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Abstract

Permafrost degradation poses an increasingly serious threat of glacial lake outburst floodings (GLOFs) in the Tibetan Plateau.

It is therefore of great practical significance to analyze the freeze-thaw state in moraine dams and associated impacts on dam

stability. We simulated the soil temperature of the Longbasaba moraine dam based on the heat transfer module of COMSOL

Multiphysics. The results show that the soil temperature of the moraine dam can be adequately simulated using the COMSOL

Multiphysics heat transfer module and the simulated temperature values are generally consistent with the observed trends,

yielding root mean square errors (RMSEs) less than 1.58 and Nash-Sutcliffe efficiency coefficients (NSEs) between 0.66 and

0.93. The average annual increase of the active layer depth was 0.026 m/a from 1959 to 2020. The buried ice inside the moraine

dam was evidently melting and the maximum buried ice thawing depth under scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5 in

CMIP6 (Coupled Model Intercomparison Project Phase 6) is expected to be 11.3 m, 18.4 m, and 23.5 m, respectively, by the

end of the century, which indicates a continuous deterioration of the moraine dam stability.
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Abstract 19 

Permafrost degradation poses an increasingly serious threat of glacial lake outburst floodings 20 

(GLOFs) in the Tibetan Plateau. It is therefore of great practical significance to analyze the freeze-21 

thaw state in moraine dams and associated impacts on dam stability. We simulated the soil 22 

temperature of the Longbasaba moraine dam based on the heat transfer module of COMSOL 23 

Multiphysics. The results show that the soil temperature of the moraine dam can be adequately 24 

simulated using the COMSOL Multiphysics heat transfer module and the simulated temperature 25 

values are generally consistent with the observed trends, yielding root mean square errors (RMSEs) 26 

less than 1.58 ℃ and Nash-Sutcliffe efficiency coefficients (NSEs) between 0.66 and 0.93. The 27 

average annual increase of the active layer depth was 0.026 m/a from 1959 to 2020. The buried 28 

ice inside the moraine dam was evidently melting and the maximum buried ice thawing depth 29 

under scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5 in CMIP6 (Coupled Model Intercomparison 30 

Project Phase 6) is expected to be 11.3 m, 18.4 m, and 23.5 m, respectively, by the end of the 31 

century, which indicates a continuous deterioration of the moraine dam stability. 32 

Plain Language Summary 33 

Glacial Lake Outburst Floodings (GLOFs) in the Tibetan Plateau have been frequent in recent 34 

years, which caused a large number of casualties and property damage. In this research, we paid 35 

more attention to the stability of moraine dams and simulated freeze/thaw and buried ice melting 36 

process of Longbasaba moraine dam from 1959 to 2100 using the heat transfer module of 37 

COMSOL Multiphysics. In the past decades, the active layer thickness was increasing and the 38 

buried ice began to melt since the early 1980s. Under the future warming scenarios, the dam 39 

melting depth will be greater than the freezing depth, and the rate of buried ice melting inside the 40 

dam will accelerate. This phenomenon indicates that the seepage/pipe will increase and the 41 

stability of the moraine dam has been continuously deteriorating. In the future, we must be alert to 42 

the possibility of dam failure disasters. 43 

1 Introduction 44 

The lower elevation limit for permafrost on the northern slopes of the Himalayas is considered 45 

to be 5100–5300 m above sea level (a.s.l.) (Gruber, 2012; Zou et al., 2017), yet thousands of 46 

moraine-dammed lakes exist above this limit (Nie et al., 2013; Otto, 2019; Wang et al., 2021; 47 

Zheng et al., 2021). These moraine dams are mainly composed of poorly sorted sediments, 48 

permafrost, and buried ice (Iribarren Anacona et al., 2015; Westoby et al., 2014; Worni et al., 49 

2012). In the context of climate warming, the water pressure to moraine dams has increased in 50 

recent decades owing to rapid glacial retreat and glacial meltwater accumulation in lake basins 51 

(Che et al., 2021; Daiyrov et al., 2018; Gardelle et al., 2011; Li et al., 2021; Yao et al., 2010). 52 

Climate warming also affects the internal structure of moraine lake dams and consequently their 53 

stability (Bolch et al., 2011; Neupane et al., 2019). Buried ice is one of the most important factors 54 

for assessing the stability and susceptibility of moraine dams to failure (Emmer&Vilímek, 2013; 55 

Falatkova et al., 2019; Rounce et al., 2016; Worni et al., 2012), and the distribution and changes 56 

of buried ice are directly related to the temperature field inside the dam (Daiyrov et al., 2018; 57 

Falatkova et al., 2019; Wang et al., 2022). Upon melting of buried ice inside a moraine dam, the 58 

dam surface will sink and interior cavities will expand, thus possibly reducing the water-resistance 59 

stress and increasing the dam instability (Emmer&Cochachin, 2013; Kenner, 2019). Analysis of 60 

the relationship between the temperature field and internal structural changes of moraine dams is 61 
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of theoretical significance and practical application value to better understand and mitigate glacial 62 

lake outburst floods.  63 

Moraine dam failure can be triggered by the degradation of ice-cored moraine and permafrost 64 

owing to rising temperatures, increasing hydrostatic pressure due to lake expansion, and tsunami-65 

like waves from a detached mass (e.g., ice, rock, landslide) from creeping lake sidewalls (Byers et 66 

al., 2019; Westoby et al., 2014; Worni et al., 2012). The dynamics of moraine-dammed lake basins 67 

has therefore been extensively monitored. Interferometric synthetic aperture radar (INSAR) and 68 

persistent scatterer interferometry (Dini et al., 2019; Hooper et al., 2012; Li et al., 2015; Tofani et 69 

al., 2013) techniques have been used to investigate the stability of moraines and slopes around 70 

glacial lakes. Ground-penetrating radar, electrical resistivity tomography, and the self-potential 71 

method (Harrison et al., 2022; Rajaure et al., 2018; Thompson et al., 2012) have been used to 72 

detect the internal structure and seepage state inside moraine dams. Most existing studies on 73 

moraine dam stability involved a qualitative analysis of the geometrical shape, surface morphology, 74 

internal structure, and seepage conditions of a moraine dam. Later studies addressed the moraine 75 

dam failure mechanisms, shifting from experimental investigations (Balmforth et al., 2008; 76 

Balmforth et al., 2009) to numerical solutions (Begam et al., 2018; Hubbard et al., 2005; 77 

McKillop&Clague, 2007; Minussi&Maciel, 2012; Osti et al., 2011). Moraine dam research has 78 

thus transitioned from qualitative descriptions of moraine dam morphology and internal dam 79 

structures to quantitative analysis using a combination of field observations and simulation tests. 80 

Simulating the variations of hydrothermal regimes within a dam is fundamental to further 81 

assess dam stability (Saito et al., 2007; Wang et al., 2018). In permafrost areas, the ability of 82 

moraine dams with similar geometric shapes and internal structures to resist hydrostatic pressure 83 

and seepage- or piping-induced dam failure may differ owing to changing hydrothermal status 84 

(Haeberli et al., 2017a; Wang et al., 2012). Numerical methods can be used to simulate the freeze-85 

thaw process of permafrost (Wei et al., 2021; Zhao et al., 2016), predict future permafrost 86 

distribution trends (Malevsky-Malevich et al., 2001; Nan et al., 2005; Ni et al., 2021a; Wu et al., 87 

2018), and estimate active layer thicknesses (Pang et al., 2011; Qin et al., 2017; Wu et al., 2012). 88 

Many statistical-empirical models (Li&Cheng, 1999; Zhang et al., 2008) and numerical models 89 

(Harlan, 1973; Riseborough et al., 2008; Taylor&Luthin, 1978) related to temperature have been 90 

proposed on frozen soil or artificial earth and rock dams (Su et al., 2009; Wang et al., 2011), yet 91 

relatively few studies have numerically modeled the temperature of moraine dams in high-cold 92 

mountain areas. COMSOL Multiphysics has been reported to present certain advantages in solving 93 

multiphysics field coupling problems, and is widely used to simulate perennial permafrost heat 94 

conduction problems that contain phase changes (Huang et al., 2022; Noetzli et al., 2007; Yan et 95 

al., 2020; Zhang et al., 2018). However, few studies have used COMSOL Multiphysics to simulate 96 

moraine dams. 97 

In this paper, we simulated the soil temperature field of the Longbasaba moraine dam from 98 

1959 to 2021 based on the heat transfer module of COMSOL Multiphysics using the daily average 99 

air temperature and hydrothermal parameters. We also simulated the melting process of buried ice 100 

in in the moraine dam under scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5 of CMIP6 (Commentary 101 

on the Coupled Model Intercomparison Project Phase 6) to estimate the effects of freeze-thaw 102 

processes during this century. 103 
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2 Study Area  104 

The moraine-dammed Longbasaba Lake (27°57′N, 88°04′E; 5520 m a.s.l.) is located at the 105 

source of the Pumqu River watershed in the northern Himalayas (Figure 1a) and is reported to face 106 

a very high probability of dam failure (Wang et al., 2012; Wang et al., 2008). The annual average 107 

air temperature is −3.6 °C and the average humidity is 40% (Wang et al., 2018). The maximum 108 

water depth in 2009 was 101.9 m with an average depth of 47.5 m and total water volume of 109 

6.4×107m3 (Yao et al., 2012). The Longbasaba glacier is connected to Longbasaba Lake (Figure 110 

1b), and a debris-covered glacier with ice cracks and serac pillars extends into the lake (Figure 1d). 111 

The moraine dam is mainly composed of coarse-grained granite with ice cores, has an average top 112 

width and length of 163 and 388 m, respectively, and is 100 m high from bottom to top (Wang et 113 

al., 2008). Several small ponds have developed in depressions of the dam (Figure 1e). Buried ice 114 

covered by approximately 1–3 m of debris is exposed in the central part of the inner flank of the 115 

moraine dam (Figure 1f) (Wang et al, 2018). 116 

 117 

 118 
Figure 1. (a) Location map of Longbasaba Lake. (b) Longbasaba Lake and Longbasaba glacier (Google Earth image 119 

in December 2020). (c) Observation site and automatic meteorological station on the moraine dam at Longbasaba 120 

Lake (photograph taken in August 2012). (d) Photograph of Longbasaba Lake (photograph taken in October 2009). 121 

(e) Photograph of moraine dam filmed by an unmanned aerial vehicle in September 2021. (f) Exposed buried ice 122 

inside dam (photograph taken in August 2012). 123 

 124 

3 Data 125 

The data used in this paper mainly include air temperature data (air temperature on the dam 126 

and from the Dingri meteorological station station, and future air temperature of CMIP6), soil 127 

temperature, moisture content inside the moraine dam, and deformation data on the dam surface 128 

(Table 1). 129 

 130 
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Table 1  131 

Description of Data Used in this Study. 132 

Data Type Accuracy Description Time period 

Air/soil temperature data on 

the dam 
∼±0.2 °C 

Temperature Probes recorded 

by Campbell CR3000-XT 

November 2012-September 

2021 

Soil moisture content of dam ±2.5% 

Water Content Reflectometer 

recorded by Campbell CR3000-

XT 

November 2012-Septemper 

2021 

Daily air temperature ∼±0.1°C From Dingri meteorological 

station 

January 1959-March 2021 

Future air temperature 

scenarios 

∼±0.1°C From CMIP6 Official Website January 2015-December 2099 

Dam surface deformation ∼±0.001 

mm 

Obtained by PS-INSAR March 2017-October 2020 

 133 

An automatic meteorological station was installed in 2012 to record the air temperature, soil 134 

moisture probes, ground heat flux, soil temperature, and other variables on the moraine dam 135 

(Figure 1c). All of the sensors were connected to a data logger (Campbell CR3000-XT) for 136 

automatic recording every 10 min. The daily average air temperature was collected from the Dingri 137 

meteorological station (28°38′N, 87°05′E, 4300 m a.s.l.) in 1959–2021. A linear regression model 138 

(soil temperature = 0.7794 × air temperature − 1.925, R2 = 0.8705, α < 0.001) was established to 139 

reconstruct the surface temperature of the moraine dam during the period 1959–2012 based on 140 

daily mean air temperature data from the Dingri meteorological station and daily mean soil 141 

temperature data at 10 cm depth in the moraine dam from 2012 to 2021 (Figure 2a). According to 142 

this equation, the daily mean soil temperature at 10 cm depth in the moraine dam was extended 143 

backward using daily mean air temperature data from the Dingri station for the period 1959–2012 144 

(Figure 2b). 145 

 146 

 147 
Figure 2. (a) Relationship between daily mean air temperature from the Dingri meteorological station and the daily 148 

mean soil temperature at 10 cm depth in the Longbasaba Lake moraine dam during the period of 2012–2021. (b) 149 

Variations of air temperature from the Dingri meteorological station and the reconstructed soil temperature at 10 cm 150 

depth in the Longbasaba Lake moraine dam, shown by the daily mean temperature in 1959–2021. 151 

 152 

Future scenario daily average near-surface air temperatures for SSP1-2.6, SSP2-4.5, and 153 

SSP5-8.5 in 2015–2099 were taken from the CMIP6 official website. Eight climate models with 154 

good air temperature–soil temperature correlations (R2 > 0.5) were selected based on air 155 

temperature and soil temperatures from 2015 to 2021. The resolutions of the climate models with 156 

their soil–air temperature linear regression expressions and correlation coefficients (R2) are listed 157 

in Table 2.  158 
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Table 2 159 

 Climate Models Used in this Study. 160 

Source ID 
Nominal 

Resolution 

Soil –air temperature linear 

regression expression 
R2 

ACCESS-ESM1-5 250 km y = 0.9779x - 21.755 0.6316 

BCC-CSM2-MR 100 km y = 0.9676x - 21.536 0.7129 

CanESM5 500 km y = 0.8798x - 19.901 0.7268 

CNRM-ESM2-1 250 km y = 0.8801x - 18.251 0.7024 

CAMS-CSM1-0 100 km y = 0.6437x + 18.763 0.6896 

EC-Earth3-Veg 100 km y = 0.9704x - 21.481 0.5894 

IPSL-CM6A-LR 250 km y = 0.9764x - 21.627 0.5593 

MIROC6 250 km y = 1.1575x - 23.154 0.5184 

According to expressions in Table 2, the daily mean soil temperature at 10 cm depth in the 161 

moraine dam was extended forward using daily mean air temperature data from the CMIP6 official 162 

website for the period 2015–2099. The trend of the annual mean surface and 10 cm soil 163 

temperatures under the future scenarios of SSP1-2.6, SSP2-4.5, and SSP5-8.5 are shown in Figure 164 

3. 165 

 166 
Figure 3. Annual mean 10 cm soil temperature changes of the dam surface in future scenarios. Solid lines indicate 167 

the average temperature for all climate models; dashed lines are the temperatures for each model. 168 

We also used interferometric PS-INSAR to monitor the dam surface deformation. The data 169 

sources included 44 views of Sentinel-1A from 2017 to 2020 ascending orbit images processed by 170 

Gamma. The data source is shown in Table 3. 171 

Table 3  172 

Data source of the Sentinel-1A Ascending Orbit Images. 173 

Image Parameters Values 

Sensor S1A IW IW1 VV 

Date range 2017/03/12-2020/10/10 

Temporal resolution 12 days 

Center latitude 27.69°N 

Center longitude 88.42°E 

State vector interval 10 s 

Incidence angle 33.97° 

4 Methodology 174 

4.1 Model Description 175 

Numerical simulations of the soil temperature variation and freeze-thaw process in the 176 

Longbasaba moraine dam were carried out using COMSOL Multiphysics 5.6 software based on a 177 
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one-dimensional transient solid heat transfer interface in the heat transfer module (Figure 4). The 178 

calculated depth in this model was set to 50.0 m, with reference to the average thickness near the 179 

terminal section of the Longbasaba glacier (40.2–75.8 m) (He et al., 2021) and the height of the 180 

Longbasaba moraine dam (~100 m) (Wang et al., 2008). The material below 2.5 m was set as a 181 

mixture of gravel and buried ice to simulate the melting of buried ice inside the dam. The time step 182 

of the model calculation was 1 day, and the calculation grid cell was 1 cm (Figure 4). The basic 183 

inputs for the modeling procedure included the heat conduction equation, boundary and initial 184 

conditions, and soil hydrothermal parameters. 185 

 186 
Figure 4. Sketch map of the numerical model of one-dimensional heat transfer. 187 

COMSOL Multiphysics model was used in this paper, and the operations in the development 188 

of the heat transfer equation were simplified as follows: (1) when the soil is layered, the soil 189 

skeleton has no expansion or contraction deformation, and each layer is uniformly continuous and 190 

isotropic (Nixon&McRoberts, 1973); (2) the temperature distribution is smooth and continuous in 191 

both time and space (Harlan, 1973); (3) free thermal convection in frozen soil is negligible (Kane 192 

et al., 2001); (4) hydrothermal parameter changes are not considered owing to solute migration 193 

(Saito et al., 2007); and (5) when the soil is completely frozen, the unfrozen water is assumed to 194 

be a definite value (Harlan, 1973; Nixon&McRoberts, 1973); (6) when the buried ice melted into 195 

water in certain depth, of which the parameters of material is filled by soil’s due to the water 196 

flowing away. 197 

4.2 Model Set-up 198 

4.2.1 Heat Conduction Equation 199 

The heat transfer model of COMSOL Multiphysics is based on analysis of coupled heat–fluid 200 

transport in partially frozen soil (Harlan, 1973; Riseborough, 2004). The heat conduction of the 201 

soil medium and in situ phase change of ice and water were taken into account in the model, in 202 

which the latent heat of the phase change is regarded as the internal heat source (Tan et al., 2011). 203 

Owing to the low overall water content (4%) (Table 4), the effect of moisture convection heat 204 

transfer is ignored for the simplification of the model and can be regarded as solid heat transfer 205 
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(Taylor&Luthin, 1978). The one-dimensional transient heat transfer differential equation based on 206 

the heat transfer module of COMSOL Multiphysics was established as: 207 

𝜌𝐶
𝜕𝑇

𝜕𝑡
=

𝜕

𝜕𝑧
𝜆

𝜕𝑇

𝜕𝑧
+ 𝐿𝜃𝑖                (1)  208 

where ρ, λ, and C are the density, thermal conductivity, and heat capacity of the soil medium, 209 

respectively, T is the soil temperature, t is the time, z is the downward vertical coordinate, L is the 210 

mass specific latent heat of fusion for the water phase change (at 0 °C L = 333.7 kJ⋅ kg-1 and θi  is 211 

the rate of liquid water and ice content change induced by freezing or thawing. The effects of the 212 

air phase and radiation are neglected because the phase transition of water predominates in the 213 

process of energy conversion. 214 

4.2.2 Boundary and Initial Conditions 215 

The boundary and initial conditions are collectively referred to as the margin conditions. 216 

Boundary conditions indicate the mutual heat transfer between the soil and surrounding medium 217 

at the geometric boundary (Zhang et al., 2019). The upper boundary condition is a Dirichlet 218 

boundary condition, Ts for the daily mean near-surface 10 cm soil temperature time series. The 219 

climate time series CMIP6 scenario can also be integrated to simulate future scenarios. The lower 220 

boundary condition was set as a Neumann boundary condition with a heat flux (q). Heat exchange 221 

at the bottom of the dam was neglected, q = 0 W/m2 (thermal insulation) (Figure 4). 222 

The initial conditions indicate the temperature distribution of the soil at the instant the process 223 

begins (Riseborough et al., 2008). To obtain the initial temperature condition (T0), the temperature 224 

of the starting year was cyclically calculated for 1000 a, and when the temperature (−1.66 °C) at 225 

the lower part of the dam stabilized, it was selected as the T0 value of this model (Figure 5). 226 

 227 
Figure 5. Initial temperature field of this model. 228 

4.2.3 Hydrothermal  Parameters 229 

The Longbasaba Lake moraine dam is mainly composed of sandy soil and gravels with little 230 

difference in terms of material composition at depths from 0–2.5 m in summer with buried ice 231 

existing below 2.5 m depth, as indicated by a manually excavated profile (Wang et al., 2008). The 232 

hydrothermal state of the ground heat flux, temperature, and moisture content inside the moraine 233 

dam presented evident stratification at different depths of 0–0.5, 0.5–2.5, and below 2.5 m in the 234 

dam (Wang et al., 2018). 235 

The thermal conductivity (λ) of freeze-thaw soil is closely related to the material composition 236 

of the soil and can be calculated according to the thermal conductivity of the constituent substances 237 

and their corresponding volume ratios following: 238 
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𝜆𝑢 = 𝜆𝑠
𝜙1𝜆𝑎

𝜙2𝜆𝑤
𝜙3

                               (2) 239 

𝜆𝑓 = 𝜆𝑠
𝜙1𝜆𝑎

𝜙2𝜆𝑖
𝜙3

                                 (3) 240 

where λu  and λf are the thermal conductivity of the molten soil and frozen soil, respectively, λs, λa, 241 

λw, and λi are the thermal conductivity of soil, air, water, and ice, respectively, and ϕ1–ϕ3 are the 242 

volume ratios of the corresponding constituents. 243 

The volumetric heat capacity of the soil is calculated as: 244 

𝐶𝑢 = 𝐶𝑑𝑢𝜌𝑢                                             (4) 245 

𝐶𝑓 = 𝐶𝑑𝑓𝜌𝑓                                              (5) 246 

where Cu and Cf are the volumetric heat capacities of molten soil and frozen soil, respectively, Cdu 247 

and Cdf are the specific heats of molten soil and frozen soil, respectively, and ρu and ρf are the 248 

natural capacities (wet capacities) of molten soil and frozen soil, respectively (kg/m3). 249 

The main difference between frozen soil and thawed soils is the presence of ice. Experiments 250 

have shown that the specific heat of soil has the property of a weighted average by the mass of 251 

each material component (the content of gas-phase fillings in the soil and the specific heat are 252 

small and negligible), i.e., 253 

𝐶𝑑𝑢  =  
𝐶𝑠𝑢+𝑊𝐶𝑤

1+𝑊
                                  (6) 254 

𝐶𝑑𝑓 =
𝐶𝑠𝑓+(𝑊−𝑊𝑢)𝐶𝑖+𝑊𝐶𝑤

1+𝑊
                    (7)           255 

where Csu, Csf, Cw, and Ci are the specific heat values of the melt skeleton, frozen soil skeleton, 256 

water, and ice, respectively. As a rule, Cw=4.128 kJ/(kg∙°C), W is the water content, and Wu is the 257 

unfrozen water content. 258 

To determine the physical properties of the ground material, optimization-based inverse 259 

techniques are applied to fit the simulated temperatures to the measured ones (Nicolsky et al., 260 

2009). The Levenberg-Marquardt algorithm as implemented in the optimization module relies on 261 

two fundamental ideas: evaluation of an approximate Hessian and regularization of the Hessian 262 

approximation. The special structure of least-squares objective functions allows cheap evaluation 263 

of an approximate Hessian (matrix of second derivatives), which can in principle be used directly 264 

in a Newton iteration. The objective function is: 265 

𝑉(𝜂) =
1

2
∑ ∑ ∑ 𝜔𝑗𝑚𝑓𝑗𝑚

2 (𝑥𝑗𝑚𝑘𝑢𝑚(𝑥, 𝑝𝑗𝑚, 𝜂), 𝜂, 𝐶𝑚)
𝐾𝑗𝑚

𝑘=1
𝐽𝑚
𝑗=1

𝑀
𝑚=1            (8) 266 

where M is the number of series (measurement series), Jm is the number of measurements, Kjm is 267 

the number of points, the variable x is the space coordinates, η are the parameters for which the 268 

cost function should be minimized, and um (x,p,η) solves a given partial differential equation or 269 

ordinary differential equation, which refers to the heat conduction equation (1) in this study. The 270 

optimization tolerance was set as 0.01. Soil thermophysical properties of each layer were 271 

determined according to the reference value of national standard GB50324-2001 (2014) and model 272 

optimization. The parameters after Levenberg-Marquardt optimization are listed in Table 4. 273 

Table 4  274 

Soil Parameter Results after Optimization. 275 

Depth 

(m) 

Density, 𝜌 

(kg/m3) 

Volumetric 

water 

content (%) 

Thermal conductivity, λ 

W/(m·K) 

Volumetric heat capacity, C 

kJ/(m3·K) 

𝜌𝑠 𝜌𝑖  λu λf λ𝑖 Cu Cf C𝑖 

0-0.5 

1706 
- 3.95 

0.52 1.11 – 1463.7 1200.2 – 

0.5-2.5 0.65 1.52 – 1697.9 1317.3 – 

>2.5 920 - 0.78 – 2.18 1568.3 – 2100 

Note: Subscripted u and f denote the unfrozen and frozen states of the soil, while s and i denote the material of the 276 

soil and ice, respectively. 277 
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5 Results 278 

5.1 Model Verification 279 

In this study, the root mean square error (RMSE), and Nash-Sutcliffe efficiency coefficient 280 

(NSE) were used to evaluate the simulation accuracy (Wei et al., 2021; Zhao et al., 2016). The 281 

equations for the RMSE and NSE are as follows: 282 

𝑅𝑀𝑆𝐸 = √
∑ (𝑠𝑖−𝑜𝑖)2𝑁

𝑖=1

𝑁
                           (9) 283 

𝑁𝑆𝐸 = 1 −
∑ (𝑠𝑖−𝑜𝑖)2𝑁

𝑖=1

∑ (𝑠𝑖−𝑜̅)2𝑁
𝑖=1

                          (10)           284 

where si and oi are the simulated and observed values of the ith sample, respectively, 𝑜̅ is the mean 285 

of the observed value, and N is the number of samples. The RMSE emphasizes the variation of an 286 

error within an individual station, and the NSE reflects the degree of agreement between the 287 

simulated and observed values with time. 288 

 289 
Figure 6. Comparison of the soil temperature simulation results at depths of 30 cm (a), 60 cm (b), 100 cm (c), and 290 

150 cm (d) (Observation data are missing for 2016/9/24–2017/12/3 and 2018/9/29–2018/10/2 owing to capacity 291 

limitations of the data acquisition equipment). The observed zero-curtain periods were marked by light blue in (c) 292 

and (d). 293 

The results show that the RMSEs of the simulated and observed soil temperatures at 30, 60, 294 

100, and 150 cm depth are 1.58 °C, 1.18 °C, 1.07 °C, and 1.26 °C, respectively, and the NSEs of 295 

are 0.91, 0.93, 0.88, and 0.26 (Figure 6). The average RMSE of the four layers is 1.27 °C and the 296 

NSE layers vary from 0.66 to 0.93, which indicates a reasonable model simulation result. 297 

5.2 Simulation of Dam Freeze-Thaw Process 298 

The freeze-thaw cycle curves simulated by the heat transfer module of COMSOL 299 

Multiphysics showed that the thawing and freezing fronts intersected in early March to early April. 300 

From 1959 to 2020, the change of the active layer thickness (ALT) varied by 1.8–3.6 m, reaching 301 

a maximum of 3.6 m in 2019, and exhibited an overall increasing trend with an average annual 302 

thawing rate of 0.026 m/a, even though the active layer thickness decreased over a short period 303 

from the mid-1960s to 1970 (Figure 7). 304 
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 305 
Figure 7. Change of the active layer from 1959 to 2020 (YMTD, yearly maximum thawing depth; TYMTD, trend of 306 

yearly maximum thawing depth). 307 

In the future scenarios, a thawed layer developed in winter starting in ~2065 as the seasonal 308 

thaw depth in summer, which was permanently larger than the freeze depth in winter under 309 

scenario SSP1-2.6 (Figure 8a), and a permanent thawed layer shift appeared in ~2055 inside the 310 

moraine dam in scenarios SSP2-4.5 and SSP5-8.5 (Figure 8b, c). Thus henceforward, the moraine 311 

dam developed into an upper seasonal freeze-thaw layer, a middle permanently thawed layer, and 312 

a lower permafrost/ice layer. The seasonal freezing depth became increasingly shallow with hardly 313 

any cycle freeze-thaw processes occurred later in the century under scenario SSP5-8.5. 314 

 315 

 316 
Figure 8. Freeze-thaw process of Longbasaba Lake moraine dam under future scenarios SSP1-2.6 (a), SSP2-4.5 (b), 317 

and SSP5-8.5 (c) during this century. The dashed zero isotherm line indicates the melting depth of the buried ice. 318 
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5.3 Estimation of Buried Ice Melting Scenarios 319 

Buried ice melting occurs when the summer melt depth and thawing front increase in summer. 320 

The buried ice began to melt in ~1980 when the maximum thawing front in summer reached ~2.5 321 

m depth. The maximum melting depth has since deepened, reaching 3.5 m in 2020. In scenarios 322 

SSP1-2.6, SSP2-4.5, and SSP5-8.5, the maximum melting depth of the buried ice is expected to 323 

occur at average depths of 11.3, 18.4, and 23.5 m, respectively, indicating zero isotherm deepening 324 

inside the dam by the end of this century (Figure 8). The melting rates of buried ice are 0.05–0.09 325 

m/a with no significant difference among the SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios before 326 

the year 2050, while the melting rates accelerated to 0.14 to 0.33 m/a in the different scenarios 327 

during the second half of the 21st century. 328 

6 Discussion 329 

6.1 Uncertainties and Limitations 330 

Although the simulated and observed values are relatively similar, there remain some 331 

uncertainties in this model. For example, the lower boundary geothermal heat flow conditions of 332 

the dam are unknown owing to limitations of the observation conditions. These may be thermally 333 

insulated conditions or there may be fluxes that affect the overall results to some degree (Hu, 1992; 334 

Qin et al., 2017). In this paper, the bottom boundary conditions are assumed to be thermally 335 

insulated because (1) the dam is constituted by a secondary, covered moraine on the valley bed 336 

and (2) large, buried ice inside the moraine dam may be naturally thermally insulated material that 337 

keeps the geothermal heat flowing upward. The heat change caused by moisture migration was 338 

usually mutable and elusory in the loose moraine (Kane et al., 2001; Taylor&Luthin, 1978) and 339 

can be ignored when the observed soil moisture content is low (Zhao et al., 2008). This model does 340 

not consider convective heat transfer above 2.5 m depth because it was characterized by a low 341 

value (average ~4%) in the moraine dam of Longbasaba Lake compared with other frozen soil of 342 

the Tibetan Plateau (Wang et al., 2018). 343 

The errors between the simulated and observed values also show seasonal differences, 344 

characterized by smaller values in summer and relatively larger values in winter. This may possibly 345 

be related to presence of significant snow cover on the dam in winter, which reduces the correlation 346 

between the ground and air temperatures owing to its insulating effects (Haeberli et al., 2017b; 347 

Staub&Delaloye, 2017). The average water content value of each layer set in this model is also 348 

not a good solution for the error caused by latent heat when the soil undergoes a phase change, 349 

owing to large soil water content fluctuations with seasonal changes. For example, in 2013–2015 350 

at 1.0 m and 1.5 m, the observed three zero-curtain periods occurred during late October to early 351 

February of the following year, whereas the simulated soil temperature varied by -0.13 to -3.27 °C 352 

over the same time interval. This indicates that the simulation failed to capture this change process 353 

owing to insufficient consideration of latent heat (Figure 6c, d). 354 

The upper boundary conditions of this model depend on the temporal and spatial correlation 355 

of the soil and air temperatures at appropriate scales. The output was reduced using a regional-356 

scale atmospheric model, and a stepwise multiple regression was then performed to create an 357 

equation that best fits the predictions to site-specific observations using the bilinear interpolation 358 

output of the atmospheric model (Zhang et al., 2012). This approach bridges the scale difference 359 

between atmospheric climate models and permafrost thermal models, and allows a wider range of 360 

factors to be used for predicting thermal boundary conditions. By constructing such an 361 
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atmosphere–permafrost model, it can then be used to predict changes in boundary condition 362 

parameters under different future greenhouse gas emission scenarios (e.g., CMIP6). 363 

6.2 Deteriorating Stability of the Moraine Dam 364 

Climate-induced changes in the permafrost environment have recently been reported to be 365 

widespread and accelerating in the Tibetan Plateau (Jin et al., 2021; Liu et al., 2022; Ni et al., 366 

2021b). The simulation results indicate that the ALT presented an annually increasing trend from 367 

1959 to 2020 in the moraine dam of Longbasaba Lake (Figure 7), showing an intensified 368 

permafrost degradation trend of the moraine dam since the 1980s in response to rising air 369 

temperature. A permanent thaw layer inside the dam developed that was deemed likely to progress 370 

into dam seepage after the year 2055–2065, and would gradually thicken under scenarios SSP2-371 

4.5 and SSP5-8.5 in this century. With the increasing maximum thawing depth of the Longbasaba 372 

Lake moraine dam, the capacity for water blocking and anti-piping of the moraine dam would 373 

decrease, while the outflow would increase as the thawed moraine becomes more prone to erosion 374 

than the frozen moraine, which would reduce the dam body stability (Wang et al., 2008; 2018). 375 

For example, the outlet shape of Longbasaba Lake in 2006 was ~2 m wide and ~1 m deep. This 376 

expanded to ~5 m wide and ~3 m deep in 2020, as indicated by a rough in situ survey (Figure 9). 377 

 378 

 379 
Figure 9. Outlet of the Longbasaba Lake moraine dam was evidently expanding. 380 

 381 

Buried ice in the dam has melted, as evidenced by the deepening of the thaw front in summer, 382 

to reach or even exceed the depth of buried ice in recent decades. This process is predicted to 383 

accelerate in the future, resulting from the annual positive surplus of heat reaching the inner 384 

moraine dam (Wang et al., 2018). As buried ice melts, the thermal-karst development and viscous 385 

flow would likely increase in the moraine dam and the probability of the dam’s failure would 386 

increase. On the other hand, the buried ice melting and permafrost thaw would likely produce 387 

considerable thaw settlement and surface subsidence at sites with ice-supersaturated materials 388 

inside the moraine dam. The Longbasaba moraine dam caved in with a maximum sinking rate of 389 

0.15 m/a from 2017 to 2020 according to interferometric PS-INSAR monitoring (Figure 10). It 390 

can be inferred that there existed an intrinsic link between dam sinking and buried ice melting 391 

(Astakhov et al., 1996). If the maximum rate is maintained, the average water depth may decrease. 392 

Such surface subsidence related to buried ice melting in the moraine dam may affect lake water 393 

levels and consequently the ability to hold melting water from the Longbasaba glacier. 394 
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 395 
Figure 10. Deformation detection of the Longbasaba moraine dam (positive values represent uplift, negative values 396 

represent subsidence). 397 

7 Conclusions 398 

Simulations were conducted on the freeze-thaw process of a moraine dam of Longbasaba 399 

Lake using COMSOL Multiphysics software and multi-source data, and the melting rate of interior 400 

buried ice was estimated. The soil temperature field of the moraine dam is well simulated using 401 

the COMSOL Multiphysics heat transfer module with errors vary from 1.07 °C to 1.58 °C, with 402 

an average root mean square error of 1.27 °C compared with observed soil temperatures of 403 

different layers. The ALT increased from 1959 to 2020, with an average annual thawing rate of 404 

0.026 m/a. The melting of buried ice in the dam has evidently occurred since 1980 and is expected 405 

to accelerate in the future. A thawed layer began to develop in winter since the year of 2055-2065 406 

as seasonal thaw depth in summer was permanently larger than the freeze depth in winter. The 407 

maximum melting depths of the buried ice are expected to be 11.3 m, 18.4 m and 23.5 m by the 408 

end of this century in scenarios SSP1-2.6, SSP2-4.5, and SSP5-8.5, respectively. An increase of 409 

the maximum thawing depth and acceleration of buried ice melting in the Longbasaba Lake 410 

moraine dam will reduce the capacity of the dam for water blocking and reduce anti-piping and 411 

erosion prevention, which will consequently further destabilize the dam body.  412 

 413 
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