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Water accumulation in permafrost regions causes a heavy thermal impact on the frozen
layer, thereby leading to its degeneration. First, based on the real heat transfer process,
this study proposes relevant hypotheses and governing equations for heat calculation
models involving completely melted water, ice-bearing water, water—sail interface, and soil
under water. The models consider the water surface as a thermal boundary on account of
the natural buoyancy convection mechanism in water and the phase transition process.
Second, this study verifies the accuracy of the calculation models regarding the measured
water and permafrost temperatures. The four seasonal vertical temperature changes in the
water according to this model are found to be consistent with the actual temperature-
change trend, and the permafrost temperature under water is also consistent with the
actual temperature field. This study thus provides theoretical support for the thermal
impact analysis of water in permafrost regions.

Keywords: accumulated water, permafrost, ground temperature, thermal impact, calculation model

INTRODUCTION

The gradual expansion of construction works in permafrost regions of the Qinghai-Tibet Plateau has
triggered several engineering problems, and in particular the accumulation of water along the roads. A
field survey of the Qinghai-Tibet highway revealed that water accumulation along its sides has aggravated
in recent years, that is, a tenfold increase in the number of ponds within 100 m of the highway on both
sides from 2007 to 2009 (Jin et al., 2000; Lin et al., 2010; Luo et al., 2015; Xu and Wu, 2019). Such
accumulation of water may exhibit a severe thermal impact on the permafrost in the surrounding areas,
even leading to its melting (Karlsson et al., 2012; Kokelj and Jorgenson, 2013). In particular, the melting of
permafrost with high ice content increases the depth of accumulated water and may even lead to thawing
disasters in the surrounding regions (Langer et al., 2016). Thus, the most important effect of water
accumulation on permafrost and its embankment is the thermal impact attributed to the special thermal
sensitivity of permafrost (Calmels et al., 2008; Ling et al., 2012; Huang et al., 2013; Baranskaya et al., 2021).
The permafrost suffers thermal erosion that results in decrease in the bearing capacity and stability of
embankment, thereby causing uneven settlement, tumbling, or even cracking of the road surface (Niu
etal, 2014; Wen et al,, 2016; Lin et al., 2017; Sun et al., 2018). Hence, this study focuses on the effect of
water accumulation on ground temperature and permafrost table change.
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At present, the most important research on accumulated water
in permafrost regions pertains to thermokarst lakes (Jorgenson
et al, 2012). The main influence of these lakes on the
environment and engineering works in permafrost regions is
their thermal impact, which generally results in the conduction of
vertical and lateral heat transfer to the surrounding permafrost.
This transference can cause degradation of permafrost and
decrease its stability (Hinkel et al, 2010; Kokelj et al, 2010;
Samuelsson et al, 2010). The annual average ground
temperature under a lake center is significantly higher in
comparison to the temperature under a natural surface (Lin
et al, 2011; Niu et al, 2011). This is mainly because a
thermokarst lake can be a heat source and transfer energy to
the surrounding permafrost, causing thermal erosion, and even
transfer more heat downwards than the lateral transfer (Niu et al.,
2018). This thermal erosion causes the permafrost under and
around the lake to thaw, generating a gradually growing melting
zone, and shows degradation effects such as temperature rise and
decrease in the permafrost table (Pan et al.,, 2014; Wang et al., 2017;
You et al., 2017). Moreover, lake temperature has been studied as
the dominant factor of thermal influence (Burn, 2002). Stepanenko
(2005) analyzed the heat and water exchanges between
accumulated water and soil and suggested that the temperature
gradient of lake water is the main factor affecting the thermal
diffusion, freezing, and thawing of the surrounding permafrost.

Fang and Stefan (1996) proposed an accumulated water
modified model that takes into account the heat exchange
between water and bottom sediments, showing that the
bottom water temperature change can affect soil temperature
to a depth of 10 m. Water depth and the water—soil contact field
have been found to directly affect the influence and extent of
external changes on soil temperature. Lin et al. (2011) used a two-
dimensional calculation model to assess the heat flux density
between a thermokarst lake and its embankment and found that
the former causes lateral thermal erosion of the latter. In
conclusion, the current thermal calculation models for water
accumulation in permafrost regions generally regard the
bottom of the accumulated water as the thermal boundary and
neglect the heat transfer process inside the water body, despite its
significance. In alpine and cold environments, as in permafrost
areas, the relationship between water depth and its maximum
freezing depth also impacts the degree to which the lower soil
layer is affected by water heat, and the temperature at the bottom
of the water determines the development of the lower permafrost
melting zone (Romanovsk and Osterkamp, 2000; Jorgenson and
Shur, 2007; Gao et al, 2017). In the case of completely frozen
water, the long-term observed temperature at the bottom of the
water will be below 0°C. However, when the water depth is greater
than or equal to the freezing thickness, the water does not
completely freeze in winter, or only the bottom is frozen at
the end of the cold season, and the temperature of the
underlying soil continues to be above 0°C. The long-term
effects of the above two scenarios will also drive the soil layer
at the bottom of the water to gradually form a thawing layer
(Hinkel et al., 2007; Wang et al., 2014). Therefore, the depth of the
water and heat transfer in it constitute imperatives that cannot be
neglected.

Thermal Calculation Model of Water

Mainly, the research and analysis about thermokarst lakes in
permafrost regions are qualitative; the research methods are either
site-measured data analysis or numerical calculation models, and
heat transfer processes in the accumulated water are ignored.
Moreover, water accumulations in permafrost regions are not
exclusive of thermokarst lakes, and a large number of them are
non-thermal water bodies with shorter formation times. In
addition, limitations due to actual conditions render it difficult
to study the thermal influence of various types of accumulated water
on permafrost using measured data. Thus, this study establishes a
calculation model that considers the water surface as the thermal
boundary, the natural buoyancy convection mechanism of water,
and the phase change process of water and its surrounding
permafrost. The accuracy and feasibility of this calculation
model were further verified by measured field temperature data.
Hence, this study extends theoretical support for research on the
influence of accumulated water in permafrost regions.

GOVERNING EQUATION AND THE
THEORETICAL MODEL

The model calculation was based on the separate heat transfer
characteristics of water, ice, and soil because of the heat transfer
difference in different media. In addition, the phase transition process
of water and soil was also considered in permafrost regions. The
model medium distributions in water and soil are shown in Figure 1.

Ice-Free Water Body

In order to simplify the heat calculation of a completely melted
water body in a permafrost region, the study considered the
following assumptions:

1) The cross section of the accumulated water at different depths
is equal.

2) Water is incompressible and isotropic, and mass exchange is
regardless. The water density only depends on temperature.

3) The water temperature stratification is mainly reflected in
vertical direction, and the heat exchange only occurs in
vertical direction. Moreover, the water temperature in
horizontal direction is equal.

4) Regardless of the external water supplement and heat
exchange between the water surface and air caused by the
wind speed, heat convection in the water body is only vertical
natural buoyant convection caused by density difference.

As such, this study employed the equivalent heat conduction
model based on the thermal diffusion theory, and the thermal
diffusion coefficient in the traditional heat conduction equation
represents the heat transfer caused by convection (Banimahd et al,,
2013; Hondzo and Stefan, 2015). The heat transfer in accumulated
water only occurs in vertical direction, and as such, using the theory
of thermal diffusion, the convective heat transfer effect in vertical
direction can be represented by thermal diffusivity in the model.
Moreover, the governing equation of heat transfer in water can
adopt the one-dimensional thermal diffusion equation (Banimahd
and Zand-Parsa, 2013):
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FIGURE 1 | Model medium distribution. (A) Completely melted water body. (B) Water body with an ice layer.
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where T, is the water temperature ("C); H is the depth of water
(m); ky is the thermal diffusivity of water molecules, usually
0.57 (m?/s); k. is the eddy diffusion coefficient (m?/s), shown in
Eqgs 4, 5 (Hondzo and Stefan, 2015); Cyyq is the volumetric heat
capacity of water (J/(m>-°C)), generally 4,182 p, the expression of
p is shown in Eq. 3, and the specific heat of water is 4,182 (J/
(kg"C)); and ¢, is the excess heat absorbed at depth y, mainly the
solar radiant heat transferred to the water layer. The detailed
calculation method is shown in Eq. 2; t is time (s); y is the depth of
accumulated water (m).

ke =a(N?)", (4)

where « is the coefficient determined by the degree of turbulence;
N? is the stability coefficient; g is the gravitational acceleration
(kg/m?); p is the water density (kg/m’), which is expressed as
follows (3); % is the vertical density gradient of water body, showing
the degree ofv stability in water body, which is determined by water
temperature stratification in vertical direction; and y is determined by
the turbulence formation mode in water body, such as wide or
narrow internal waves and shear waves. The value range of y in the
past empirical formula is 0.4-0.6 (Hondzo and Stefan, 2015).

Water Body With Ice Layer

Accumulated water showed a phase change when the temperature
drops below 0°C. This process is affected by meteorological factors,
water temperature under the ice layer, and thermal characteristics
of the ice layer. In order to calculate this phase change process in
water body, the study considered the following assumptions:

1) There is no mass exchange with the external environment
during the ice freezing and thawing process.

2) Icelayer freezes and thaws along vertical direction of water, and
water body at the same depth freezes and thaws at the same
time, and heat exchange only occurs in vertical direction.

3) The heat conduction process in the ice layer follows the
Fourier thermal conductivity theory.

4) The water—ice conversion process is carried out in a small
temperature range, —0.1-0°C.

5) The thermophysical parameters of the ice layer, such as specific
heat capacity, thermal conductivity, and density, are all constant.

In this study, governing equations of the solid phase region
and the liquid phase region were established based on the
temperature method and the energy conservation theory. The
governing equations of liquid accumulated water are described in
Eq. 1. Besides, the governing equations in the solid phase, the ice
layer, and water—ice interface equations are described as follows.

Governing equations in the ice layer (Fang et al., 1996) is given
as follows:

aTice _ ki azTice
o pe o Y

(6)

The governing equation at the water—ice interface (Fang et al.,
1996) is given as follows:

0T e dh

-g=pL—,
ki oy 17 Phgy

7)

where Tj. is the ice temperature (‘C); k; is the thermal
conductivity of ice, generally taken as 2.2 (J/((m-°C-s)); ¢t is the
time (s); p is the density of ice (kg/m”); (; is the specific heat of ice,
generally taken as 2,117 (J/(kg-"C)); y is the vertical depth (m);
and ¢ is the extra heat absorbed by the water body per unit
volume (J/m?); here, it is mainly the solar short-wave radiation
heat transmitted into the ice layer. The detailed calculation
method is shown in Eq. 2; g is the heat exchange between
water and ice (W/m?); L is the latent heat of dissolution of
ice, generally taken as 336,000 (J/kg).

Water-Soil Interface
The heat exchange at the interface between accumulated water
and lower soil affects the thermal state of the underlying
permafrost, and as such the study considered the following
assumptions: because the convective heat transfer between the
bottom of the accumulated water and the lower soil is much
smaller than heat transfer at the interface, so it is ignored.
Therefore, it should be treated as a solid heat transfer problem.
Thus, the governing equation at the water-soil interface is
(Shen, 2010) as follows:
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2
aTbottom _ ksoﬂ 0 Tsoil|
o Psoil Csoil 0y? | y=bottom’

(8)

where Thotom 1S the temperature at the water bottom (°C); ¢ is the
calculation time (s); kg is the thermal conductivity of soil in
contact with water (J/(m-"C-s)); p,,; is the density of soil in
contact with water (kg/m3); Csoil 1s the specific heat of soil in
contact with water (J/(kg-°C)); y is the vertical depth of water
(m); and Ty is the temperature of soil is in contact with
water (°C).

Soil Area

Heat convection, mass migration, and other effects were
neglected in the heat calculation of the permafrost under
water, and in contrast, only the heat conduction of the soil
and the phase change was considered. Assuming that the phase
change of the aqueous medium in the model occurred in the
temperature range (T,, +AT), the heat transfer control
equation was simplified to (Zhang et al., 2012; Zhang et al,,

2019):
or 0 oT
i 15, = 3 Asoi_ 5 9
p5011C501lat ay( la)/> ( )
Cu (T>Ty+ AT)
L tutcC
Cot = 1 3a7p* g (Tn=ATST<Tw+ATy),  (10)
O (T < Ty — AT))
A (T>Ty + AT)
Ao — Ag
Asoil = § Ag + AT [T = (Tw—AT)] (Twm—-AT<T<Tpn+AT),
A¢ (T < Ty — AT)

11)

where pg.; is the density of soil (kg/m3); Csoil s the apparent
specific heat of soil (J/(kg-°C)); ¢, and A, are the specific heat of
soil (J/(kg°C)) and thermal conductivity (J/(m-°C-s)) when it
melts, respectively; ¢; and A are the specific heat (J/(kg-"C))
and thermal conductivity (J/(m-°"C-s)) when soil is frozen,
respectively; L is the latent heat of phase change per unit mass
of aqueous medium 336,,000 (J/kg) (Subin et al., 2012); T is the
temperature (°C); ¢ is the time variable (s); and x and y are spatial
variables (m).

VERIFICATION OF A THERMAL
CALCULATION MODEL CONSIDERING
INTERNAL HEAT TRANSFER OF
ACCUMULATED WATER IN PERMAFROST
REGIONS

Verification Method

First, in this experimental study, the researchers determined the
water surface boundary of the model according to the thermal
condition of the monitoring site. Then according to the control
equation mentioned in The Governing Equation and Theoretical

Thermal Calculation Model of Water

Model, the thermal calculation model for the permafrost with
accumulated water was established considering the heat transfer
process inside water. Finally, the reliability and feasibility of the
model were verified by natural ground temperature, water
temperature, and ground temperature under water at the
monitored site.

Model Parameters

Permafrost models without and with accumulated water were
calculated in the study at this stage. The former verified the
rationality of the calculation method by comparing it with the
natural ground temperature of the monitoring site, whereas
the latter verified the rationality and feasibility of the model,
considering the interaction between the accumulated water
and the permafrost. The soil layer distributions in the models
were inferred to be consistent with that of the monitoring field,
which is located near the Gonghe-Yushu expressway in the
Qinghai-Tibet Plateau of China, shown in Figure 2. In the
monitoring field, permafrost was observed to be a well-
developed, mainly ice-rich permafrost, and soil-ice layer.
The permafrost table of natural ground is about -0.8 to
-3.5m, the thickness of permafrost is about 60-100 m, and
the annual average temperature of permafrost is about —2.0 to
-1.5°C. Silty clay with an ice content of 15% distributes in -3 m
of the upper layer, silty clay with ice content of 35% distributes
in -3 m to —20 m, and gravel silty clay locates below —20 m.

The size of the thermokarst lake in the monitored field is 40 x
50 m, and its maximum depth is 1 m. The monitoring time within
which the study was conducted was from November 2013 to
March 2015. During this time, the average air temperature was
about —2.5°C, and the average annual cumulative precipitation
was about 374 mm. The lowest temperature and highest
temperature in a year usually occur in January and July,
respectively. The measured temperatures of natural ground
and lake center in the monitoring site were used for model
verification. The probes were arranged in the same position
for monitoring the temperature of the natural ground and lake
center. The probes were arranged at -0.2, 0.5, -1.0, —1.5, 2.0,
-2.5,-3.0, -3.5, -4.0, -5.0, -6.0, -7.0, -8.0, -10, -12, 14, 16,
-18, and —20.0 m. The maximum depth of thaw in the natural
ground and lake bottom was about —3.2 and —14 m in 2014. The
temperature probe was installed in a steel pipe of 40 mm
diameter, and the temperature measured in the steel pipe was
regarded as the temperature of soil and water at the
corresponding depth. The measurement accuracy and the
resolution of temperature probe were +0.05 and 0.01°C,
respectively.

The geometric calculation model and the soil layer
distribution are shown in Figure 3, and the corresponding
thermal parameters are shown in Table 1. These thermal
parameters were obtained from the reference Cao (2015).
The soil depth was set to 60 m, and the water depth was set to
1 m, which is the same as the maximum depth of the
measured thermokarst lake. The vertical and horizontal
dimension of model geometry was 60 and 0.01 m. For the
model of permafrost with accumulated water, the depth of
water was 1 m and the depth of soil was 59 m under water in
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the vertical direction. The finite differential method was used
for discretization calculation, and the difference between the
calculation results of adjacent time steps was used as the
accurate judgment. Time step was set to 1 h and, notably, the
spin-up setting was different for the natural ground model
and accumulated water model. For the natural ground model,
geothermal gradient was obtained through the initial steady
state calculation, and then the instant state was calculated for
300 years in order to obtain the initial temperature field. For
the model of permafrost with accumulated water, the
calculation method of the initial ground temperature field
was the same as the natural ground model. After obtaining
the initial ground temperature field, the accumulated water
area was activated, and the initial temperature of the water
was set to 4°C, which constituted the initial water
temperature field.

Temperature Boundary at the Monitored
Site

For the simulation of the monitoring site, true temperature
boundary conditions are very important. The temperature data
of the Madoi meteorological station were applied because there is
no weather station at the monitored site. Based on the theory that
when the altitude increases by 100 m, the temperature decreases
by 0.6°C; the boundary layer theory, the air temperature and
ground surface boundary of the monitored site were obtained as
shown in Egs. 12, 15-18. The temperature boundary of the
monitored site water surface such as Eq. 13 was obtained
based on the air temperature conditions and the measured
data of the water surface temperature (Luo et al., 2016). The
air temperature of the Madoi meteorological station is presented
in the following equation:

Tair =To+C-t+ Asin(wt + @), (12)
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where T, is the initial annual average temperature ("C); ¢ is the
average annual temperature change rate (“C/s), a constant,
determined by the temperature change trend of the Madoi
meteorological station; ¢ is the calculation time corresponding
to the temperature change rate segment (s); A is the annual
temperature amplitude (°C), according to the temperature record
data of the Madoi meteorological station in the past 60 years
(Figure 4), A = 12; w is the constant that determines the function
period, generally taken as 2m; and ¢ is the initial phase, which
determines the calculation model in this study, and October 1 is
used as the initial calculation time of the model calculation, so the
initial phase value is .

Based on the measured water surface temperature and the air
temperature, the empirical formula for water surface temperature
as a function of air temperature is fitted, as follows:

Twatersurface = 0'56Tair -0.39, R2 =0.95, (13)

where T'yater surface 1 the water surface temperature ("C) and Ty, is
the air temperature.

Taking 7 as the initial phase of temperature field calculations,
from the previous periodic function of air temperature in Eq. 12,
it can be seen that the calculation boundary starts from October 1
every year, so the initial water temperature was set as 4°C as per
the measured average water temperature in October. The lower
boundary always takes the constant heat flux of 0.0474 J/ (m?*s) at
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FIGURE 4 | Temperature changes in Madoi from 1947 to 2014.

the depth of —60 m (Cao, 2015), and the rest of the boundary is
adiabatic.

Model Verification

The calculation accuracy of the natural ground model can be
verified by measured data of the permafrost table, the permafrost
thickness, and the ground temperature at a depth of —15 m, and,
the calculation accuracy of the accumulated water model can be
determined by measured data of the water and ground
temperature changes and the thawing depth of permafrost
under the water. As such, model verification is primarily
divided into two parts. The acceptable calculation error of
numerical simulation is 2-3°C (Banimahd and Zand-Parsa,
2013). Moreover, the Nash coefficient was also used to
evaluate the model as follows:

2o (%-Q) (14)
> (@-Q)

where E is the Nash coefficient. When the value of E is closer to 1,
the model reliability is higher. T is the calculation time (s); Q} is
observed result at time of t; Q' is simulated result at the time of t;
and Qq is an overall average of observed results.

1) Natural ground model

Combined with local temperature and permafrost conditions,
the initial steady state was inferred as follows:

TABLE 1 | Thermal parameters of water and soil (Xu, 2001; Cao, 2015).

Classification Pd L
kg/m® J/kg
Water 917ice/P(Miq 336,000
15% Silty clay 1840 44,000
35% Silty clay 1890 158,000
Crushed stone 1,600 44,000

At Cs Au Cu
W/(m-°C) J/(kg-°C) W/(m-°C) J/(kg-°C)
2.2 2,117 0.57 4,182
1.02 1,276 1.11 1,589
1.93 1,694 1.18 2,300
1.45 1,129 1.28 1,464
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Tground =-22. (15)

Instant state 300a is calculated to obtain the initial temperature
field, and a is the abbreviation of annual, so 300a means 300 years.

. 2nt

Tgraund =-22+12 SIIl(m + ﬂ). (16)
According to the air temperature trend of Madoi, the
calculation should be divided into three parts. Instant state
33a from 1914 to 1946 is shown as Eq. 17. Because recording
of temperature data of the Madoi weather station began in 1947,
the calculation period did not consider the change of annual

average temperature.

17)

Ty = —2.2 4 12si <4+ )
ground "™\ 31104000 T "

Instant state 35a from 1947 to 1981 is as follows:

. 2mt
Tgraund =-22+12 sm(i + 7-[),
31104000

—0.016( (18)

_ — 300).
31104000
Instant state 33a from 1982 to 2014 is as follows:

. 27t
Tground =-2.78+12 sm(m + 71'),

+0.065< (19)

—_— = 335).
31104000
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The comparison of simulated and measured ground
temperature is shown in Figure 5, which indicates that the
simulated results are consistent with the measured data. For
example, the figure shows that the calculated permafrost table
on October 1, 2014, is about —2.6 m, which is similar to the
permafrost table measure of —2.7 m at the monitored site. The
permafrost thickness simulated at this time is almost the same as
the actual permafrost thickness, both are about 17 m. The
simulation and the measured permafrost temperatures
demonstrate the same change trend along with the depth, and
the annual average ground temperature of —15 m is —~1.27°C and
-1.30°C, respectively, and the Nash coefficient of permafrost
temperature at the depth of —15 m is 0.71. Therefore, it can be
safely inferred that the numerical simulation is in good agreement
with the measured data, and it is optimally reflective of the law of
the ground temperature change of permafrost at the monitored
site, thereby indicating the robust feasibility of this simulation
method.

2) Accumulated water model

The permafrost model was used before the accumulation of
water, and the calculated frozen ground temperature was used as
the initial temperature field of the permafrost part in the
interaction model of accumulated water and the permafrost.
Because the calculation start time was set as October 1,
according to the actual measured water temperature in
October, the initial water temperature in the calculation of the
accumulation water was set to 4°C. For the calculation models, the
ground and water surface boundary conditions were altered and
suitably modified with time, as follows:

Initial Steady State

Tground =-2.2. (20)

Instant state 300a is calculated to obtain the initial temperature
field before the existence of accumulated water as follows:

Tgrouna = —2.2+ 12 sin( (21)

2t )
——+7).
31104000

Calculation of water temperature should be divided into three
parts when accumulated water exists. Instant state 33a from 1914
to 1946 is presented in Eq. 22. Because recording of temperature
data of the Madoi weather station began in 1947, the calculation
period did not consider the change of annual average
temperature.

Twater = 0~56Tair -0.39,

. 2t
=-3.02+6.72 s1n(7 + 71). (22)
31104000

Instant state 35a from 1947 to 1981 is presented in Eq. 23. The
temperature data from the Madoi meteorological station show
that the annual temperature experienced a small drop during the
said period, and the temperature drop rate was —0.016°C/a, so the
annual average temperature change is considered.

Thermal Calculation Model of Water
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FIGURE 6 | Contrast of water temperature law (1, 4, 7, and 10) in 2014.

Twater = 0~56Tair -0.39,

- 0.009( - 335).

2t
= 3.02+6.72 sin<7n + 71) '
31104000 30114000

(23)

Instant 33a from 1982 to 2014 is presented in Eq. 24. The
temperature rise rate during this period was 0.065°C/a.

Twater = 0-56Tair - 039

2mt
=-3.19+6.72 sin<7 + 71)
31104000

+ 0.035( (24)

—_—— 368).
30114000

Figure 6 shows the comparison of average water
temperature between the measured water and the simulated
one in 2014. The simulated water temperature was found to be
consistent with the measured water temperature variation, and
as such, the model reflects the actual variation of water
temperature. Moreover, the difference between the
simulated and actual values at each measured depth was
less than 2°C. This calculation is based on the acceptable
calculation error of the numerical simulation proposed by
Banimahd and Zand-Parsa (2013), which is 2-3°C, and the
Nash coefficient of water temperature at the depth of -1 m is
0.79. Therefore, it is considered that this calculation method
can constitute a reliable computation to consider the
accumulated water temperature change in the permafrost
region.

Figure 7 shows the variation of permafrost temperature
under the accumulated water in 5 years (1914, 1934, 1964,
2004, and 2014). It shows that the thawing depth of the
permafrost gradually increases under the accumulated water
along with the ground temperature rising. The average
declining rate of the thawing depth was about 0.16 m/a
before 1934, about 0.08 m/a from 1934 to 1964, and about
0.04 m/a from 1934 to 2014. The decrease of the maximum
thawing depth of the lower permafrost gradually weakened,
which can be essentially attributed to the increase in soil
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FIGURE 7 | Variations of ground temperature under the accumulated water in years 1914, 1939, 1964, 1989, and 2014 during the calculation time.
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calculation time.

temperature. The temperature difference between the water
bottom temperature and the lower soil temperature gradually
decreased with time, and the amount of heat exchange between
water and permafrost decreased, correspondingly weakening
the thermal influence of water. Figure 7 also shows that the
thermal transmission from the accumulated water caused a
melting interlayer in the permafrost. The permafrost
development is in conformance with the actual degradation
phenomenon.

The ground temperatures under the accumulated water
increased by about 0.8°C at —-15m in the past 100a.
Compared with the natural ground temperature of 2014 in
Figure 5, the low-temperature permafrost under the
accumulated water degenerated into extremely high-
temperature permafrost. Considering that the thawing
interlayer formed after 90 years of water accumulation, as
shown in Figure 7, it is consistent with the development
rule of the thermokarst lake (Luo et al., 2015). Moreover,
the permafrost table and the variation of ground temperature
under accumulated water also meet the thermal erosion

characteristics of thermokarst lake (Peng et al., 2020).
Therefore, this heat calculation model can be safely used in
research and analysis of the thermal influence of accumulated
water, and even thermokarst lakes, on permafrost.

Figure 8 shows the variation of the maximum thawing depth
of the permafrost under the natural ground and the accumulated
water in a calculation time of 100 years. It can be seen from
this figure that the permafrost table under the accumulated
water is decreasing year by year. The change rate of the
permafrost table over time was initially rapid; however, it
subsequently slowed down, varying from -3 to -14m.
Therefore, the findings indicate that the accumulated water
can cause permafrost degradation.

The comparison of the measured and simulated values of the
permafrost temperature under the thermokarst lake in 2014 is shown
in Figure 9. The Nash coefficient of permafrost temperature at the
depth of -15m was 0.68. Moreover, notably, the numerical
simulation is in good agreement with the measured data and well
reflects the change law and development trend of the permafrost
temperature under water in the monitoring site. In addition, there
was a melted interlayer with a thickness of about 13 m under the
water. Under the simulation and measurement, the average annual
ground temperatures were at —15m are —0.18 and -0.20°C,
respectively. The temperature at the interface between
thermokarst lake water and permafrost showed seasonal changes.
The temperature change trend is studied to be similar to the air
temperature change at the site, and it was the highest in July and
the lowest in April, in the study period. However, the amplitude
at this interface was smaller than that of the air. It is because
the specific heat of water is higher. Moreover, the average value
of annual temperature at this interface is larger than that of air
because water can accumulate heat in it. Therefore, the thermal
calculation of the model between water and permafrost in permafrost
regions is feasible and reliable.

CONCLUSION

The equivalent heat conduction model calculation method
offers a robust inference regarding the characteristics of
water temperature change within a year. Also, the heat
transfer effect formed by the buoyant flow caused by the
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density difference is directly expressed by the change of water
thermal conductivity. In addition, the number of calculation
equations is reduced, which improves the convergence speed
of the calculation. Therefore, the equivalent heat conduction
model is sufficient to meet the calculation need, wherein the
calculation speed is faster, and is deemed more suitable for the
accumulation of water on permafrost.

The thermal erosion of permafrost from accumulated water
increases the ground temperature and reduces the thickness of
permafrost. The change of temperature at the interface
between water and soil is consistent with the air
temperature, but the amplitude is smaller. The accumulated
water can cause permafrost degradation, even forming a
melting interlayer.

The degree of the thermal impact of accumulated water on
the underlying permafrost demonstrates an association with
the changes in the external climate. The thermal impact in
the early stage of water accumulation is found to be greater.
As the permafrost table decreases, and the temperature
difference between water and permafrost underlying decreases,
consequently, the thermal influence of accumulated water on the
lower permafrost gradually weakens.
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