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Abstract: With global warming and increasingly frequent human activities in permafrost regions, it
is of great significance to accurately and scientifically evaluate the probability and scope of thermal
hazards in permafrost regions. Based on remote sensing image interpretation and field survey, the
weight of evidence method (WoEM) was used to comprehensively evaluate the risk of thermal
hazards in the source area of the Datong River. There were 10 factors, such as ground ice, mean
annual ground temperature, mean annual air temperature, and ground soil type etc., selected in the
WOoEM. The results showed that the thermal hazard occurrences were closely influenced by ground
ice, mean annual ground temperature, ground soil type, etc. The thermal hazards mainly occurred in
the unstable permafrost with MAGT of —0.5 to —1.5 °C, accounting for 54.72% of the thermal hazards.
The distribution area of thermal hazards in ground ice Level I and II accounts for 66.42%. Thermal
hazards mainly occur in the soil types of bog soil and sapropel bog soil, accounting for 41.24% and
29.62% of the total thermal hazards area, respectively. Based on the influence factors and WoEM
of thermal hazards occurrence, the probability map of thermal hazards occurrence in the source
area was obtained. Additionally, the characteristics of the region with a high probability of thermal
hazards occurrence and their causes were also comprehensively analyzed.

Keywords: thermal hazards; permafrost; evaluation factors; weight of evidence method; resource
area of Datong River

1. Introduction

The Qinghai-Tibet Plateau is a sensitive area of global climate change [1]. Driven by
global warming and frequent human activities, the degradation of permafrost, and the
associated ground ice melting, is bound to have a great impact on the permafrost environ-
ment [2—-4]. In particular, permafrost degradation and associated changes in hydrogeologi-
cal conditions [5-7] have a great impact on the ecological environment [8-12], geological
disasters, and permafrost engineering [11-13]. Affected by different landforms, ground
soil types, climate, and ground surface conditions [14,15], the thermal state and ice content
of permafrost are various [14-16]. In recent years, the permafrost of the Qinghai-Tibet
Plateau has been in a state of gradual degradation with the impact of global warming and
intensified human activities, such as roads, railways, and mining [17,18]. Such degradation
is challenging to permafrost engineering and the stability of existing projects [19,20]. The
permafrost degradation is bound to cause a series of thermal hazards, such as thermokarst
lakes [21,22], thawing landslides [23,24], and thawing mudflows [25,26]. Especially in areas
with high ground ice content and high permafrost temperature, permafrost thaw and its
associated impacts on natural and built environments have been identified as a priority
issue. The ice content of permafrost is significantly related by landform and lithology [16].
For example, the stratum with fine particles such as silt on the permafrost table, generally
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has high ice content [27]. The permafrost temperature is mainly controlled by geographical
“three zonality” such as altitude, longitude, and latitude [28], as well as local factors such as
climate and surface cover conditions [2,7,8]. Moreover, the above factors interact with each
other; the change of a single factor also causes the corresponding change in other factors.
Therefore, the assessment of thermal hazards can only be carried out by integrating terrain,
environment, climate, permafrost, and other factors. Therefore, it is very necessary for
engineers to select a method that can comprehensively and accurately evaluate the thermal
hazards in permafrost regions.

Vulnerability assessments of existing and future infrastructure in permafrost regions
which include the application of new techniques, including in SAR and geophysical sur-
veys [29,30], as well as regional and community scale hazard assessments [31], are inform-
ing adaptation planning. Research conducted at large-scale test facilities, such as that
on the Alaska Highway, is supporting assessments of techniques to reduce permafrost
thaw [32]. Methodology for geographic assessments of changes in the engineering proper-
ties of frozen ground was provided due to observed climatic change [33]. In addition, the
popular “unmanned” comprehensive evaluation methods in permafrost regions include
the analytic hierarchy process [34], grey correlation analysis method [35], fuzzy compre-
hensive evaluation [36], catastrophe theory method [37], etc. However, these methods
need experts to assign weights or need to manually confirm the importance ranking of
factors. Such evaluation results are bound to be significantly affected by human subjective
factors. Therefore, this paper tried to adopt a comprehensive evaluation method that is
not affected by human subjective factors. At present, there is relatively popular weight
evidence of the model (WoEM) [38,39]. The WoEM is mainly a probability method based on
probability uncertainty and the Bayesian theorem [38]. In the 1980s, it was first introduced
into the prediction and evaluation of mineral resources by mathematical geologists, such
as Canada’s Agterberg and Bonham-Carter [38,39]. Because it is objective, unaffected by
human subjective factors, has a clear structure, and is easy to understand, it has attracted
the attention of scholars and experts. With the development of Arc-GIS, the theoretical
calculation method has achieved satisfactory results in engineering fields such as mining
prediction and evaluation of landslide vulnerability [40,41]. Under the influence of climate
change and human activities, permafrost in the source area of Datong River in the Qinghai-
Tibetan Plateau is in a degraded state. Through field monitoring and related research, it
shows that the mean annual ground temperature (MAGT) gradually increases at a rate
of 0.0075 °C-yr~! [42], and the area of permafrost has a significant reduction trend [43].
Therefore, the paper attempts to comprehensively evaluate the risk of thermal hazards in
the source area of Datong River by the WoEM so as to provide a theoretical basis for the
permafrost engineering stability and site selection.

2. Study Area

The source area of Datong River is located in the northeast corner of the Qinghai-Tibet
Plateau of China (Figure 1). The altitude is between 3443 m and 5044 m. The lay of the
land is NW-SE, with a drainage area of 4573 km?. The source area is rich in vegetation
with a coverage of 63.9%, mainly including alpine meadows and swamp meadows [44].
The lower boundary of the permafrost is about 3650 m, the ice content per unit volume of
the shallow layer of the permafrost (3.0-10.0 m) is 0.396 m? [45], the mean annual ground
temperature (MAGT) of the permafrost is —8.66 to 0 °C, and the active layer thickness
(ALT) is 0.9-2.5 m [44,45]. The mean annual air temperature (MAAT) is between —7.08 and
2.26 °C. As the important coal mine base in Qinghai Province, China, some infrastructure
was built there, such as Chaimu Railway, roads, and residential houses to serve the local
resource development and the residents’ living needs.
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Figure 1. Schematic diagram of study area.

3. Research Methods

The WoEM is based on the Bayesian probability model, which binarizes and calculates
the weight of each evidence layer and comprehensively quantifies the evaluation method.
The following steps are required according to the calculation sequence.

3.1. Spatial Correlation Calculation (w™ and w™)

The w™ is defined as the influence degree on the evaluation result when a certain
disaster occurs in the evidence layer. The w™ indicates the influence degree on the evalua-
tion results when a certain disaster does not occur in the evidence layer. The correlation
judgment can be made by combining w™ and w™, that is the w* > 0 and w~ < 0 mean
positive correlation between a certain disaster and a certain evidence layer. The w™ < 0
and w™ > 0 mean negative correlation. The 0 indicates no correlation. In order to facilitate
comparison and measurement, the concept of contrast is introduced, which is represented
by C (C = w™' — w™). The contrast value can provide an effective basis for measuring the
correlation between disaster points and influence factors. The positive weight (w™) and neg-
ative weight (w™) of each evidence layer are calculated according to Formulas (1) and (2).

_ . P{M|F}
r=l P{M|F} @
P{M|F}
~ " P{M[F} @

where P{ | } is the Bayesian probability calculation formula.
In order to clarify the above calculation results, it is also necessary to calculate the
significance level of the above results (Formulas (3)—(6)).

2( ) — 1 1

S = N T NMAT ©)

1 1
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T(Contrast) = ¢ (6)
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where S%(w™) and S?(w™) are the variance of w™ and w™, T (Contrast) is the normalized
value of the C-value, which can reflect the significance level of the C-value (Table 1).
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Table 1. T (Contrast) and significant level.

T (Contrast)

0.253

0.542 0.842 1.282 1.645 1.96 2.326 2.576

Significance level

60%

70% 80% 90% 95% 97.5% 99% 99.5%

3.2. Post-Probability Calculation

Combining the weight value calculated in Formulas (1) and (2), the probability of
thermal hazards occurrence can be calculated by overlaying the evidence layers. The
post-probability needs to be calculated by multiplying the correction factor on the basis
of the pre-probability. In the calculating process of spatial correlation weight, it is first
necessary to calculate the pre-probability (Formula (7)), which means the probability of
disaster occurrence under the condition that any influencing factor or evidence layer is
unknown. After the evidence layers are determined, the post-probability can be calculated
by Formula (8).

N{F}
P{F} = N{A} @)
PAM|F}
P{M}

where N{F} refers to the number of disaster area units, and N{A} refers to the number of
all area units.

There is not only one evidence layer that affects the thermal hazards. That is, multiply
the pre-probability calculation results by the correction factor of each individual layer, and
the result is the post-probability. The post-probability can be calculated as Formula (9).

P{F|M} = P{F} x ®)

P{M;|F} P{M,|F} P{M_|F} P{M,|F}
P{My} P{Mp} = P{M.} P{M}

P{FIMiNM;N.M._NM,}=P{F} )

In order to calculate the weight concisely and clearly, the concept of probability-P is
quoted. When the occurrence probability of thermal hazards is greater than that of non-
occurrence, the probability-P is greater than 1. When the probability of thermal hazards
is less than the probability of non-occurrence, the probability-P is less than 1. Since the
premise of the Bayesian probability model is that each layer is independent of the other,
the probability model can be simplified as Formulas (10) and (11). Therefore, the above
formula can be used to superimpose the area weights obtained from multiple evidence
layers. Then it can evaluate the occurrence probability of thermal hazards and generate a
comprehensive evaluation map of thermal hazards.

b=— (10)

In Pr{P’M’l‘(”M’Z‘(z)...M’:f”) } —InP(F)+ Y. w;‘(f) 11)

4. Research Data

The permafrost is the product of the earth—atmosphere system and the environment.
Climate conditions are the most important boundary conditions of the transition interface
between the ground surface and atmosphere, which have profound impacts on the thermal
state of permafrost, such as MAAT and MVAT. The mean annual air temperature (MAAT)
is the arithmetic mean value of the daily average temperature of each day in a year. The
mean variation of air temperature (MVAT) is the range of periodic changes in temperature
throughout the year. This is also an important indicator reflecting climate characteristics.
Terrain and related conditions profoundly affect the surface heat budget, such as DEM,
slope, slope aspect, relief amplitude, and soil type. Relief amplitude refers to the difference
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between the maximum elevation and the minimum elevation of all grids within a certain
area. It is an important indicator for quantitatively describing landform morphology and
dividing landform types. The soil type on the ground surface determines the heat exchange
parameters of the ground-air interface. The permafrost-related factors, including MAGT,
ATL, and ground ice, are the most direct factors to reflect the permafrost state. The influence
degrees of these factors on the thermal hazards occurrence are different. In order to evaluate
the thermal hazards more comprehensively and clearly, there were 10 factors selected as
the evidence layers for the evaluation, mainly including the terrain and environmental
factors, climate factors, and permafrost factors (Figure 2).

B ‘ Elevation (DEM)

‘ Slope (SL)

— Terrain and

Environment Factor

| Relief amplitude (RA)

|
|
] ‘ Slope aspect (SA) ‘
|
|

—~ ‘ Soil type (ST)

Infulence Factor —

‘ Mean annual air temperature (MAAT) ‘
Climatic Factor {

‘ Mean variation of air temperature (MVAT) ‘

‘ Mean annual ground temperature (MAGT) ‘

Permafrost Factor ‘ Active layer thickness (ALT) ‘

‘ Ice content (IC) ‘

Figure 2. Infulence factors.

4.1. Interpretation of Thermal Hazards Layer

The premise calculation of WoEM is pre-probability. In order to obtain the pre-
probability, it is necessary to obtain the general distribution of current thermal hazards. The
common types of thermal hazards in the source area of Datong River include thermokarst
lakes, thaw slumps, and solifluction. In order to obtain their distribution, the field survey
results from 2014 to 2016 and the TM remote sensing image in August 2016 were used
to interpret the range of thermal hazards through remote sensing image correction and
artificial visual interpretation. The 7, 4, and 3 band synthesis of the TM image can best
reflect the real state of the ground surface conditions. The images used for interpretation
were synthesized by 7, 4, and 3 bands on the Arc-GIS 10.0 platform. Based on a field survey
(location and area) of thermal hazards in the source area of the Datong River from 2014
to 2016 and the corresponding remote sensing images, corresponding relationships were
established to interpret the thermal hazards. In this way, the distribution of thermal hazards
in the source area was interpreted through manual visual interpretation on the Arc-GIS
10.0 platform (Figure 3). According to the results, the total area of thermal hazards in the
source area was 11.45 km?, with a total number of 399.
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Figure 3. Distribution map of thermal hazards in the source area.

4.2. Terrain and Environmental Factors

According to the importance, elevation (DEM), slope, slope aspect, relief amplitude,
and surface soil type were selected as the terrain and environmental factors. In the paper,
the natural discontinuity method was used to divide the DEM into six levels (Figure 4a).
Under the Arc-GIS platform, the DEM data were used to calculate the slope. The slope data
were obtained by the classification criteria adopted in the 1:100,000 topographic mapping
specification of China, and the results are shown in Figure 4b. Using the aspect function in
the Arc-GIS 10.0 platform, the slope aspect was obtained. Additionally, the slope aspect
was graded by a 45-degree interval (flat land represented by —1) (Figure 4c). The different
sizes of calculation units in Arc-GIS can lead to different relief amplitude. According to
the basic theory of landform development, there exists an optimal analysis unit to achieve
a relatively stable maximum elevation difference. The corresponding calculation unit is
called the optimal calculation unit. The optimal calculation unit for the relief amplitude
in the source area of Datong River was a 10 m x 10 m grid [46]. By spatial analysis,
neighborhood analysis in Arc-GIS, the natural discontinuity method was used to divide
the relief amplitude into six levels (Figure 4d).

The surface soil type makes the difference in surface thermal conductivity. Based on
the 1:100,000 national soil type map provided by the Environmental and Ecological Science
Data Center for West China, this paper extracted a total of 14 soil types in the source area,
and the soil distribution results are shown in Figure 4e.

4.3. Climate Factors

In the climate factors, the MAAT and mean variation of air temperature (MVAT) were
used for evaluation. By the air temperature from 2014 to 2015 in nine simple meteorological
monitoring stations of the source area, the MAAT was simulated by multiple regression
method (Formula (12)) [47]. The simulation results were divided into six categories by
the natural discontinuity method (Figure 4f). The MVAT was also simulated by the multi-
ple regression simulation of temperature data (Formula (13)) [47]. Similarly, the natural
discontinuity method was used to divide the MVAT into six categories (Figure 4g).

MAAT = —0.00064E + 10.83085L, + 4.29784L, — 843.034, R = 0.90 (12)

MAVT = —0.00559E + 1.467929L, + 0.239812L, — 46.885, R = 0.88 (13)

where E refers to the elevation, L, refers to the latitude, L, refers to the longitude, and R
refers to the correlation coefficient.
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Figure 4. In the grading map of infulence factors (a) is elevation (DEM), (b) is slope (SL), (c) is slope
aspect (SA), (d) is relief amplitude (RA), (e) is surface soil type (ST), (f) is MAAT, (g) is MVAT, (h) is
MAGT, (i) is ALT, and (j) is ground ice (IC).

4.4. Permafrost Factors

Among the relevant factors of permafrost, the MAGT, ALT, and ground ice were
selected as the evaluation factors. The MAGT distribution map was obtained by the
equivalent elevation method [44] and graded by the “zoning draft” of the permafrost in the
Qinghai-Tibet Plateau (Figure 4h) [28]. In order to calculate ATL, based on a large amount
of 30 cm ground temperature, the relationships between air temperature and ground
temperature at 30 cm with different supergene cover types were established. Then taking
30 cm as the starting depth, the Stefan equation was used to calculate the ATL in the swamp
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meadow and alpine meadow areas. For shrub and bare land, the Stefan equation based on
the n-factor was used. Finally, the Stefan formulas for calculating the ALT with different
supergene cover types were adopted (Figure 4i) [47]. By considering landform types,
the corresponding lithological composition, and the measured water content in various
landform regions, an approximation demonstrating the existence of many similarities in
lithological composition and water content within a unified landform was established
during the calculations. Considering the permafrost distribution, extent, and spatial
distribution of landform types, the ground ice volume at the depths of 3.0-10.0 m below the
ground surface was estimated based on a large number of boreholes from field observations
and geological surveys in different types of landforms of the source region. Additionally,
the distribution of ground ice in the source region was obtained (Figure 4j) [48].

5. Calculation Results

The evaluation model of thermal hazards includes two aspects: single-factor evalua-
tion and comprehensive evaluation of the selected evaluation factors. Moreover, the prior
probability is the basic result of single-factor evaluation. The prior probability results are in
Table 2.

Table 2. Prior probability calculation results of thermal hazards.

Total Area . . .. - Average Area Grid Precision Grid Cell Area
(km?) Disaster Points Priori Probability (km?) (m) (km?)
4344 399 0.00316 0.03 90 x 90 0.081

5.1. Terrain and Environmental Factors

According to the single-factor calculation results, there was a close relationship be-
tween the DEM and thermal hazards. A total of 25.7% and 50.0% of the thermal hazards
area are distributed in the elevation range of 3851-3989 m and 39894139 m, respectively.
Especially in the 39894139 m elevation range, the C-value and T (Contrast) are 1.25 and
6.05, respectively, reflecting a high correlation (Table 3). Therefore, the DEM and thermal
hazards are closely related. The distribution of slope and thermal hazards is mainly dis-
tributed in areas with relatively gentle slopes. According to Table 3, the thermal hazards
mostly occur in the plain area with 0-2° slope, accounting for 82.0% of the thermal hazards
area. The C-value and T (Contrast) show relatively close relationships. From the slope
aspect results, the thermal hazards occur in different directions. The C-value and T (Con-
trast) in the flat area are relatively large, and the other areas are relatively small (Table 3).
Therefore, the relationship between the slope aspect and the thermal hazards is relatively
small and can not be listed as an influencing factor. According to Table 3, the thermal
hazards are mainly distributed in the relief amplitude range of 0-52 m, with a T (Contrast)
of 4.07 and a C-value of 2.64. So, the relationship between the relief amplitude and thermal
hazards is closely related (Table 3).

Based on the single-factor results of soil type (Table 3), the correlation between thermal
hazards and soil types is relatively high. Thermal hazards mainly occur in the bog soil
and sapropel bog soil, accounting for 41.24% and 29.62% of the total thermal hazards area,
respectively. The C-value and T (Contrast) are 2.02, 1.00, and 9.29, 3.73, showing a relatively
significant correlation.
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Table 3. Single factor calculation results of terrain and environmental.

Factor Category Zone Area (km?) Hazard Area (km?) w* w™ C T (O)
3442-3702 618.32 0.42 —1.49 0.11 —1.61 —0.67
3702-3851 1068.13 2.36 —-0.31 0.08 -0.39 —0.89
DEM 3851-3989 980.91 3.53 0.18 —0.06 0.23 0.78
(m) 3989-4139 1021.91 6.88 0.81 —0.44 1.25 6.05
4139-4325 632.07 0.57 —-1.21 0.11 —-1.32 —0.75
4325-5044 248.50 0.00
0-2 1211.38 11.27 1.14 —-1.41 2.54 6.15
2-7 1657.78 1.49 1.21 0.34 —1.55 —-2.29
Slope 7-15 947.55 0.71 1.39 0.18 —1.57 —1.11
@) 15-25 563.89 0.21 2.09 0.12 —-2.21 —0.46
25-35 183.96 0.07 2.01 0.04 —-2.05 —0.15
>35 5.18 0
-1 4.93 0.58 3.78 —0.04 3.83 1.95
337.5-22.5 598.67 2.35 0.27 —0.05 0.31 0.72
22.5-67.5 660.26 2.32 0.15 —0.03 0.18 041
Slope aspect 67.5-112.5 605.07 1.67 —0.09 0.01 —-0.10 -0.17
5 112.5-157.5 552.03 1.30 —0.25 0.03 -0.27 —0.35
©) 157.5-202.5 694.36 1.26 —0.51 0.07 —0.58 —0.72
202.5-247.5 563.73 1.05 —0.48 0.05 —0.53 —0.56
247.5-292.5 407.44 1.33 0.08 —0.01 0.09 0.12
292.5-337.5 482.75 1.89 027 —0.04 0.30 0.56
0-52 1727.08 12.20 0.91 —1.74 2.64 4.07
52-108 1077.02 0.52 —-1.79 0.22 —-2.01 —1.04
Relief amplitude 108-172 694.26 0.41 —1.58 0.13 -1.71 —0.70
(m) 172-241 603.32 0.38 —1.53 0.11 —-1.63 —0.62
241-321 484.40 0.25 —-1.73 0.09 —1.82 —0.45
321-571 209.19 0
litho soil 60.37 0
limestone soil 88.20 0
litho medow soil 133.71 0.17 —0.86 0.02 —0.87 —-0.15
bog soil 391.34 5.67 1.58 —0.44 2.02 9.29
sapropel bog soil 612.12 4.07 0.79 —0.21 1.00 3.73
peat bog soil 546.99 0.73 —0.82 0.07 —0.90 —0.65
medow soil 635.80 1.34 —0.36 0.05 —0.41 —0.55
Soil type peat soil 381.86 0.70 —0.51 0.04 —0.54 —0.38
felty soil 1245.50 0.69 —1.70 0.27 —-1.97 —1.36
thin felty soil 122.63 0.29 —0.25 0.01 —0.26 —0.07
moist felty soil 3.04 0
dark fety soil 190.86 0.10 —-1.75 0.04 -1.78 -0.18
frigid calcic soil 74.06 0
frigid frozen soil 57.96 0
catchment area 3.04 0

5.2. Climate Factors

It can be seen from Table 4 that the thermal hazards are mainly distributed in the
MAAT range between —4.3 and —1.94 °C. Within the MAAT ranges from —3.51 to —2.74 °C,
the distribution area of thermal hazards account for 66.4%, with C-value and T (Contrast)
1.87 and 7.83, showing a relatively significant correlation. Therefore, the MAAT is listed as
the evaluation factor. From the calculation results (Table 4), the thermal hazards mainly
occur in the MAVT range from 10.4 to 11.2 °C, and the distribution area of thermal hazards
in this range accounts for 64.01% of the total thermal hazards area, with C-value and T
(Contrast) 1.74 and 7.48, reflecting a relatively close correlation. Therefore, the MAVT was
listed as the evaluation factor.
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Table 4. Single factor calculation results of climate.

Factor Category Zone Area (km?) Hazard Area (km?) w* w~ C T (O)
<-=5.51 239.03 0
—5.51to —4.3 538.55 0.56 -1.07 0.08 -1.16 —0.64
o —4.30 to —3.51 785.10 1.28 —0.62 0.09 -0.71 —-0.90
MAAT (°C) —3.51to —2.74 1035.03 9.00 1.06 —0.81 1.87 7.83
—2.74to —1.94 1157.40 241 —-0.37 0.10 —0.47 —-1.11
>—1.94 796.59 0.51 —1.56 0.16 —-1.72 —0.87
<85 214.08 0.00
8.5-9.5 514.61 0.19 -2.10 0.11 —-2.21 —0.42
o 9.5-10.4 938.43 1.63 —0.56 0.11 —0.66 —-1.07
MAVT (°C) 10.4-11.2 1089.57 8.80 0.99 —0.75 1.74 7.48
11.2-12.1 1139.38 2.65 —0.26 0.07 —0.34 —0.86
>12.1 655.68 0.48 —1.42 0.12 —1.54 —0.74
5.3. Permafrost Factors
MAGT is a direct factor reflecting the thermal state and stability of permafrost. It can
be seen from Table 5 that the thermal hazards mainly occur in the unstable permafrost with
MAGT from —0.5 to —1.5 °C, accounting for 54.72% of the thermal hazards. Therefore, the
MAGT was listed as the evaluation factor. It can be seen from the results (Table 5) that the
distribution ranges of ALT are 1.5-2.5 m, 1.0-2.5 m, and 3.0-3.5 m, accounting for 42.77%,
25.86%, and 20.45% of the thermal hazards, and the correlations are high. Therefore, the
ATL was listed as an evaluation factor. According to the calculation results (Table 5), there
is a high correlation between ground ice and thermal hazards. The thermal hazards are
mainly distributed in regions with ground ice Level I and II. In this area, the ground ice is
high, and the permafrost is often in an unstable state. From Table 5, the distribution area of
thermal hazards (Level I) accounts for 66.42%, and the C-value and T (Contrast) are 1.15
and 4.74, showing a relatively significant correlation.
Table 5. Single factor calculation results of permafrost.
Factor Category Zone Area (km?) Hazard Area (km?) w* w” C T (O
>0.5 52.59 0
0.5to —0.5 560.04 0.18 —222 0.12 —2.33 —0.43
MAGT —0.5to —-1.5 1382.55 7.53 0.59 —0.43 1.02 4.89
°C) —1.5to —3.0 1602.95 5.33 0.10 —0.06 0.15 0.69
—3.0to =5.0 736.84 0.63 —-1.27 0.13 —1.40 —0.88
<=5.0 216.61 0.08 —2.08 0.04 —2.12 —-0.17
<1.0 71.38 0.07 —1.15 0.01 —1.16 —0.08
1.0-1.5 784.43 3.55 0.40 —0.11 0.51 1.71
ALT 1.5-2.5 913.32 5.88 0.75 —0.33 1.09 5.10
(m) 2.5-3.0 308.67 0.52 —0.60 0.03 —0.63 -0.32
3.0-3.5 1308.72 2.81 —0.35 0.11 —0.46 —1.25
>3.5 1021.38 0.87 —1.28 0.19 —147 —-1.27
I 1726.80 9.13 0.55 —0.61 1.15 4.74
II 1151.49 3.70 0.05 —0.02 0.06 0.22
I 135.11 0.18 —0.81 0.02 —0.83 —-0.15
Ground ice v 157.94 0.20 —0.88 0.02 —-0.90 -0.18
\Y 7797 0.17 —0.37 0.01 —0.38 —0.06
VI 505.14 0.25 —1.82 0.10 —-1.92 —0.48
vl 729.56 0.11 -3.01 0.17 -3.18 —0.35

5.4. Multi-Factors Comprehensive Evaluation

On the basis of the above single-factor evaluation and analysis, the multi-factor evalua-
tion was calculated. Before evaluation, the evaluation factors need to be screened first. The
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WOoEM often needs to follow the principles before screening the evaluation factors: (1) select
the evidence layer with high weight value and close relationship with thermal hazards; (2)
each evidence factor should pass the conditional independence test that meets the Bayesian
probability model to ensure the thermal hazards are formed by different factors. Try to
select two evidence layers with a higher correlation and delete the evidence layer with
a lower correlation. It was found that the MAAT and the MAVT were highly correlated
during the calculation process, and MAAT was finally selected.

On the basis of the selection principles, the main evaluation factors selected are that
the thermal hazards area in the evidence layer accounts for more than 25%, the C-value is
more than 1.0, and the T (Contrast) is more than 2.0. The final selected evaluation factors
are shown in Table 6.

Table 6. Selection of evaluation factors of WoEM.

Factor Classification Infulence Factors
Evaluation factors IC, MAGT, ST, EL, ALT, MAAT, SL, UN
Non-participating factors SA, MAVT

Based on the selected factors in Table 6, the occurrence probability map of thermal
hazards can be obtained. In order to show it more clearly, the natural discontinuity method
was used to divide the probability of thermal hazards occurrence into seven levels, and the
classification results are shown in Figure 5. According to the probability map of thermal
hazards occurrence under different classification levels, the thermal hazards are mainly
distributed in the classification of Levels I and VII, which account for 59.6% and 14.2% of
the total area (Figure 6). It can be seen that the areas with a high risk of thermal hazards
(Level VII) are mainly concentrated in the valley of the source area with plain terrain. From
the MAGT and ground ice content, these areas have high MAGT (0 to —1.5 °C) and high
ice content. It belongs to unstable permafrost and transitional permafrost. The ATL in these
areas is between 1.5 and 2.0 m, surface cover types are mainly swamp meadows with rich
moisture content, and the corresponding surface soil type is mainly bog soil. Among them,
the area with a higher proportion is Level I, which is mainly distributed in the alpine areas
on both sides of the valley, with the characteristics of low MAAT, low MAGT, thin, loose
sediments, and low ground ice content.

Legend

B Seasonal frozen soil
Thermal hazards classification

. 1
N 1
111
v
\%
. VI 0 5 10 20 30 40
W Vi - km

Figure 5. Comprehensive probability evaluation results of thermal hazards.



Atmosphere 2023, 14, 885

12 0f 15

5%
60%
45%

30%
9.1% 14.2%
1%

7 5.1% 300 42% 4.8% §
B FE

| 1 11 v \% VI VIl

15%

0%

Figure 6. Classification statistics of thermal hazards area.

6. Discussion

The thermal hazards can cause great damage to engineering construction and stability
in the future. If engineering projects were built under such geological conditions, it is often
necessary to take corresponding measures, which would increase the cost of engineering
construction. Therefore, these areas should be avoided as far as possible during the project
route and site selection. On the one hand, it can save costs of the project construction; on
the other hand, it can guarantee the stability of the project.

The occurrence of thermal hazards is the result of the comprehensive action of many
factors. It is particularly important to select comprehensive and reasonable factors to
accurately evaluate the probability of its occurrence. From the above analysis, it can be
seen that the correlation between ice content, MAGT, and thermal hazards is the highest,
especially in terms of ice content. From the distribution of thermal hazards and the ice
content, it can be seen that 66.42% of thermal hazards are distributed in areas with high ice
content (Level I and II) (Figure 5, Table 5). According to the evaluation results of thermal
hazards, although there was a high correlation between MAGT and thermal hazards, there
was not a completely positive correlation between them (Figure 5, Table 5). The risk of
thermal hazards was the highest with a MAGT from —0.5 to —1.5 °C, and then the risk
decreased with the decrease of MAGT. The reason for this characteristic seems to be related
to the rich ground ice in these areas. In addition, surface soil type, DEM, ALT, etc., are
also closely related to the thermal hazards, and they are important factors affecting the
thermal hazards. So, the accuracy of MAGT and ground ice was very important to the
results of thermal hazards. However, it is difficult to accurately simulate the MAGT and
ground ice of permafrost because the numerical simulation is also affected by many factors.
Therefore, the accuracy of its simulation calculation will also have a profound impact on
the accurate evaluation of thermal hazards. In particular, the quantitative simulation of
ground ice has always been a difficult problem in permafrost research. Although there are
some related studies, such as those adopted in this paper [48], their accurate calculation
and evaluation need a long time and a large amount of basic data to achieve. Therefore, it
is very important to improve the accuracy of these basic data for future research on thermal
hazard evaluation.

During the research process of this paper, limited by the scope of the study area, the
distribution characteristics of different thermal hazard types, and the precision of remote
sensing images, it is not able to establish the accurate interpretation marks of different
thermal hazards. Therefore, the different thermal hazard types have not been distinguished
in this paper. In the follow-up research, further research can be improved by establishing
accurate remote sensing interpretation marks on the basis of expanding the study area and
abundant field surveys.

7. Conclusions

The assessment of thermal hazards is affected by many factors. Based on the WoEM
and adopting 10 factors, such as ground ice, MAGT, soil type, DEM, ALT, etc., this paper
obtains relatively accurate results. From the results, the ground ice, MAGT, soil type,
DEM, and ALT are closely related to the thermal hazards occurrence, especially the ground
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ice and MAGT. The distribution area of thermal hazards in ground ice (Level I and II)
accounted for 66.42%. The thermal hazards mainly occurred in the unstable permafrost
with MAGT from —0.5 to —1.5 °C, accounting for 54.72% of the thermal hazards. Thermal
hazards mainly occurred in the soil types of bog soil and sapropel bog soil, accounting for
41.24% and 29.62% of the total thermal hazards area, respectively. Therefore, improving
the accuracy of these influence factors in the future, especially the ground ice content as a
difficulty in permafrost research, would have great significance in improving the accuracy
of the thermal hazards evaluation.

Thermal hazards were of great significance to the safety assessment of existing engi-
neering projects and the site selection of future projects. The thermal hazards with high
risk distributed in Level VII account for 14.2% of the total area. Moreover, they are mainly
concentrated in the valley of the source area with plain terrain, which would be greatly
significant to permafrost engineering. In the process of research, restricted by objective
factors, this paper did not establish remote sensing interpretation marks for different types
of thermal hazards. So the further of research could be improved on the basis of expanding
the scope of field investigation and research so as to provide a more accurate basis for
engineering safety evaluation.
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