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Abstract. Permafrost thaw subsidence threatens infrastructure across Arctic and high-altitude regions and alters local
hydrology. However, predicting the magnitude and rate of this deformation remains difficult due to the complex mechanical
behavior of heterogeneous ground ice. Existing land surface models (LSMs) typically represent subsidence as a simplified
geometric volume loss, omitting the transient dissipation of pore water pressure. Conversely, highly detailed geotechnical
models are computationally expensive, making them impractical for multi-decadal, climate-scale simulations. To resolve
these limitations, we developed ThawCoupler-1D (v1.0), a physically-based, computationally efficient finite-difference
model designed to simulate thaw subsidence across highly variable ground-ice conditions. The model implements a
threshold-based algorithm that switches between two settlement modes based on the initial void ratio: (1) large-strain thaw
consolidation for porous soil matrices, governed by coupled heat transfer and pore water pressure dissipation; and (2)
volumetric collapse for massive ice bodies (e.g., ice wedges), governed by phase-change kinetics and structural failure. The
model utilizes a vectorized numerical scheme with an adaptive time-stepping algorithm constrained by the Courant-
Friedrichs-Lewy (CFL) condition, allowing stable multi-decadal simulations at sub-daily and millimeter-level resolutions.
We verified the model against analytical benchmarks and evaluated its performance using in situ borehole observations from
the Beiluhe basin on the Qinghai-Tibet Plateau. The results show that ThawCoupler-1D reproduces the seasonal zero-curtain
effect in thermal profiles and captures the non-linear settlement dynamics of both segregated and massive ground ice.
Projections under CMIP6 scenarios indicate a critical thermal threshold, beyond which massive ice undergoes rapid
volumetric collapse. This open-source code provides a tool for investigating thermo-mechanical feedbacks in degrading

permafrost landscapes and improving sub-grid parameterizations in Earth System Models (ESMs).
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1 Introduction

Permafrost, defined as ground remaining at or below 0 °C for at least two consecutive years (Dobinski, 2011), underlies
vast regions of the Arctic, Subarctic, and the Qinghai-Tibet Plateau (Obu et al., 2019; Yin et al., 2021a). A key feature of
these areas is the prevalence of excess ground ice (i.e., ice volumes exceeding the natural pore space of the soil matrix),
which is particularly abundant in syngenetic permafrost formed in cold depositional environments (Gilbert et al., 2016;
French, 2007). Climate-driven ground warming and subsequent permafrost degradation have been widely documented across
high-latitude and high-altitude regions (Biskaborn et al., 2019; Smith et al., 2022). Thawing of the ice-rich terrain leads to
phase-change volume loss, manifesting as surface subsidence and thermokarst development in flat landscapes (Kokelj and
Jorgenson, 2013; Streletskiy et al., 2025). This process threatens infrastructure integrity(Hjort et al., 2022; Jin et al., 2024) )
and alters local hydrology and ecosystem functions (Walvoord and Kurylyk, 2016; Creel et al., 2024). The magnitude and
rate of subsidence depend heavily on the cryostratigraphy. While the melting of pore and segregated ice leads to time-
dependent soil consolidation, the degradation of massive ice bodies (e.g., ice wedges or thick lenses) triggers rapid structural
collapse (Kokelj and Jorgenson, 2013). Resolving this mechanical heterogeneity is therefore necessary for reliable long-term
projections of permafrost hazards (Nitzbon et al., 2020). However, direct, continuous, high-resolution measurements of
subsidence are often logistically constrained and costly in remote environments (Gruber, 2020; O’ Neill et al., 2023;
Streletskiy et al., 2025). This observational gap limits regional-scale settlement quantification and highlights the need for
physically-based numerical models to translate point-scale observations to larger spatial scales.

Although numerical models have advanced the understanding of permafrost thermal dynamics in a warming world (e.g.,
Clow, 2018; Langer et al., 2024; Zhao et al., 2025), simulating thaw subsidence remains difficult due to the non-linear
coupling of heat transfer, phase-change kinetics, and large-strain soil deformation (Westermann et al., 2016). For regional
assessments, studies have historically relied on the Stefan equation paired with empirical thaw-strain metrics (Nelson et al.,
2001; Yin et al., 2023). While computationally inexpensive, these static methods neglect the time-dependent physics of soil
consolidation and the thermal feedback associated with soil compaction. To evaluate subsidence under climate change
scenarios, excess-ice parameterizations have been integrated into process-based land surface models (LSMs), such as the
Community Land Model (CLM) (Lee et al., 2014; Lawrence et al., 2019), CryoGrid 3 (Westermann et al., 2016; 2023), and
the Advanced Terrestrial Simulator (ATS) (Painter et al., 2016). These models simulate macro-scale energy balances and
biogeochemical cycles but represent the mechanics of subsidence via a simplified "geometric volume removal" strategy. By
assuming instantaneous water drainage and surface lowering upon thawing, these models bypass the transient consolidation
of the soil skeleton. This simplification can lead to overestimates of early-stage settlement rates in fine-grained, low-
permeability soils (e.g., silty clays) and omits the dynamic feedback between soil densification and bulk thermal
conductivity. Conversely, geotechnical finite-element models (e.g., Dumais and Konrad, 2017; Yu et al., 2020) solve large-
strain thaw consolidation equations with high mechanical rigor, but their high computational cost restricts them from multi-

decadal, climate-scale applications. Furthermore, finite-element formulations often encounter numerical singularities, known
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as the "vanishing element" problem, when simulating the complete depletion of massive ice bodies, leading to numerical
divergence.

Predicting the long-term trajectory of permafrost under future warming scenarios (e.g., CMIP6) presents additional
difficulties. Traditional thermal models often project a gradual, linear increase in thaw depth. However, ice-rich permafrost
possesses substantial thermal inertia due to latent heat buffering. This buffering can mask ongoing subsurface degradation
until a thermal threshold is breached, after which abrupt volumetric collapse occurs (Jorgenson et al., 2015; Painter et al.,
2023). Capturing this non-linear, threshold-driven tipping point is critical for infrastructure risk assessment but remains
simplified in existing climate-scale modeling frameworks.

To resolve these competing limitations, we developed ThawCoupler-1D, a physically-based numerical model designed
for the computationally efficient simulation of heterogeneous permafrost thaw settlement. The model implements a dual-
mechanism coupling scheme within a Lagrangian moving-mesh framework. Using a threshold-based criterion governed by
the initial void ratio, ThawCoupler-1D dynamically switches between large-strain consolidation equations (for soil matrices)
and volumetric collapse logic (for massive ice).

ThawCoupler-1D is implemented as a fully vectorized finite-difference scheme. This structure avoids nested loop
iterations, enabling efficient calculations across the entire soil profile. Combined with an adaptive time-stepping algorithm
constrained by both thermal and hydraulic diffusivities, the model maintains numerical stability while maximizing
calculation speed, making it suitable for multi-decadal projections. The objectives of this paper are to:

(1) Detail the mathematical formulation and numerical implementation of ThawCoupler-1D;

(2) Verity the model against analytical solutions to ensure numerical accuracy and mass-energy conservation;

(3) Evaluate the model’s performance using borehole observations from the Beiluhe basin on the Qinghai-Tibet Plateau,

demonstrating its capability to simulate ground temperatures, active-layer dynamics, and differential thaw settlement.

2 Model Description

The ThawCoupler-1D model couples transient heat transfer with an updated Lagrangian framework for soil
consolidation. The model domain is discretized into vertical control volumes (layers) where thermal properties and layer

thicknesses are dynamically updated at each numerical time step.

2.1 Thermal dynamics

The thermal regime of the soil column is governed by the one-dimensional Fourier heat conduction equation, modified
to incorporate the latent heat of fusion during phase transitions. To resolve the non-linearity associated with phase change
without explicitly tracking the moving boundary (the Stefan problem), we employ the apparent heat capacity (AHC)

formulation (Bonacina et al., 1973):
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where T is the temperature (°C). ¢ is time (s), and z is the vertical spatial coordinate (m). 4, is the effective  thermal

conductivity (W m 'K ™), and C is the volumetric apparent heat capacity (J m 2K ™).

The apparent heat capacity incorporates the sensible heat of the soil matrix and the latent heat contribution:

9,
Ca])ll = C’ss’nsible + L a_; (2)
Csens[b/e = (1 - n)CS +n (ﬂ Cw + (1 - ﬁ )Cl ) (3)

where Cs, Cy, C: are the volumetric heat capacities of solid soil grains, water, and ice, respectively. n is the porosity. L is the
volumetric latent heat of fusion (J m™), which is scaled by the total water content of the respective layer.

The phase change of pore water in soils occurs across a temperature range rather than at a singular point due to capillary
and adsorption forces. The model defines a phase change interval between a freezing point depression (typically —0.2 °C)

and the transient melting point Tyguia (0 °C). The liquid water fraction, fz, is parameterized as a linear function within this

range:
1 r> Tliquid (0 OC)
T-T, solid
fL(T): - _ 7 Tmlid <T< Tliquid (4)
Tliquid Tmlid
0 T< Ty (<0.2 °C)

where Tiiguie—=0 °C and Tioiia = —0.2 °C for the standard parameterization. This formulation ensures a smooth release of latent
heat and provides a numerical buffer that stabilizes the adaptive time-stepping algorithm.

The effective thermal conductivity 4, is parameterized using the geometric mean method (Johansen, 1975):

g = A AR 5)

where A 4,, 4; are the thermal conductivities of soil grains, water, and ice. Crucially, as the soil consolidates (see Section 2.2),

the porosity n decreases, leading to a dynamic update of 4., thereby capturing the thermo-mechanical feedback.

2.2 Mechanical framework

Unlike conventional models that rely on semi-empirical thaw-strain correlations, ThawCoupler-1D implements a
coupled mechanical framework based on the one-dimensional consolidation theory of Morgenstern and Nixon (1971). The
deformation behavior is determined by the effective stress principle and the dissipation of excess pore water pressure.

A key distinction in ThawCoupler-1D is the separation of reversible seasonal deformation from irreversible permafrost
degradation. In natural settings, the active layer undergoes cyclic frost heave in winter and subsequent thaw settlement in
summer, resulting in a net-zero annual volume change under stable climate conditions (Gruber, 2020). Geotechnically, the

active layer behaves as an overconsolidated material, whereas the underlying ice-rich permafrost is structurally supported by
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ground ice (Figures la-b). To prevent cumulative numerical artifacts from seasonal freeze-thaw cycles without requiring a
computationally intensive frost-heave module, the model employs a virgin thaw tracking algorithm. Excess pore water
pressure generation and subsequent large-strain consolidation are only initiated when the thermal front penetrates beyond the

historical maximum active-layer depth (i.e., thawing intact permafrost for the first time).

(a) Pore and segregated ice (b) Massice ice

s v, -
e —— R

(d) Volume collapse mode

(c) Thaw consolidation mode

Active layer

meit +Consolidation

1 Active layer

AS= Consolidation

1 AS

o°c s Massive ice / Pure ice layer 4
= e
R bt

i Fémfa&éﬁ

@ Supported by soil skeleton ® soil skeleton+ structural collapse
@ Settlement controlled by hydraulic conductivity @ Settlement controlled by melting and hydraulic
conductivity

Figure 1. Schematic diagram of the physical model. (a) Core sample for pore and segregated ice in permafrost, (b) Photo of a retrogressive
thaw slump showing massive ice layer in permafrost, (c) Thaw consolidation mode for ice-rich/poor permafrost, (d) volume collapse mode
for massive ice permafrost.

To accommodate large strain (up to 50%) without solving the highly non-linear partial differential
equation,. ThawCoupler-1D implements an updated Lagrangian approach where the coordinate system moves with the soil

skeleton. The fundamental state variable is the void ratio (e), related to porosity by n = ﬁ

For soil layers where ground ice is segregated within the soil matrix (defined by e < ej,,.05h01)> Settlement is governed
by the expulsion of excess pore water (Figure 1¢). Upon thawing, the ice matrix melts, and the total overburden stress (o) is

transferred to the pore fluid, generating excess pore water pressure (u). The dissipation of this pressure is modeled as:

ou_, ou
o o ©
where c, is the coefficient of consolidation (m?> ), defined as:
k
¢, = m—yw @)

where k is the hydraulic conductivity (m s'), m, is the coefficient of volume compressibility (Pa™'), and 7, is the unit
weight of water. As pore pressure dissipates (Au), the effective stress on the soil skeleton increases, resulting in volumetric
strain (Ag):

Ae=m, -Au 3
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This strain results in the reduction of layer thickness (Az) and the updating of the void ratio (e):

Con = €0 —AE(l+e,,) )

new

For layers identified as massive ice (e.g., ice wedges or thick pure ice bands, where e > e,c510 = 500), the soil
skeleton concept is invalid (Figure 1d). The threshold value of 500 corresponds to a porosity of approximately 99.8%,
representing near-pure ice. This boundary is mathematically necessary. For massive ice, the coefficient of volume
compressibility (Eq. 7) approaches zero (m,— 0), which causes an infinite ¢, (— o). Consequently, the explicit stability
criteria (Eq. 14) would dictate a vanishingly small time step (A#—0), and induce numerical deadlock. Physically, these pure-
ice control volumes bypass the consolidation solver. When the thermal module detects phase change in these elements, the
model activates a volumetric collapse algorithm. Under free drainage assumptions, the settlement (AS) is calculated as the

thickness of the melted portion:
AS

collapse = AZmelteaf (10)
To prevent non-physical pore pressure accumulation in free water, the excess pore pressure u for these nodes is set to

zero, acting as an internal drainage boundary for the underlying soil.

2.3 Numerical implementation

The coupled equations are solved using a finite difference method (FDM) implemented in MATLAB. To maintain
physical fidelity while ensuring the computational efficiency required for multi-decadal simulations, ThawCoupler-1D
employs a fully vectorized explicit scheme coupled with an adaptive time-stepping algorithm.

The soil domain is discretized into N vertical control volumes. In our Lagrangian framework, the mass of solid
particles within each control volume i remains constant (m,; = ps(1—n;)Az; = Constant), while the volume (and thus layer
thickness Az;) varies due to consolidation. Unlike traditional iterative solvers that employ loop structures to update nodal
states, ThawCoupler-1D utilizes matrix vectorization, leveraging modern CPU SIMD (Single Instruction, Multiple Data)

instructions to minimize interpretation overhead in MATLAB. The explicit update for the thermal field is computed as::
T =T + (T, - 2T + T, (11)

i+l

where ° denotes the Hadamard (element-wise) product. and the stability coefficient vector f# is derived dynamically at each

step:
A, A
p=—=2. _tz (12)
c,, (42)
This vectorized approach handles highly heterogeneous stratigraphy where material properties vary abruptly between
layers.

Explicit finite difference schemes are conditionally stable, governed by the Courant-Friedrichs-Lewy (CFL) condition.

In a coupled thermo-mechanical problem, stability is constrained by the faster of the two physical processes: heat diffusion
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or pore pressure dissipation. To ensure numerical stability while maximizing calculation speed, we implemented a Dual-
Criterion Adaptive Time-Stepping algorithm. At the beginning of each iteration, the maximum permissible time step (Af?) is

calculated as:

. 0.5(Az)? Ay
Atthermal = mln(o 5( Z) J’ ath = - (13)
ath app
2
Aty = min [Mj 6= —— (14)
¢, mv e w
At = min(Atthermal > At(fom'ul > Atuserilimit) (15)

This logic allows the model to dynamically adjust its temporal resolution. During periods of rapid phase change
(spring thaw) or high hydraulic gradients, Atz automatically reduces to seconds or minutes to prevent numerical oscillation.
During stable frozen periods (winter), Az expands to hours, accelerating the simulation.

The coupling between the thermal and mechanical modules is handled sequentially within each time step. The
algorithm proceeds as follows (Figure 2) :

Step 1: Update parameters. Calculate dynamic properties (4, k, Cyyp,) based on the current temperature 7" and void
ratio e.

Step 2: Time step calculation. Compute optimal Az using Eq. (15).

Step 3: Thermal solution. Solve the heat equation (Eq. 1) to obtain 7t"A/,

Step 4: Phase change check. Identify nodes transitioning from frozen to thawed states. If pore ice (e < e eshoit), add
effective overburden stress to the pore pressure vector u. If massive ice (e > ey,esmoir )> trigger volumetric collapse logic,
calculate settlement AS,., immediately, and reset u,=0.

AL and calculate

Step 5: Mechanical solution. Solve the consolidation equation (Eq. 6) to update pore pressure u
consolidation settlement AS,,,,s0/-

Step 6: Grid update (Lagrangian). Update layer thickness Az and void ratio e based on total strain:
Az N=AZ(AS e+ AS congon) -

This sequential coupling ensures that the thermal properties used in the next step reflect the densification of the soil,
closing the thermo-mechanical feedback loop. All model paramater definitions and values can are listed in Table 1.

To verify the numerical stability and conservation of the sequential explicit coupling scheme, we monitored both the
mass and energy balances of the system at each time step. First, mass conservation is strictly maintained by the Lagrangian
grid formulation. The total volume of water expelled via consolidation matches the integrated strain across the thawed
domain to machine precision ( < 10" m), eliminating mass leakage. Second, energy conservation during phase change is
ensured by integrating the apparent heat capacity (Cqpp) curve. The sequential coupling uses a conservative safety factor of

0.5 in the CFL criteria (Eq. 13-15). This ensures that the dynamic update of the grid coordinates (Az) and bulk properties (k.z,
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Capp) does not introduce operator-splitting instabilities. Numerical testing across varied spatial resolutions (Az = 0.01 to

0.10m) confirmed that the solver converges monotonically without artificial energy drift.

Update Parameters

Kot step (Read g;, m,, k, Tp)

Step1

h 4

\

Time Step Calculation

(Adaptive Step df) Step 2

h 4

Thermal Solution
(Update thermal field | Step3

n

S

Step 4

Phase Change
Check

No (Freeze)

Yes (Thaw)

Thaw Consolidation Volumetric collapse

Step5
Massive ice check
(ep> threshold )

® Calculate superporous
water pressure
@ Solve consolidation

® Settlement=Melting
Volume
® Poresizeisresetio0

equation
Step 6
e N
Grid Update
B (Z_new=Z_old - AS) <
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. J
v
( Step7 k
R SRR R S R AR Output/Next step <
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205  Figure 2. Workflow diagram of the ThawCoupler-1D model.
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Table 1. List of physical constants and model parameters used in ThawCoupler-1D.

EGUsphere\

Symbol Parameter Description Value / Range Unit Source / Note
Pw Density of water 1000 kg m Standard
Physical pi Density of ice 917 kg m3 Standard
Constants Y Unit weight of water 9810 Nm? = pwg
Lyer Volumetric latent heat (pure water) 3.34x10% Jm3 Standard
G, Specific gravity of soil solids 2.70 - Mineral soil
Cs Volumetric heat capacity (solids) 2.0x10° Jm3K-! Langer et al. (2024)
Cw Volumetric heat capacity (water) 4.18x10° Jm3K! Standard
Ci Volumetric heat capacity (ice) 2.09%10° Jm3 Kt Standard
As Thermal conductivity (solids) [3.0,4.0] W m! K-! Quartz-rich
P£2;2I2?615 Aw Thermal conductivity (water) 0.57 W m! K-! Standard
Ai Thermal conductivity (ice) 22 W m'K! Standard
AT nushy Phase change interval 0.2 K [-0.2,0]°C
nr Freezing n-factor [0.6, 0.9] - Site-dependent
n Thawing n-factor [0.9, 1.2] - Site-dependent
my Coeff. of volume compressibility [1.0x107, 8.0x10] Pa'! Stratigraphy-dependent
Mechanical eo Initial VOiFl ratio [0.5,3.0 (>500)] - Stratigraphy-dependent
Properties n Porosity [0.30, 0.70] - n=-eop/ (I+ep)
k Hydraulic conductivity [1.0x107, 1.0x107] ms! Stratigraphy-dependent
Cuhreshold Threshold for massive ice 500 - Numerical criterion
Az Vertical grid resolution 0.05 m Lagrangian (Initial)
. Atmin Minimum time step 1104 day Adaptive
Numerical . . .
Settings Atmax Maximum time step 0.5 day Adaptive
Zbot Lower boundary depth 15.0 m Heat flux = 0
Thot Lower boundary temperature [-1,-2.5] °C Dirichlet BC
3. Model Verification

A rigorous hierarchical verification protocol was designed to evaluate the numerical accuracy and physical consistency

of ThawCoupler-1D before applying it to complex field conditions. Validating coupled thermo-mechanical models is

challenging, as standard analytical solutions typically assume static boundaries and decoupled physics. We therefore

implemented a three-stage verification strategy to isolate, evaluate, and couple the individual numerical modules.

3.1 Thermal verification with the Neumann Problem

To verify the numerical accuracy of the heat transfer solver and the apparent heat capacity (AHC) formulation, the

model was benchmarked against the exact Neumann analytical solution for a semi-infinite freezing/thawing medium

(Kurylyk and Hayashi, 2016). To satisfy the mathematical assumptions of the analytical solution, the numerical model was

decoupled from the mechanical module by setting the coefficient of volume compressibility to near zero (m,~0). The non-

9
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linear thermal property updates (the Johansen method) were bypassed, and the thermal conductivities of all phases (soil,
water, ice) were fixed to a constant value. A step-change temperature boundary condition (Zinitiat < 0 °C, Tsurface > 0 °C) was
applied. The numerical performance was evaluated by calculating the Root Mean Square Error (RMSE) and Mean Relative
Error (MRE) between the simulated thaw depth and the exact theoretical trajectory, which dictates that thaw depth
propagates proportionally to the square root of time (X°<+/t) (Text S1).

The simulated thaw depth exhibits close agreement with the Neumann analytical solution, yielding an RMSE of 0.0178
m and an MRE of 3.22% over the verification period (Figure 3a). This sub-centimeter accuracy demonstrates that the
vectorized finite-difference scheme and the AHC formulation correctly conserve energy and track the moving phase

boundary without numerical oscillation.

3.2 Mechanical Linearity Verification with Morgenstern-Nixon Theory

The mechanical module was verified against the classical Morgenstern-Nixon (1971) one-dimensional thaw
consolidation theory. According to this theory, under a constant thermal boundary condition, the resulting thaw settlement (.S)
in a homogeneous, saturated soil column must evolve linearly with the square root of time (S°<+/7). In this test, compressible
soil parameters were restored (my= 5.0x 10° Pa’!), and a constant surface warming was applied. The fidelity of the
mechanical solver was evaluated by applying a linear regression to the simulated settlement versus+/z and calculating the
coefficient of determination (R?) (Text S1).

The simulated thaw subsidence demonstrates a linear relationship with the square root of time (R’ = 0.966; Figure 3b),
aligning with the Morgenstern-Nixon formulation. The minor non-linear lag observed during the initial steps reflects the
transient buildup and subsequent dissipation of pore water pressure before reaching the quasi-steady state, capturing the

physical process of hydrodynamic retardation.

3.3 Thermo-mechanical coupling feedback and algorithm sensitivity

The third stage evaluated the dynamic feedback between soil deformation and thermal propagation enabled by the
Lagrangian moving-mesh framework. As ice-rich permafrost thaws and consolidates, the physical thinning of the soil layers
and the reduction in porosity (n) alter the bulk thermal conductivity, thereby affecting the subsequent heat transfer rate.To
demonstrate this feedback, we conducted a comparative experiment: (1) an uncoupled (static grid) simulation where soil
deformation was disabled (m, =~ 0), serving as a baseline thermal diffusion scenario, and (2) a coupled (dynamic grid)
simulation utilizing a highly compressible soil parameter (m, = 2.0x 10 Pa’!) to accentuate the consolidation process.

The coupled dynamic simulation exhibited a shallower apparent thaw depth (distance from the subsiding surface to the
thaw front) compared to the uncoupled static simulation (Figure 3c). This difference is a geometric consequence of the
Lagrangian mesh update. As the thawing soil layers consolidate, the vertical dimensions of the mesh elements shrink. This

geometric compaction reduces the apparent active-layer thickness relative to the subsiding surface, even though the absolute

10
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thermal propagation relative to a fixed datum is enhanced by the increased thermal conductivity of the densified soil matrix
(Section 6.1).

To evaluate the robustness of the threshold-based dual-mechanism algorithm, we conducted synthetic sensitivity
simulations representing three archetypal ground-ice structures: ice-poor, ice-rich, and massive-ice profiles. Driven by a
uniform atmospheric warming trend, the model yielded distinctly divergent deformation trajectories. The responses ranged
from progressive, linear consolidation (for pore ice) to abrupt, step-wise structural collapse (for massive ice). These
controlled experiments confirm that the initial void ratio threshold criterion effectively transitions the numerical solver
between continuum and discontinuum mechanics, allowing the model to resolve the non-linear mechanical heterogeneity of

permafrost degradation (Text S2).

0ol @)

Settlement (cm)

©  ThawCoupler-1D
Neumann Analytical

Model Output

RMSE = 0.0178 m = = =Linear Fit (Theory)

Mean Rel. Error = 3.22% ’ Linearity R? = 0.9662

0 20 40 60 ) 80 100
Square Root of Time (vdays)

0 5 10 15 20
Square Root of Time (Vdays)

Uncoupled (Static Grid)
Coupled (Dynamic Grid) 1

0 100 200 300 400
Time (days)

Figure 3. Model verification with analytical solutions.(a) Thermal verification with Neumann problem, (b) Mechanical verification with
Morgenstern-Nixon theory, (c) Coupled feedback effect.

4. Model application to the Beiluhe basin
4.1 Study site and geocryological conditions

The Beiluhe basin (34.83°N, 92.93°E) is located in the hinterland of the QTP (Figure 4a).This area is underlain by

continuous permafrost, characterized by an average elevation of 4,628 m a.s.l. and a semi-arid continental climate. The mean

11
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annual air temperature (MAAT) ranges from—3.8 °C to —2.9 °C (Figure 4b), and the permafrost thickness varies between 20
and 80 m (Yin et al., 2017). Field monitoring by Lin et al. (2019) characterizes the permafrost here as "warm" (mean annual
ground temperature between —1.5 °C and —0.5 °C), with ground-ice distribution exhibiting strong spatial heterogeneity
largely controlled by local vegetation and lithology (Text S3; Lin et al., 2020).

To capture this spatial heterogeneity and evaluate the model's performance under different conditions, we defined three
representative stratigraphic scenarios based on comprehensive borehole datasets from the basin (Table 2). These scenarios
correspond to the dominant land cover types and ground-ice patterns found across the QTP (Figures 4c-e). The in situ
datasets used to parameterize and validate these scenarios include vertical soil temperature and moisture profiles (at 0, 0.1,
2.5, and 5.0 m depths), air temperature (2 m above ground), soil texture, and measured ice content. While the continuous air
temperature records span from 2006 to 2025, most subsurface measurements cover the 2016—2025 period. These field data

serve as the basis for both generating the local meteorological forcing and evaluating model performance.
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Figure 4. Study area and scenario configurations.(a) Location of the Beiluhe Basin on the Qinghai-Tibet Plateau. (b) Mean annual air
temperature (MAAT) trends in the Beiluhe Basin from 1980 to 2100 under SSP1-2.6 and SSP5-8.5 scenarios. Representative site
conditions for (c) Scenario A (Alpine desert, ice-poor), (d) Scenario B (Alpine meadow, excess-ice), and (e) Scenario C (Swamp meadow,
massive-ice).

4.2 Meteorological forcing data

To drive the model over a multi-decadal timescale (1980 — 2100), we developed a continuous, hybrid daily
meteorological forcing dataset. Because in situ observations are temporally limited, we applied a bias-correction approach to
merge historical reanalysis data with future climate projections.

For the historical period (1980—2024), baseline daily air temperatures were extracted from the China Meteorological
Forcing Dataset (CMFD) (He et al., 2020). To correct for systematic biases caused by coarse spatial resolution and elevation
discrepancies, we established a linear transfer function using the overlapping period (2016 —2024) between the nearest

CMFD grid cell and the local automatic weather station (AWS) at Beiluhe.
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For future projections (2025—-2100), we used outputs from the AWI-CM-1-1-MR model under the SSP1-2.6 (low
emissions) and SSP5-8.5 (high emissions) scenarios, as this model has shown superior performance in capturing historical
temperature trends on the QTP (Chen et al., 2022b). To avoid artificial climate jumps at the historical-to-future boundary
(2024/2025), we applied a trend-preserving monthly bias correction (Cannon et al., 2015). Specifically, we quantified the
systematic bias of the global climate model by calculating the monthly climatological offset between its projections and the
bias-corrected CMFD data during a decadal overlapping window. Subtracting this offset from the entire future time series
ensures a seamless transition while strictly preserving the interannual variability and secular warming trends inherent in the
SSP scenarios (Figure 4b).

Finally, the corrected daily air temperatures (7,) were converted to upper-boundary ground surface temperatures (75)
using site-specific freezing and thawing n-factors (ny, n/). These empirical factors account for the distinct surface energy
balances governed by vegetation and snow cover at each site (Table 2; Lin et al., 2019).

Table 2. Stratigraphic and physical parameters for the three simulated scenarios in the Beiluhe basin. Parameter selection is based on field
data from Lin et al. (2019, 2020).

Depth Layer description Void ratio Compressi_‘tl)ility Permeabi{iltyk Latent h_e3at
(m) (en) (my, Pa™") (k,kms ™) (L,Jm™)
Scenario A: Alpine desert and ice-poor, ni/nr=1.15/0.90
0-10 Homogeneous 0.45 2.0x10"7 1.0 x10 ¢ 7.0x107
Scenario B: Alpine meadow and ice-rich, n/ns= 0.85/ 0.65
0-2.0 Active Layer 0.8 1.0 x10 1.0 x10 7 1.5 x108
2.0-5.0 Excess-Ice 1.85 6.0 x10 - 5.0 x10 7 2.5 x10%
5.0-10 Deep 0.6 1.0 x10 6 1.0x108 1.2 x108
Scenario C: Swamp meadow and massive-ice, n/ns=0.95/0.7
0-2.0 Overburden 1.2 2.0 x10 -6 5.0 x10 -8 1.8 x108
2.0-5.0 Massive Ice 1000 / 0 3.3 x108
5.0-10 Deep 0.8 1.0 x10 6 1.0 x10° 1.4 x108

4.3 Model setup and site-specific parameterization

To evaluate the model's capability across diverse cryolithological conditions, we parameterized the soil columns of the
three scenarios using the physical properties listed in Table 2:

Scenario A characterizes high-altitude desert or steppe terrains (e.g., borehole BLH-10 in Lin et al., 2020, Figure 4c).
These areas feature sparse vegetation cover (< 10%) and coarse-grained substrates (sands and gravels). Because the thin
snow cover and lack of canopy shading strongly couple the ground surface to the atmosphere (Yin et al., 2026), we applied
higher thawing n-factors (n, = 1.15) and freezing n-factors (7= 0.90) to capture the intense solar absorption and rapid winter

cooling (Lin et al., 2019). The soil column was parameterized as a homogeneous layer with a low initial void ratio (ep = 0.45,
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corresponding to volumetric ice content VIC < 0.3) and low compressibility (m,= 2.0x 107 Pa!), reflecting a rigid, grain-
supported matrix.

Scenario B represents alpine meadow landscapes (e.g., borehole BLH-05; Figure 4d), dominated by dense vegetation
and fine-grained silty soils. A defining geocryological feature here is the ice-rich transition layer located immediately
beneath the active layer (Lin et al., 2020).To reflect the insulating effects of the summer canopy and winter snow trapping,
the surface n-factors were reduced (n; = 0.85, ny= 0.65). The profile was vertically divided into three layers, with the critical
transition layer (2.5-5.0 m depth) prescribed a medium high void ratio (ep = 1.85, VIC=0.65) and high compressibility (m.,=
6.0x10 Pa!) to represent the ice-rich silty clay reported by Lin et al. (2020). The hydraulic conductivity in this layer was
constrained to a low value (k = 5.0x10° m s!) to appropriately simulate hydrodynamic retardation during thaw consolidation
(Zhao et al., 2026; Gao and Coon, 2022).

Scenario C typifies localized areas underlain by massive ice bodies, frequently observed in swamp meadows or
depressions (Figure 4e). We explicitly prescribed a pure ice layer between 2.5 m and 5.0 m depth by assigning an extreme
void ratio (ep = 1000) that exceeds the numerical threshold. Upon thawing, this layer triggers the model's volumetric collapse
algorithm, whereas the overlying and underlying soil layers continue to deform according to standard large-strain
consolidation laws.

The simulation domain for all runs was set to a depth of 10.0 m with a vertical spatial resolution (Az)of 0.05m. To
establish equilibrium initial temperature profiles consistent with the local lithology, we utilized field-measured borehole data
followed by a thermal spin-up phase that looped the 1980 climate forcing for 50 cycles. The upper boundary was driven by
the hybrid daily surface temperature series (Section 4.2). The lower boundary condition was fixed at a constant temperature
specific to each scenario, derived from regional field investigations (Yin et al., 2017). The transient simulations spanned
from January 1, 1980, to December 31, 2100.

Beyond the baseline long-term projections, we utilized Scenario B as the primary benchmark for model evaluation. The
simulated ground thermal regime was validated against in-situ borehole measurements using both quantitative statistical

metrics and qualitative physical features (e.g., the zero-curtain effect).

5. Results
5.1 Comparison to field thermal measurements

The thermal performance of ThawCoupler-1D was evaluated by comparing simulated ground temperatures against in
situ borehole monitoring datasets from the Beiluhe station (2016 —2025). The model reproduces the transient thermal
dynamics and seasonal freeze-thaw cycles of the active layer.

Figure 5 shows the continuous daily ground temperature comparison between the simulated and observed series at
depths of 0.1 m, 2.5 m, and 5.0 m. At the shallow subsurface (0.1 m; Figure 5a), the simulated temperatures follow the

observed series, capturing both the high-amplitude seasonal cycles and high-frequency synoptic fluctuations. This indicates
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the validity of the applied n-factors (Table 2) in representing the surface energy balance under vegetation and snow cover. At
a depth of 2.5 m (Figure 5b), which is situated within the highly compressible, ice-rich transition layer, the model reproduces
the seasonal "zero-curtain" effect. During autumn freeze-back, the observed temperature remains near 0 °C due to latent heat
release from the soil moisture. The model's ability to trace this isothermal plateau validates the apparent heat capacity (AHC)
formulation, indicating that the latent heat budget of the transition layer is conserved. At 5.0 m depth (Figure 5c), both
simulated and measured temperatures remain stable between —0.5 and —1.0 °C, confirming the parameterization of the
basal boundary condition and the frozen bulk thermal conductivity. The statistical consistency across these depths is
summarized in the box plots (Figure 5d), showing matching medians, interquartile ranges, and temperature attenuation with

depth, with minimal systematic bias.
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Figure 5. Modeled and measured ground temperatures for alpine meadow site at different depths. (a) 0.1m depth, (b) 2.5m depth, (c) 5.0
depth, (d) box plot of the comparison of the model with measurement for three depths.

The simulated interannual active-layer thickness (ALT) from 2016 to 2025 matches the observed interannual variability
(Figure 6). The measured ALT, defined as the maximum annual depth of the 0 °C isotherm, fluctuates between 2.2 m and 2.6
m, showing a deepening trend from 2016 to 2020 followed by stabilization. The simulated ALT trajectory matches this trend,
yielding a RMSE of 0.12 m.
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Figure 6. Modeled and measured annual max thaw depths (active-layer thickness) for alpine meadow site
5.2. Long-term thermal regime evolution

Figures 7 and 8 present the simulated spatio-temporal ground thermal regimes from 1980 to 2100 under the SSP1-2.6
and SSP5-8.5 scenarios. In these plots, the dynamic upper boundary directly reflects the continuous surface subsidence
calculated by the Lagrangian mesh of ThawCoupler-1D.

Under the low-emission SSP1-2.6 scenario (Figure 7), the permafrost thermal regime eventually stabilizes. For all three
cases, the active-layer base deepens until approximately 2050 and then maintains a relatively constant depth, with slight
recovery observed toward the end of the century. In the massive-ice scenario (Figure 7c), the maximum thaw depth remains
above the initial top of the massive ice table. Because the massive ice body is thermally preserved, the simulated ground
surface elevation shows negligible change over the 120-year period. This suggests that limiting warming to the SSP1-2.6
levels may prevent the activation of massive ice collapse in the Beiluhe basin.

The SSP5-8.5 scenario (Figure 8) yields sustained, non-linear permafrost degradation. At the ice-poor alpine desert site
(Scenario A, Figure 8a), the low latent heat content allows rapid downward heat propagation. By the 2070s, winter freezing
no longer reaches the permafrost table, leading to the formation of a supra-permafrost talik (unfrozen zones > 0 °C persisting
year-round). The development of this talik limits winter heat loss and further accelerates deep permafrost thaw, lowering the
active-layer base beyond 6.0 m by 2100. An intermediate, yet highly dynamic, response is observed at the excess-ice alpine
meadow site (Scenario B, Figure 8b). Compared to the ice-poor site, the downward propagation of the 0°C isotherm is
noticeably retarded due to the high latent heat demand of the ice-rich transition layer. However, continuous warming
ultimately overcomes this thermal inertia. As the active-layer base progressively penetrates the ice-rich strata, it triggers
large-strain thaw consolidation. Consequently, the ground surface experiences sustained, gradual subsidence, accompanied

by a delayed but continuous deepening of the permafrost table and eventual talik formation.
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Figure 7. Modeled spatio-temporal evolution of the ground thermal regime from 1980 to 2100 under the SSP1-2.6 climate scenarios. (a)

Scenario A (Alpine desert, ice-poor), (b) Scenario B (Alpine meadow, excess-ice), and (¢) Scenario C (Swamp meadow, massive-ice). The

dynamically updating upper boundary reflects the continuous surface subsidence calculated by the Lagrangian mesh, relative to the initial
385  ground surface.
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18



390

395

400

405

410

415

420

https://doi.org/10.5194/egusphere-2026-3345
Preprint. Discussion started: 15 September 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

The massive-ice scenario (Scenario C) exhibits a distinctly different thermal-mechanical response (Figure 8c). Between
1985 and 2050, the active-layer base deepens and intercepts the massive ice table (at 2.0 m depth relative to the initial
surface). At this point, the downward propagation of the 0°C isotherm largely stalls. This plateauing results from a strong
latent heat buffering effect, where the phase change of massive ice consumes the available downward heat flux and
temporarily restricts deeper thermal penetration. While the permafrost table depth appears stable during this period, the
melting of massive ice simultaneously triggers substantial surface subsidence, evident from the steep drop in the upper
domain boundary in Figure 8c. By the 2080s, the massive ice layer is completely depleted. The loss of this latent heat sink,
combined with the densified soil overburden, subsequently permits rapid deep thaw and talik development.

These contrasting behaviors highlight the threshold-dependent nature of permafrost degradation in ice-rich terrains. The
delayed yet abrupt onset of talik formation and massive ice collapse underscores why coupling latent heat kinetics with

large-strain geometric deformation is indispensable for correctly projecting the timing and magnitude of thaw subsidence.

5.3 Thaw subsidence dynamics and cryostratigraphic controls

Building upon the thermal dynamics analyzed in Section 5.2, we evaluated the resulting mechanical deformation of the
three distinct cryostratigraphies. Figure 9 illustrates the interannual evolution of the active-layer thickness (ALT) alongside
the cumulative surface subsidence under both emission scenarios. The results highlight how subsurface ice distribution
dictates the mechanical fate of the permafrost terrains.

Under the SSP1-2.6 scenario, the mechanical response is largely restricted by the stabilized thermal regime (Figures 9a,
b). Because the maximum thaw penetration remains confined within the upper soil profile, the deeper excess and massive ice
bodies are preserved. Consequently, cumulative subsidence for all three scenarios stabilizes by the mid-21st century. The
ice-poor site (Scenario A) shows negligible deformation (<2 cm), while the ice-rich meadow (Scenario B) and massive-ice
(Scenario C) sites accumulate approximately 25 to 30 cm of subsidence. This limited deformation corresponds primarily to
the primary consolidation of the shallow overburden soil, indicating that mitigating warming to SSP1-2.6 levels is sufficient
to avert deep structural failure in the Beiluhe basin.

Under the SSP5-8.5 scenario, the continuous downward propagation of the thermal front activates the deeper, ice-rich
layers, leading to divergent subsidence pathways (Figures 9c, d). For the ice-poor alpine desert (Scenario A), despite the
thaw front penetrating beyond 6.0 m by 2100, the cumulative subsidence remains nearly zero (<5 cm). This decoupled
thermo-mechanical response reflects the behavior of a rigid, grain-supported soil matrix, where the phase change of low
pore-ice content does not induce significant volume loss or structural compression. In contrast, the ice-rich alpine meadow
(Scenario B) exhibits a progressive increase in subsidence, reaching approximately 60 cm by 2100. As the thaw front
deepens beyond the historical active layer, the melting of the segregated ice within the transition layer transfers the
overburden stress to the pore fluid. The subsequent dissipation of pore water pressure drives a continuous large-strain

consolidation process, reflected in the gradual but sustained settlement curve.
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Figure 9. Simulated interannual evolution of active-layer thickness and cumulative surface subsidence under the SSP1-2.6 (a, b)
and SSP5-8.5 ( ¢, d) scenarios from 1980 to 2100.

The most pronounced mechanical response occurs in the massive-ice scenario (Scenario C), where a thermo-mechanical
shift is observed near the year 2055 (vertical dashed line in Figure 9c, d). Prior to 2055, the subsidence trajectory of Scenario
C closely follows that of Scenario B, representing the consolidation of the soil overburden. Around 2055, the deepening
active-layer base intercepts the top of the massive ice table (Figure 9c). At this exact juncture, the subsidence curve exhibits
a sharp inflection (Figure 9d), transitioning into a rapid and persistent collapse phase. Notably, while the cumulative
subsidence accelerates (exceeding 200 cm by 2100), the apparent active-layer thickness remains stable at approximately 2.6
m. This synchronous behavior represents the volumetric collapse mechanism implemented in ThawCoupler-1D: the latent
heat of the massive ice absorbs the downward thermal flux, stalling further thermal penetration, while the melting ice
translates into vertical surface lowering.

These results underscore that ground thermal indicators alone (such as ALT) are insufficient for assessing permafrost
vulnerability. In regions underlain by massive ice, predicting the onset of thermokarst hazards requires a coupled framework

capable of resolving the precise timing of ice-table intersection and the subsequent non-linear volume loss.
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6. Discussion

The development and application of ThawCoupler-1D yield critical insights into the non-linear dynamics of permafrost
degradation. By explicitly coupling heat transfer with consolidation and massive ice collapse, the model overcomes the

inherent limitations of static empirical estimations and computationally prohibitive geotechnical simulations.

6.1 Densification and acceleration positive feedback mechanism

The Lagrangian framework of ThawCoupler-1D enables the quantification of a dynamic feedback between soil
deformation and thermal propagation (Fig. 3c). Traditional Eulerian models, including most current Land Surface Models
(LSMs), typically assume static soil porosities during thaw, thereby decoupling the mechanical state of the soil from its
thermal evolution. Our results, however, indicate that this coupled formulation establishes a self-reinforcing densification-
acceleration feedback loop.

As ice-rich permafrost thaws and excess pore water dissipates, the soil skeleton undergoes significant primary
consolidation (Morgenstern and Nixon, 1971; Dumais and Konrad, 2018, Yu et al., 2020).This densification (i.e., a decrease
in void ratio) intrinsically increases the volumetric fraction of highly conductive mineral solids relative to water or air (Coté
and Konrad, 2005). Consequently, the bulk effective thermal conductivity of the thawed active layer increases. The
consolidated soil acts as an evolving "thermal bridge", reducing the thermal resistance of the active layer and facilitating a
more rapid downward sensible heat flux. Our decoupled sensitivity experiments demonstrate that neglecting this dynamic
parameterization underestimates the absolute thaw depth by approximately 7 % under multi-decadal warming scenarios
(Figure. 11). This indicates that permafrost degradation in compressible, ice-rich terrains (Schuur et al., 2015) can progress
more rapidly than predicted by static thermal models.

Placing this mechanism within the broader context of permafrost degradation reveals an interplay between subsurface
mechanics and surface hydrology. Recent modeling studies have primarily focused on surface-driven hydrological feedbacks.
For example, Painter et al. (2023) demonstrated that thaw-induced subsidence can alter polygonal microtopography,
increasing lateral runoff and drying the tundra surface. This surface drying acts as a negative feedback, where the desiccated
peat and soil provide enhanced thermal insulation, limiting deeper permafrost thaw. Conversely, Nitzbon et al. (2020)
highlighted a surface-driven positive feedback, where subsidence leads to localized water ponding. The high heat capacity
and thermal conductivity of standing water accelerate the degradation of underlying ice wedges, triggering rapid thermokarst
expansion. Our findings add a subsurface mechanical dimension to these feedbacks. The densification-acceleration feedback
identified by ThawCoupler-1D acts as an internal accelerator. Even if surface drying occurs and provides top-down
insulation (Painter et al., 2023), the simultaneous bottom-up compaction of the thawing soil matrix counters this effect by
enhancing subsurface heat transfer. If, alternatively, the surface becomes waterlogged (Nitzbon et al., 2020), subsurface
densification can act synergistically with surface ponding, potentially bringing the permafrost system toward its thermal

tipping point sooner than projected by static-grid models. Ultimately, the long-term trajectory of ice-rich permafrost under
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warming is governed by the competition between these surface hydro-ecological dynamics and subsurface thermo-

mechanical densification.
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Figure 10. Comparison of long-term active-layer thickness (ALT) projections from 1980 to 2100 between the fully coupled ThawCoupler-
1D model (dynamic feedbacks) and the uncoupled thermal model (static properties, mv=0) under the SSP5-8.5 scenario for Scenario B.
The black solid line represents the standard uncoupled thermal model. The red dashed line denotes the apparent ALT simulated by
ThawCoupler-1D, measured relative to the dynamically subsiding ground surface. The red solid line represents the absolute thaw depth
relative to the initial ground surface (z = 0), calculated as the sum of the apparent ALT and the cumulative surface subsidence. The vertical
double-headed arrow indicates that neglecting the coupled geo-mechanical feedback (the "densification-acceleration” effect) leads to a 7%
underestimation of the absolute thaw depth by the end of the 21st century.

6.2 The latent heat shield and climate tipping points

Long-term projections under the CMIP6 scenarios (Section 5.3) demonstrate the role of cryostratigraphy in dictating the
timing of geohazards. The simulations show that thaw subsidence in ice-rich terrain is non-linear and threshold-dependent.

Under the SSP5-8.5 scenario, the massive-ice system exhibits a period of stability for several decades. This thermal
inertia is governed by the latent heat buffering effect: the energy required to phase-change the massive ice body restricts the
downward sensible heat flux (Lee et al., 2014). During this induction period, the active-layer thickness (ALT) remains
relatively stable, masking the underlying heat accumulation. Our sensitivity simulations demonstrate that the duration of this
stability is sensitive to the thickness of the protective overburden. By systematically varying the initial depth of the massive
ice table (from 1.0 m to 3.0 m), the model indicates that a thicker overburden delays the onset of structural failure (Text S4).

However, once the cumulative thermal forcing exhausts the protective capacity of the overburden, the thaw front
intercepts the massive ice. This intersection triggers an abrupt shift, transitioning the system from continuous, slow
consolidation into rapid, discontinuum volumetric collapse. This sudden onset of subsidence is consistent with abrupt
thermokarst dynamics observed in the field (Kokelj and Jorgenson, 2013; Turetsky et al., 2020). Concurrently, this

geometric collapse alters the local thermal boundary. As the massive ice ablates and the ground surface lowers, the
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remaining soil column is often unable to completely refreeze during winter, leading to the rapid formation of a supra-
permafrost talik (Figure 8; Connon et al., 2018; Farquharson et al., 2022). The emergence of a talik decouples the underlying
permafrost from winter cooling, locking the system into a continuous degradation trajector (Farquharson et al. 2022).

These findings highlight a limitation in the current permafrost monitoring paradigm, which relies heavily on thermal
indicators such as mean annual ground temperature (MAGT) or ALT (Smith et al., 2022). In ice-rich terrains, the latent heat
shield effectively buffers thermal changes; ground temperatures may remain stable near 0 °C, and ALT may cease to deepen
for decades, potentially misrepresenting the actual stability of the permafrost state (Farquharson et al., 2019). Yet, beneath
this thermal equilibrium, the massive ice is actively decaying toward structural failure. Consequently, future geohazard
assessments would benefit from transitioning from purely thermal metrics to coupled thermo-mechanical indicators to

foresee impending climate tipping points.

6.3. Comparison with regional subsidence observations

While direct, point-scale validation of the mechanical module is currently limited by the lack of continuous, long-term
geodetic measurements co-located with the studied boreholes, the simulated subsidence magnitudes and rates are consistent
with regional observations across the QTP. This agreement provides a physical validation of ThawCoupler-1D.

For the excess-ice alpine meadow (Scenario B), the model simulates progressive thaw consolidation resulting in several
decimeters of cumulative settlement, with an average rate of 2.0 mm yr! over the initial decades of the simulation. This rate
is consistent with the regional background subsidence rates (0.1-8 mm yr™') retrieved via persistent scatterer interferometry
over the Beiluhe basin (Chen et al., 2022a). It also aligns with ground-based leveling measurements and independent
modeling efforts along the Qinghai-Tibet Engineering Corridor (QTEC), which report annual subsidence rates ranging from
3.0 to 10.0 mm yr!' (Sun et al., 2022). This agreement suggests that the strain consolidation module reproduces the transient,
water-pressure-limiting drainage process in thawing fine-grained soils. For the massive-ice scenario (Scenario C),
ThawCoupler-1D projects an abrupt volumetric collapse exceeding 2.0 m over a decadal timescale once the protective latent
heat shield of the overburden is breached. This surface lowering is supported by geomorphological field surveys in the
Beiluhe basin. For instance, Niu et al. (2011) and Luo et al. (2022) documented that the melting of massive ground ice and
subsequent thermokarst lake development cause ground surface collapse ranging from 0.4 m to over 3.0 m. Furthermore,
long-term simulations demonstrate that the projected cumulative subsidence ultimately converges toward the static
maximum subsidence potential derived from borehole ice contents (detailed in Text S3), verifying the mass conservation and
physical validity of the mechanical module

The clear contrast between the progressive, decadal consolidation (Scenario B) and the rapid, multi-meter collapse
(Scenario C) simulated by our model effectively captures the diverse modes of permafrost deformation observed in nature.
This validation approach conforms to the up-to-date consensus proposed by Streletskiy et al. (2025), who argued that
because establishing direct, continuous geodetic monitoring networks across vast and remote cold regions is logistically

unfeasible, integrating physics-based, computationally efficient numerical models with localized cryostratigraphic and
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geodetic observations represents the most viable path forward to quantify and map permafrost subsidence at larger spatial

scales.

6.4 Bridging geometric subtraction and hydrodynamic consolidation

A methodological contribution of ThawCoupler-1D is transitioning permafrost subsidence modeling from purely
geometric approximations to dynamic thermo-mechanical coupling.

Recent advancements in 1D thermal models, such as FreeThawXicelD (Tubini and Gruber, 2025), have demonstrated
solutions for maintaining energy conservation and adaptive mesh refinement during the phase change of pure excess ice.
However, as noted by the developers, such thermal-centric models do not consider soil mechanics. In reality, the degradation
of ice-rich permafrost—especially in the silty-clay transition layers widespread across the QTP (Lin et al., 2020), is governed
by hydrodynamic impedance (Dumais and Konrad, 2018).

While the simplistic "geometric volume removal" strategy is effective for massive ice (Westermann et al., 2016), it
assumes instantaneous drainage and compression. Our dual-mechanism approach bridges this gap. By solving the time-
dependent dissipation of excess pore water pressure, our model captures the hydrodynamic lag in fine-grained, ice-rich soils
(e.g., silty clay). This shows that actual physical settlement is retarded relative to the thermal phase-change front, providing a
different timeline of infrastructure deformation compared to of instantaneous volume-subtraction methods. Furthermore, in
conventional finite element methods (FEM), the complete melting of a massive ice element often leads to mesh
entanglement or singularity matrices (Teng et al., 2022). By adopting a 1D finite-difference Lagrangian grid, our model
handles this by smoothly reducing the layer thickness towards a numerical minimum while resetting hydraulic potentials.
This allows the overburden to pass through the melted ice layer numerically, ensuring conservation of mass and energy

without convergence failure.

6.5 Model implications and limitations

Current generation Earth System Models (ESMs), such as CLMS5 (Lawrence et al., 2019), face challenges in capturing
thaw subsidence: while they incorporate excess ice conceptually (Lee et al., 2014), the lack of geomechanical physics
prevents them from representing the hydrodynamic lag and non-linear volumetric collapse observed in the field.
ThawCoupler-1D provides an approach to address this limitation. By parameterizing complex THM (Thermo-Hydro-
Mechanical) physics into a vectorized, adaptive-step 1D solver, ThawCoupler-1D can be a potential candidate for integration
into global LSMs (such as future iterations of CLM) as a sub-grid mechanical parameterization scheme. Replacing the
instantaneous volume-subtraction logic with our dual-mechanism consolidation algorithm would allow ESMs to dynamically
compute effective ground subsidence. This, in turn, can provide dynamic boundaries for surface hydrological routing and
permafrost carbon-climate feedback assessments (Turetsky et al., 2020).

However, certain simplifications warrant discussion for future improvements. As a 1D column model, ThawCoupler-1D

assumes free vertical drainage and neglects lateral water routing. As shown by Painter et al. (2023) and Nitzbon et al. (2020),
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lateral overland flow and localized ponding alter the surface energy balance, determining whether a degrading landscape
becomes a well-drained high-centered polygon or a waterlogged thermokarst lake. Future versions of ThawCoupler-1D will
aim to couple a surface routing module to address these lateral hydrological feedbacks (Aga et al., 2023). Additionally,
integrating a cryosuction-driven frost heave module(Yu et al., 2019) is necessary to fully close the annual freeze-thaw

deformation cycle.

7. Conclusion

In this study, we developed and validated ThawCoupler-1D, a physically-based numerical model designed to address
the limitations of static geometric approximations in permafrost subsidence assessments. By coupling heat transfer with
large-strain consolidation theory within a Lagrangian moving-mesh framework, the model provides a robust method to
resolve the mechanical heterogeneity of ground ice. The primary conclusions are as follows:

(1) The threshold-based algorithm couples continuum consolidation and discontinuum collapse mechanics. This
approach unifies the simulation of time-dependent, hydrodynamic consolidation in ice-rich soils with the rapid volumetric
collapse of massive ice, resolving the numerical instabilities associated with the "vanishing element" problem in traditional
finite-element methods. Verification against the analytical solution yields high numerical accuracy (R*>0.96). Field
application in the Beiluhe basin demonstrates that the model reproduces seasonal ground thermal dynamics, including the
zero-curtain effect, and estimates realistic subsidence magnitudes.

(2) The dynamic updating of physical properties within the Lagrangian framework captures a subsurface positive
feedback loop. As ice-rich soil thaws and consolidates, soil compaction increases the bulk thermal conductivity, acting as a
thermal bridge that accelerates downward heat flux. This indicates that static-grid models can systematically underestimate
long-term permafrost thaw rates.

(3) Projections under future warming scenarios (e.g., CMIP6 SSP5-8.5) show that massive ice bodies act as a temporary
latent heat shield, stalling active-layer deepening for decades. However, once this thermal buffer is depleted, the active-layer
base breaches the massive ice table, triggering an abrupt transition from gradual consolidation to rapid volumetric collapse.
This demonstrates the insufficiency of relying solely on thermal metrics like active-layer thickness for geohazard monitoring.

(4) The vectorized finite-difference scheme and dual-criterion adaptive time-stepping algorithm ensure numerical
stability while maintaining computational efficiency, allowing multi-decadal simulations at sub-daily resolutions within
seconds on standard personal computers. This efficiency makes ThawCoupler-1D a viable candidate for integration into
global Earth System Models as a sub-grid mechanical parameterization scheme.

ThawCoupler-1D provides an open-source tool for the cryosphere community to investigate the long-term evolution of
permafrost landscapes. Future developments will focus on extending the framework to two dimensions to address lateral
hydrological routing and integrating a cryosuction-driven frost heave module, which is necessary to simulate the complete

annual freeze-thaw deformation cycle.
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Code and data availability

The source code of ThawCoupler-1D (v1.0) is archived on Zenodo at https://doi.org/10.5281/zenodo.20622154 (Yin,

2026). The repository includes the source scripts, the compilation of the Beiluhe case study parameters. The climate forcing
data are available from the National Tibetan Plateau Data Center (http://data.tpdc.ac.cn). The borehole temperature data and
soil physical property datasets from the Beiluhe basin used for model validation are available upon request from the

corresponding author.
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