resilience—although southeastern mountainous areas face promi-
nent hazard threats, enhancing emergency medical services, transportation infrastructure,
and financial security can effectively mitigate the ultimate risk levels.

4. Discussion

This study developed a comprehensive snow disaster risk assessment model for Jilin
Province by systematically integrating the four core dimensions of disaster risk theory:
hazard, sensitivity, vulnerability, and mitigation capacity. The results reveal a distinct
spatial pattern of snow disaster risk, characterized by a gradient decreasing from the
southeastern mountainous regions to the northwestern plains. This discussion interprets
these key findings, elucidates the underlying mechanisms, highlights this study’s theoretical
and methodological advancements, and acknowledges its limitations.

4.1. Analysis of Regional Risk Drivers

The high-risk concentration in southeastern counties such as Jingyu, Fusong, and
Changbai directly results from the synergistic amplification of multiple risk factors. This
region is simultaneously characterized by high disaster-causing hazardousness, showing
the deepest snowpack and most extended duration, and high disaster-susceptibility sensi-
tivity, defined by steep slopes and complex topography. While this aligns with the general
understanding that mountainous areas are prone to snow-related hazards [2,4], our model
quantifies this interaction precisely.

More importantly, our analysis reveals that the ultimate risk level is not solely de-
termined by natural factors. Despite having moderate hazardousness and sensitivity, the
central regions of Jilin exhibit elevated risk due to very high disaster-bearing vulnera-
bility. This is attributed to the dense concentration of population, industrial enterprises,
and agricultural assets, which are highly exposed to potential losses. This finding un-
derscores that socio-economic exposure is a critical driver of snow disaster risk, an as-
pect often underrepresented in traditional assessments that overemphasize physical snow
parameters [6,11].

4.2. Evaluation Performance

Unlike many previous studies that focused predominantly on hazard factors [5,6,19],
our model fully integrates the four pillars of disaster risk. This holistic approach allows for
a more nuanced understanding of risk genesis. For instance, the high weight of disaster
prevention and mitigation capacity (0.46) in the final risk index demonstrates that regional
resilience is the most significant modifier of inherent risk. This effectively explains why
some areas with high physical hazard do not rank as the highest risk, as their vulnerability
might be offset by better infrastructure and resources, a dynamic missed by models lacking
this component [21,22].

The use of the entropy weight method marks a significant advancement over studies
reliant on subjective weighting techniques like AHP [20]. This method objectively quantifies
the informational contribution of each indicator based on its data variability, thereby
minimizing expert bias [36]. The resulting weights, particularly the dominance of indicators
like “hospital beds” and “public fiscal expenditure” within mitigation capacity, are derived
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directly from the data, enhancing the reliability and persuasiveness of the assessment
compared to models with subjectively assigned weights [20,22].

This study effectively bridges the gap between remote sensing data and socio-economic
factors. By fusing meteorological station data, remote sensing-derived snow parameters,
topographic data, and socio-economic statistics, we overcome the limitations of approaches
that rely on a single data source [5,7]. This integration provides a finer-resolution, more real-
istic risk map that captures both the physical drivers and the socio-economic consequences
of snow disasters, a challenge noted in earlier works [19,23].

4.3. Policy Implications and Practical Applications

The spatially explicit risk zoning developed in this study enables differentiated disas-
ter risk management across Jilin Province, thereby informing the formulation of targeted
policies. For high-risk southeastern mountainous areas, policy should focus on enhancing
structural mitigation measures, such as improving road resilience, establishing robust early
warning systems, and ensuring the accessibility of medical services in remote locations.
The priority should shift to reducing exposure and strengthening adaptive capacity for
the central high-vulnerability urban and economic hubs. This includes diversifying local
economies to reduce reliance on snow-sensitive industries, reinforcing critical infrastructure,
and developing sophisticated emergency response plans for metropolitan areas. The north-
western low-risk regions, while currently less threatened, should focus on preparedness
and mainstreaming disaster risk consideration into future land-use and development plan-
ning to maintain their low-risk status. This targeted approach is more efficient and effective
than the one-size-fits-all strategy, which often results from less detailed assessments [6,11].

4.4. Research Limitations and Future Directions

While this study provides valuable findings in the snow disaster risk assessment for
Jilin Province, it is not without its limitations, which point to directions for future research.
Despite providing valuable insights, this study has several limitations that warrant attention
in future research. The county-level assessment scale may obscure internal risk variations
at finer administrative levels. Future studies should incorporate higher-resolution remote
sensing and vector data to enable grid-based or township-level assessments. In addition,
the reliance on static historical data limits the model’s capacity to reflect dynamic changes
under climate change. Integrating climate projection data to establish dynamic snow
disaster risk forecasting represents an important direction for future work.

5. Conclusions

This study establishes a comprehensive snow disaster risk assessment model for Jilin
Province by integrating four critical dimensions: hazardousness factors, environmental
sensitivity, socio-economic vulnerability, and disaster prevention and mitigation capacity.
Spatial analysis reveals a transparent southeast-to-northwest decreasing gradient in com-
prehensive risk levels. High-risk zones are predominantly concentrated in the southeastern
mountainous counties of Jingyu, Fusong, Changbai, and Linjiang, characterized by elevated
hazard exposure and constrained response capabilities. Medium-risk areas radiate outward
from these core zones, while low-risk regions primarily distribute across the western plains,
including Baicheng City and surrounding counties.

The substantial weight of Disaster prevention and mitigation capacity (0.46) highlights
the critical role of socio-economic factors in mitigating disaster impacts. This spatial
pattern demonstrates that while southeastern regions face higher natural hazards, the
western areas” enhanced infrastructure and medical resources significantly reduce their
risk. These findings provide a scientific basis for region-specific disaster management
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strategies, suggesting prioritized structural mitigation in southeastern high-risk zones and
strengthened preparedness systems in central and western regions.

Although 15 indicators were included, the indicator system could be further refined.
Future assessments could benefit from distinguishing road types, accounting for secondary
disaster chains (e.g., snow-induced traffic disruptions), and incorporating additional rele-
vant parameters to enhance comprehensiveness and accuracy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/w17233402 /s1. Table S1: Selection of Key Indicators for Snow
Disaster Assessment in Jilin Province. Table S2: Climate station elevation.
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