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As the heat exchange interface between atmosphere and permafrost, land cover

regulates the influence of climatewarming on permafrost. With the development

of desertification on the Qinghai-Tibetan Plateau (QTP), aeolian sand has

emerged as a significant environmental factor influencing the hydrothermal

process of permafrost. To reveal the hydro-thermal process within aeolian

sand layer and the thermal effect of sand layer on permafrost in the QTP, a

coupled hydro-thermo-vapor model considering rainfall and evaporation was

established, and the long-term hydrothermal variation of stratum covered by

aeolian sand were analyzed. The results show that: 1) Aeolian sand layer is

conducive to alleviating permafrost degradation. The alleviation effect is

related to the thickness of sand layer. 2) Water redistribution in sand layer and

water accumulation in stratum are connected to thickness of sand layer. For the

thin sand layer, the water content is low and remains unchanged in different

years. The thick sand layer, acting as a permeability diode, makes the degree of

water accumulation in sand layer considerable and the water storage of the

stratum increase continuously. 3) When the sand layer becomes thicker, the

increment of the equivalent thermal conductivity in cold season is larger than that

in warm season, which will lead to the decrease of annual conductive heat. 4) In

thin sand layer, heat convection and heat conduction are relatively small in the

early stage, and heat conduction is the primary mode in the long term. In thick

sand layer, heat transfer is dominated by heat convection and heat conduction in

the early stage, but it is primarily reliant on heat convection in the long term.
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1 Introduction

Recently, permafrost degradation caused by climate warming

leads to a serious of freezing-thawing disasters and damage to

engineering and infrastructure in permafrost regions (Hjort et al.,

2022; Smith et al., 2022). Especially in the Qinghai-Tibetan Plateau

(QTP), covering an area of approximately 1.06 km2 × 106 km2

(Figure 1A) and occupying approximately 40% of the plateau’s

total area (Zou et al., 2017; Cheng et al., 2019), permafrost is facing a

more severe test due to higher warming rate than the global average

level and the high permafrost temperature (Zhang et al., 2015).

Permafrost plays an important role in the surface landscape, carbon

nitrogen cycle, ecosystems, and hydrogeological conditions of the

QTP (Cheng and Jin, 2013; Wang et al., 2016; Wu et al., 2018; Jia

et al., 2020; Mu et al., 2020), and has profound influence on regional

climate regulation and sustainable development (Immerzeel and

Bierkens, 2010; Yao et al., 2012; Yao et al., 2015). Land cover, as the

heat exchange interface between atmosphere and permafrost,

regulates the influence of climate change on permafrost (Peng

et al., 2020; Smith et al., 2022). In the QTP, a large amount of

quaternary loose sediments, the frequent frost weathering effect, and

the strong wind provide rich sand sources for the large-scale aeolian

sand desertification (Huang et al., 1993; Li, 2006; Wu et al., 2006),

and the area of aeolian desertification area is approximately

3.93 km2 × 105 km2 in 2015 (Figure 1B), accounting for 15.1% of

the total area of theQTP (Zhang et al., 2018).With the development

FIGURE 1
(A) Permafrost distribution and (B) Aeolian desertified land distribution on the Qinghai-Tibetan Plateau (Zhang et al., 2018).
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of desertification on the QTP, aeolian sand has emerged as a

significant environmental factor influencing the hydrothermal

process of permafrost (Wang et al., 2002; Yang et al., 2004; Lü

et al., 2008; Xie et al., 2012; Wang et al., 2020; Wang et al., 2021).

The distinctive hydrothermal characteristics of the aeolian sand

break the thermal energy balance and water balance between the

atmosphere and stratum, and finally affect the hydrothermal state of

permafrost (Wang et al., 2002; Chen et al., 2020). Firstly, owing to

the higher albedo, the solar radiation absorbed by aeolian sand is less

than that absorbed by bare land, leading to a lower average surface

temperature than that of the bare land (Xie et al., 2015; You et al.,

2017). Meanwhile, compared with the natural surface, the annual

amplitude of geotemperature under aeolian sand increases due to

the relatively smaller specific heat capacity of aeolian sand (Wang

et al., 2020; Wang et al., 2021). Secondly, pore water content affects

the heat conductivity of aeolian sand. The heat conductivity of dry

sand is very small (Chen et al., 2014), and the dry sand covering on

ground surface acts like a thermal insulation layer, weakening the

heat exchange intensity of atmosphere and underlying permafrost

(Wu et al., 2017; Chen et al., 2020). However, its thermal

conductivity increases considerably with the increase of water

content (Chen et al., 2014), and the heat conduction strengthens

when the rainfall infiltrates into the sand layer. Thirdly, with the

loose particle structure and high pore connectivity, the aeolian sand

has high permeability (Chen et al., 2014). The concentrated rainfall

rapidly infiltrates downward in rainy season, which strengthens the

process of heat convection (Wu et al., 2017).

Some research have investigated the thermal impact of

aeolian sand on underlying stratum, but there is still no

unanimous conclusion. According to the monitoring

geotemperature in the aeolian sand area of Hongliang River

Basin, the temperature of stratum under natural surface is

lower than that under sand layer (Wang et al., 2020). However,

the opposite phenomenon was also found (Xie et al., 2012).

Some other field studies showed that aeolian sand may have a

duality effect on changing the geotemperature depending on

its thickness (Wang et al., 2002; Lü et al., 2008). At present, the

field measured data are mostly only 1–2 years, which cannot

reflect the long-term influence of aeolian sand on underlying

permafrost. Some studies pointed out that the thermal impact

of aeolian sand on permafrost is related to its water content

and thickness (Chen et al., 2020). As the sand layer thickens,

the rise of the permafrost table is larger (Chen et al., 2021). The

dry sand layer increases the geotemperature, while the wet

sand layer decreases the geotemperature (Chen et al., 2018).

Nevertheless, water migration in sand layer was not

considered in previous research. Moreover, the effect of

rainfall and evaporation was rarely involved. Water

migration and the increase of water content within sand

layer can strengthen the process of heat conduction and

heat convection, and then affects the thermal regime of the

underlying permafrost. Thus, it is necessary to analyze the

long-term variation of water content within sand layer and

reveal the influence mechanism by which aeolian sand affect

the thermal regime of permafrost.

In this study, considering the rainfall, evaporation, freezing-

thawing process, and climate warming, a coupled hydro-thermo-

vapor model of unsaturated soil including the ice-water-vapor

phase transition and the water migration and its convective heat

effect was established. Based on the coupling model, the thermal

state and soil water distribution of stratum covered by aeolian

sand were simulated, and the long-term hydro-thermal process

of aeolian sand with different thickness was analyzed. Lastly, the

equivalent heat conductivity (ETC) of sand layer and the heat

transfer mode in the sand-soil interface were studied to reveal the

thermal impact mechanism of aeolian sand on permafrost.

2 Mathematical methods

2.1 Heat and mass conservation equations

For the unsaturated frozen soil, pore water migrates in the

forms of liquid and vaporous water (Philip and De Vries, 1957;

Saito et al., 2006). The variation in thermal energy including

sensible heat and latent heat of ice-water-vapor phase change is

equal to the sum of conductive heat and convective heat of the

migration water during the freezing-thawing process (Zhang

et al., 2016; Bai et al., 2018). The governing equations can be

given as:

zw

zt
+ zθv

zt
� −z(ql + qv)

zz
(1)

zCpT

zt
− Lfρi

zθi
zt

+ Lwρw
zθv
zt

� z(λpzTzz)
zz

− z(CvqvT)
zz

− z(ClqlT)
zz

− z(Lwρwqv)
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(2)
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ρw
θi (3)

θv � ρvsHr

ρw
(por − θl − θi) (4)

ql � −KLh(zH
zz

+ 1) −KLT
zT

zz
(5a)

qv � −Kvh
zH

zz
−KvT

zT

zz
(5b)

The frozen soil is composed of soil particles, ice, water and

air, and its thermal properties are related to the

proportion of their phases, which can be expressed as

(Zhang et al., 2016):

λp � λ1−pors λθll λ
θi
i λ

(por−θl−θi)
v (6)

Cp � Cs(1 − por) + Clθl + Ciθi + Cvθv (7)

Analogous to the drying process, the soil-water characteristic

curve can be adopted to describe the reduction of unfrozen water
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during freezing. The measured unfrozen water content and

matrix potential (Lu et al., 2018) in the freeze-thaw test was

fitted by the VG model (Van Genuchten 1980) as follow:

θl � θr + (θs − θr)[(1 + (α|H|)n)]−m (8)

where α,m and n are experimental parameters, andm = 1–1/n.

For frozen soil, as the negative temperature decreases, the

maximum unfrozen water content reduces, and their

relationship and the total water content allow for the

determination of unfrozen water content as follow (Xu

et al., 2010):

θumax � a|T − 273.15|−b (9)

θl � { θumax//T≤Τf and w> θumax

w//otherwise
(10)

where a and b are experimental parameters.

The above equations constitute the coupled hydro-thermo-

vapor model of unsaturated soil during the freezing-thawing

process. Table 1 introduces the variations of the model. Table 2

shows the expressions of the parameters and variations

mentioned in the mathematical model.

TABLE 1 List of symbols.

w Volumetric total water content KLh Hydraulic conductivity of liquid flux due to gradients in H

θl Volumetric unfrozen water content KLT Hydraulic conductivity of liquid flux due to gradients in T

θi Volumetric ice content Kvh Hydraulic conductivity of vaporous flux due to gradients in H

θv Volumetric equivalent vapor content KvT Hydraulic conductivity of vaporous flux due to gradients in T

H Matric potential Cp Volumetric heat capacity of soil

T Temperature λp Thermal conductivity of soil

ql Liquid water flux Cs Volumetric heat capacity of soil matrix

qv Vapor flux Cw Volumetric heat capacity of liquid

Lw Latent heat of water vaporization Ci Volumetric heat capacity of ice

Lf Latent heat of water freezing Cv Volumetric heat capacity of vapor

por Soil porosity λs Thermal conductivity of soil matrix

ρvs Saturated vapor density λw Thermal conductivity of liquid

ρw Water density λi Thermal conductivity of ice

ρi Ice density λv Thermal conductivity of vapor

Hr Relative humidity θs Saturated water content

M Molar mass of water θr Residual water content

g Gravity acceleration θumax Maximum unfrozen water content

R Gas constant Tf Freezing temperature

GwT Gain factor Ks Saturated hydraulic conductivity

I Impedance factor fc Clay fraction of soil

ΔT Climate warming rate Prain Rainfall rate

Ep on Surface evaporation rate ρva Atmospheric vapor density

ρvsur Vapor density at the ground surface ra Aerodynamic resistance

rs Soil surface resistance Z Height of air temperature measurement

zH Surface roughness for the heat flux ] Wind speed

κ Von Karman constant θl,sur Water content at ground surface

TABLE 2 Expressions for related parameters.

Parameters Expressions

Saturated vapor density ρvs ρvs � exp(31.37 − 6014.79T−1 − 0.00792T)/103T
Relative humidity Hr Hr � exp(HMg/RT)
Hydraulic
conductivity KLh

KLh � KsS0.5e [1 − (1 − Se
1
m)m]2 × 10−I×θi

Hydraulic
conductivity KLT

KLT � KsS0.5e [1 − (1 − Se
1
m)m]2HGwT

1
γ0

dγ
dT

Relative saturability Se Se � (θl − θr)/(θs − θr)
Hydraulic
conductivity Kvh

KvT � Dvaτg(por − θl − θi)ρ−1w ηHr
zρvs
zT

Hydraulic
conductivity KvT

Kvh � Dvaτg(por − θl − θi)ρ−1w ρvsHr
Mg
RT

Tortuosity factor τg τg � (por − θl − θi)7/3/θ2s
Surface tension of water γ γ � 75.6 − 0.1425T − 2.38 × 10−4T2

Vapor diffusivity of the
soil Dva

Dva � 2.12 × 10−5(T/273.15)2

Enhancement factor η η � 9.5 + 3θl/θs − 8.5 exp{−[(1 + 2.6(fc)0.5)wθ−1s ]4}
Latent heat of water
vaporization Lw

Lw � 2.501 × 106 − 2369.2T
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2.2 Boundary conditions

2.2.1 Thermal boundary conditions
2.2.1.1 Dirichlet boundary

The temperature on the boundary is given directly:

T � �T(z, t) (11)

where �T(z, t) is a given expression of time and space.

2.2.1.2 Neumann boundary

The thermal flux on the boundary is given:

λ∇T · n � qT(z, t) (12)

where qT(z, t) is the thermal flux and it is also a given

expression of time and space; n is the outer normal vector

on the boundary.

2.2.1.3 Robbin boundary

The linear combination of temperature and its exterior

normal derivative on the boundary:

λ∇T · n � h(Ta − T) (13)
where h is convection coefficient; and Ta is ambient temperature.

2.2.2 Water boundary conditions
2.2.2.1 Dirichlet boundary

The water content on the boundary is given directly:

w � �w(z, t) (14)

where �w(z, t) is a given expression of time and space.

2.2.2.2 Neumann boundary

When precipitation cannot form surface water and surface

runoff, the water flux on the boundary is given:

K∇H · n � qw(z, t) (15)
where qw(z, t) is water flux and it is also a given expression of

time and space.

2.2.2.3 Robbin boundary

When precipitation forms surface ponding and surface

runoff, the water boundary is a linear combination of

saturation water content and water flux:

K∇H · n � c · w + d (16)

where c and d are both experimental constant.

2.3 Derivation of finite element equation

The governing Eqs 1, 2 are highly non-linear and cannot

be solved directly. Combining the total water content w and

temperature T as the independent variable, the partial

differential equations are discretized by finite element

method and backward difference method, and the

nonlinear Newton iteration method was used to solve the

discrete equations. Other variations can be obtained by

algebraic equation based on w and T as shown in Eqs 3, 4

and Eqs 8–10. The solution procedure was facilitated by

COMSOL Multiphysics.

2.4 Model validation

The proposed model was verified by the field measured soil

water content and temperature of the Beiluhe station on the

QTP (Zhang et al., 2015). The station is located at 34.854°N/

92.940°E, with an elevation of 4,620 m. It belongs to the arid

climate area of the QTP, with an annual average temperature of

-3.8°C and an annual average precipitation of 290–300 mm. The

meteorological data including air temperature, daily

precipitation, wind speed, and air relative humidity are

shown in Figure 2.

Geological data shows that three soil layers are contained

within a depth of 30 m: sandy clay (0~−2.0 m), silty clay

(−2.0~−8.0 m), mudstone (below −8.0 m). A one-

dimensional model was developed as the site is flat and the

transfer of water and heat within stratum main occurs

longitudinally. Table 3 shows the hydrothermal parameters

of each soil layer.

The temperature boundary condition at the ground

surface is affected by air temperature, solar radiation, wind

speed, rainfall, etc (Luo et al., 2020). Based on the adherent

layer theory (Zhu, 1988), considering global warming, the

temperature boundary at the ground surface can be expressed

as Eq. 17. According to the field geothermal data at the

Beiluhe, the heat flux of soil at the bottom boundary was

given as 0.04 W/m2.

Ts � −0.6 + 12 sin(2πth
365

+ φ) + ΔT
365

th (17)

where th is time; φ is the phase radian; the climate warming rate

ΔT is 0.052°C/a in the QTP (Qin et al., 2002). Considering the

small rainfall and low rainfall intensity, the surface is

considered as no ponding and runoff, and the water

boundary shown in Eq. 15 was used at the ground surface,

and the water flux qw(z, t)was the sum of precipitation rate and

the evaporation rate, as follows:

qw(z, t) � Prain − Ep

ρw
(18)

Controlled by atmospheric condition and soil water

condition, the surface evaporation Ep can be calculated by

(Camillo and Gurney 1986):
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Ep � ρvsur − ρva
ra + rs

(19)

For bare soil surface, neglecting the influence of atmospheric

stability, the aerodynamic resistance ra and soil surface resistance

rs can be calculated as (Adriaan et al., 1994):

ra � 1
vκ2

[ln(Z − zH
zH

)]
2

(20)

rs � 10 exp(35.63 × (0.15 − θl,sur)) (21)

Considering the soil at a certain depth is frozen

throughout the year in the permafrost regions, the water

boundary at the bottom boundary is regarded as a zero flux.

Figure 3 show the variations of measured and calculated

ground temperature and unfrozen water content at different

depths from October 2012 to October 2013. It can be seen that

the variation trends of the simulated ground temperature and

water content throughout the year are basically the same as

those of the measured results. On the one hand, this numerical

model can simulate the seasonal periodic change of soil

temperature in different depths, as shown in Figures 3A–C.

On the other hand, this model can simulate the change of

unfrozen water content during the freezing-thawing process,

especially at the ground surface, where the soil water responds

sharply to rainfall and evaporation, as shown in Figures 3D–F.

Thus, the proposed coupled model is applicable to simulate

the hydro and thermal variations of the stratum during the

freezing-thawing process considering the rainfall and

evaporation.

3 Influence of sand layer on the
hydro-thermal process of permafrost

3.1 Field site description

The permafrost and aeolian sand desertification in the Zonag

Lake region are developed (Xie et al., 2020), as shown in Figure 1B.

Located at the northwest (35.490°N/91.960°E) of the QTP, the

elevation is 4,800 m, the annual average air temperature

is −3.8~−4.8°C and the annual precipitation is approximately

200–300 mm. A one-dimensional model was established, and

three soil layers were contained within the depth of 30 m: sandy

clay (0~−2.0 m), silty clay (−2.0~−8.0 m), mudstone

(−8.0~−30.0 m). The hydrothermal parameters of the stratum

can be referred to Table 3. In order to analyze the influence of

sand layer on the thermal process of permafrost, the sand layer with

different thicknesses (the thicknesses are 0, 0.25, 0.50, 0.75, and

1.0 m, respectively) was covered on the ground surface, and the

long-term hydrothermal change of the sand-stratum system was

simulated by the coupled model. The hydrothermal parameters of

aeolian sand were obtained by fitting the data from the freezing-

thawing test (Lu et al., 2018; Hu et al., 2019), as shown in Table 3.

3.2 Boundary conditions

The meteorological data from the Zonag Lake

meteorological station is shown in Figure 4 (Zhao et al.,

2021). According to the adherent layer theory (Zhu, 1988)

FIGURE 2
The meteorological data at the Beiluhe station (A) air temperature, (B) daily precipitation, (C) wind speed, (D) air relative humidity.

Frontiers in Environmental Science frontiersin.org06

Lan et al. 10.3389/fenvs.2022.1047719

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1047719


and the measured air temperature Figure 4A, the temperature

boundary at the ground surface without being covered by the

sand layer was set as Eq. 22:

TNS � −0.6 + 12 sin(2πth
365

+ φ) + ΔT
365

th (22)

Due to the higher surface albedo of aeolian sand, the mean

annual temperature at sand surface is lower than that at ground

surface (Xie et al., 2015; You et al., 2017). The specific heat

capacity of aeolian sand is smaller than that of clays, and the

thermal diffusivity is relatively larger, which leads to a higher

temperature amplitude (Wang et al., 2021). Thus, the

FIGURE 3
Variation of measured and calculated ground temperature at (A) 0.15 m, (B) 0.75 m, (C) 1.50 m, and measured and calculated unfrozen water
content at (D) 0.05 m, (E) 0.75 m, (F) 1.50 m.

TABLE 3 Hydrothermal parameters of different soil layers.

Parameters Depth (m) a b α (m−1) n m

Aeolian sand — 0.046 0.08 1.75 3.77 0.73

Sandy clay 0.0~−2.0 10.67 0.57 3.28 1.54 0.35

Silty clay −2.0~−8.0 6.90 0.47 2.6 2.3 0.57

Mudstone −8.0~−15.0 9.30 0.52 2.3 1.2 0.17

Parameters θs θr fc Ks (m s−1) λs (W·m−1·K−1) Cs (MJ·m−3·K−1)

Aeolian sand 0.35 0.036 0 4.2 × 10–5 5.1 2.14

Sandy clay 0.44 0.01 0.15 2.4 × 10–7 5.0 2.21

Silty clay 0.35 0.02 0.2 3.3 × 10–8 3.1 2.77

Mudstone 0.25 0.02 0 1.2 × 10–8 3.5 2.81
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temperature at the sand surface was set as Eq. 23, which was

applied as the temperature boundary at the sand surface.

TSS � −1.1 + 14.2 sin(2πth
365

+ φ) + ΔT
365

th (23)

The water boundary condition at the ground surface for the

stratum without covering sand layer and at the sand surface can be

calculate by Eqs. 18–21. The precipitation rateminus the evaporation

rate were directly obtained from the meteorological data in Figure 4.

According to the measured geothermal data, the heat flux of

soil at the bottomwas given as 0.04 W/m2. The water boundary at

the bottom was considered as a zero flux because the soil keeps

frozen.

Through a long-term transient solution under the natural

boundary conditions, the initial geotemperature and soil water

content of the stratum were obtained. According to the in-situ

measured data, the initial water content within sand layer was set

as 5% (Chen et al., 2014).

3.3 Results and analysis

3.3.1 Analysis of thermal regime
Figure 5 shows the variation of permafrost table of the

stratum covered by sand layer with different thickness over

20 years. The permafrost table was calculated from natural

surface. It can be found that the permafrost table of the

stratum without covering sand layer declines with time and

moves down to –2.30 m in the 20th year. While the

permafrost table of the stratum covered by sand layer rises

first and then declines. When the thickness of sand layer is

0.25 m, the permafrost table firstly rises to –1.57 m in the third

year, and then continuously declines to −1.82 m in the 20th year;

when the thickness is 1.00 m, the permafrost table rises

to −0.89 m in the 10th year, and then continuously declines

to −1.08 m in the 20th year. Meantime, it can be found that

compared with the permafrost table of stratum covered with sand

layer, the permafrost table of stratumwithout covering sand layer

is relatively deeper, which was also found in the previous study

(Chen et al., 2021). Moreover, the thicker the sand layer is, the

higher the permafrost table is in different years. From the

perspective of permafrost table, although the sand layer

cannot prevent the permafrost from degrading, it is conducive

to alleviating the permafrost degradation induced by climate

warming.

The evolutions of temperature at −1.00 m under ground

surface are shown in Figure 6. As shown in Figure 6A, the

temperature at depth of −1.00 m periodically varies with the air

temperature. As the sand layer thickens, the maximum value and

the amplitude of the temperature decrease and the minimum

value increases, which is in accord with the field measured result

in Wang’s study (Wang et al., 2021). The annual average

temperature of soil at the depth of −1.00 m is shown in

Figure 6B. For the stratum without covering sand layer, the

annual average temperature increases from −0.91 to 0.06 °C with

a heating rate of 0.049 °C/a during 20 years, implying that

FIGURE 4
Themeasuredmeteorological data at the Zonag Lake station (A) air temperature, (B) daily precipitation, (C)wind speed, (D) air relative humidity.

Frontiers in Environmental Science frontiersin.org08

Lan et al. 10.3389/fenvs.2022.1047719

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1047719


permafrost is warming up. For the stratum covered with sand

layer, the average temperature in the first year increases due to

the heat energy carried by sand layer. The thicker the sand layer,

the more thermal energy it carries, and the higher the average

temperature in the first year. With the sand layer thickening from

0.25 to 1.00 m, the average temperature in the first year increases

from −0.87 to −0.37°C. After the first year, with the thermal

energy carried by sand layer releasing, the average temperature

rapidly decreases. For example, when the thickness of the sand

layer is 0.25 m, the temperature decreases to −1.07°C in the third

year; when the thickness is 1.00 m, the temperature decreases

to −1.09°C in the 10th year. The decrease in the soil temperature

is a result of the high albedo of the sand surface, which reduces

the heat absorption at sand surface. As the climate warms, the

heat absorbed by the sand surface progressively rises, and the

heat is transferred to the underlying permafrost, causing the soil

temperature to steadily increase rather than decrease. However,

functioning as an insulation on the natural ground surface, the

sand layer postpones the soil temperature increasing.

Consequently, thick sand layer turns to warming later. For the

stratum under sand layer with thicknesses of 0.25, 0.50, 0.75, and

1.00 m, the soil temperature at the depth of −1.00 m increases

to −0.40, −0.53, −0.70, and −0.66°C in the 20th year. The

warming rates are 0.044, 0.040, 0.039, and 0.045°C/a,

respectively in the warming period, which are lower than that

of the stratum without covering sand layer. From the perspective

of variation of soil temperature, the permafrost is in the cooling

state in the early stage, but in the warming state in the long term,

which is consistent with the evolution law of the permafrost table

Figure 5. The sand layer is conducive to alleviating the permafrost

warming induced by climate warming.

Figure 7 shows the average temperature distribution of

stratum covered by sand layer with different thickness in the

20th year. The average soil temperature in the 20th year is

apparently higher than the initial average temperature,

meaning that the permafrost is warming up, which is resulted

from the climate warming. Meanwhile, it also can be found that

the average temperature distribution of stratum covered by sand

layer is much lower than the stratumwithout covering sand layer,

which means that the sand layer has the effect of delaying

permafrost warming. The delaying effect extends to the soil at

the depth of −15.00 m. This delaying effect of the sand layer on

permafrost warming was also verified by the field observation

result in Xie’s study (Xie and Qu, 2013).

From the analysis of the evolution of permafrost table and

soil temperature, it can be found that the sand layer can alleviate

the permafrost degradation caused by climate warming in the

long run. Thicker sand layer has a stronger alleviating effect than

thinner sand layer.

3.3.2 Analysis of soil water content
During rainfall, evaporation and freezing-thawing process,

the water within unsaturated soil migrates. The evolution of

water content at 0.10 m below the sand surface is shown in

Figure 8. The climate on the QTP has the characteristics of

synchronous rainfall and temperature (Figure 8), and the

evolution of water content at 0.10 m below the sand surface

presents seasonal differences. In the warm and rainy season

(from the first of May to the end of October), the water

content responds rapidly and sharply to the precipitation.

While in the cold and dry season (from the end of October to

the first of following May), due to the scarce precipitation and

strong evaporation, the water content settles in 4.0%–5.0%.

Compared with the warm and rainy season, the water content

is more stable in the cold and dry season. As shown in Figure 9,

the water content distributions sand layer and soil layer below on

FIGURE 5
Variation of permafrost table of the stratum covered by sand layer with different thickness during 20 years.
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FIGURE 6
Variation of the soil temperature at −1.00 m under ground surface during 20 years (A) the temperature, (B) the annual average temperature.

FIGURE 7
Average geotemperature of stratum covered by sand layer with different thickness in the 20th year.
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October 15 in different years were analyzed to explore the

interannual variation of soil water content.

From Figures 9A–D, it can be found that in 0.25m sand layer, the

water content on the top and bottom surfaces are 5.0% and 8.0%,

respectively, and the values almost remain unchanged in different years.

The water content distributions of sand layer also remain unchanged in

different years. The minimum water content in stratum is at the top

surface of the sand clay, and the maximum water content is located at

the depth of permafrost table.Meantime, thewater content distributions

of sand clay also remain unchanged in different years. The constant

distributions of water content within aeolian sand and sand clay in

different years mean that the water content distribution of soil covered

by 0.25m sand layer is relatively stable under the comprehensive effect

of the rainfall, evaporation and freezing-thawing cycle.

From Figures 9E–H, it can be found that the water content on

the top and bottom of 0.50 m sand layer is 5.0% and 11.5%,

respectively, which is higher than that of 0.25 m sand layer. It

means that more water infiltrates to the bottom of aeolian sand

and is stored here due to the less permeability coefficient of sand

clay than that of aeolian sand. However, the distribution of water

content in sand layer remain unchanged as time goes on.

Similarly to the soil beneath 0.25 m sand layer, the water

content distributions of sand clay beneath 0.50 m sand layer

almost unchanged during 20 years, expect for the isoline with

water content 14.0% rising slightly from −0.29 m to −0.23 m.

From Figures 9I–L, it can found that the water content is

redistributed as time goes on in 0.75 m sand layer. In the first

year, the minimum water content and the maximum water

content are at the top and bottom surfaces of sand layer, and

their values are 5.0% and 17%, respectively. However, in the

20th year, the maximum water content is 22.0%. It means

that the rainfall can infiltrate to at the bottom of the sand

layer and accumulate here. Meanwhile, soil water in sand

clay above the permafrost table is also significantly

redistributed. The isoline with water content 17.0% is at

the depth of −0.67 m in the first year, while it disappeared in

the following years, and water content of sand clay is larger

than 23%. It indicates that the accumulated water can further

infiltrate the sand clay.

From Figures 9M–P, it can be found that the water within

1.0 m sand layer is redistributed as time goes on, which is similar

to that of 0.75 m sand layer. The minimum water content at the

sand surface is 5.0% over 20 years. However, the maximum water

content is at the bottom surface with value from 17.2% to 25.4%

during 20 years. The redistribution effect of water in sand clay is

more significant than those of sand clay covered by the sand layer

with the thickness of 0.25, 0.50, and 0.75 m. In the 20th year, two

areas with water content reaching 35.0% are existed in the sand

clay. One is near the permafrost table, the other one locates at the

depth of the initial permafrost table.

It is noticeable that the degree of water accumulation at the

sand-soil interface and the water content increment in stratum

due to water infiltration from the sand layer to the sand clay is

closely related to the thickness of the sand layer. When the

thickness is less than 0.50 m, the degree of water accumulation

and the redistribution of water content are slight. However, when

the thickness is larger than 0.50 m, the degree is significant. The

reason is that the rainfall can rapidly infiltrate downward

accumulate at the sand-soil interface due to the less

permeability coefficient of sand clay than that of aeolian sand.

During evaporation, the infiltrated water is migrated unward.

However, the influence depth of water evaporation in the sand

layer is approximately 0.60 m (Wang et al., 2021). Hence, for the

sand layer with thin thickness, the infiltrated water in the sand

FIGURE 8
The evolution of water content of soil 0.10 m below the sand surface in the 20th year.
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FIGURE 9
The water content distributions of stratum and sand layer with thickness of 0.25 m in the (A) first year (B) fifth year (C) 10th year (D) 20th year,
0.50 m in the (E) first year (F) fifth year (G) 10th year (H) 20th year, 0.75 m in the (I) first year (J) fifth year (K) 10th year (L) 20th year, and 1.00 m in the
(M) first year (N) fifth year (O) 10th year (P) 20th year.
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layer can evaporate back into the atmosphere, resulting in that

the water content distributions of sand layer almost unchanged

in different years and even decrease, as shown in Figures 9A–H.

For the sand layer with thick thickness, the infiltrated water in the

sand layer at a position deeper than 0.60 cm is difficult to be

evaporated, resulting in that infiltrated water is accumulated at

the sand-soil interface and part of the accumulated water

migrates to the sand clay as time goes on, as show in Figures

9I–P. The thick sand layer acts as a “permeability diode,” which

breaks the water balance between the atmosphere and the

stratum, making the water storage of the stratum increase

continuously. In other desert areas in China, the phenomenon

of atmospheric precipitation transforming into soil water in thick

sand layer is also confirmed by the previous researches (Zhao

et al., 2010; Zhao et al., 2011; Zhao et al., 2012).

3.4 Discussion

By analyzing the thermal state of permafrost and the

variation of water content in the sand layer and stratum, it

can be found that in the long run, with the thickening of

sand layer, the alleviation effect of sand layer on the

permafrost degradation is strengthened, and the degree of

water accumulation is also intensified. Under aeolian sand,

the thermal state of permafrost is closed related to the

energy transmission in sand layer, including heat

conduction and heat convection. Because the thermal

conductivity of soil is related to the water content (Chen

et al., 2014), and the heat convection caused by water

migration affects the heat exchange (Ma et al., 2018). The

variation of water content deeply affects the thermal energy

transmission within sand layer. Based on the water content

distribution in the sand layer, the mechanism of the sand

layer alleviating permafrost degradation can be revealed by

analyzing the heat conduction and heat convection in the

sand-soil interface.

3.4.1 Effect of sand layer on heat convection
During rainfall, evaporation and freezing-thawing process,

the water within unsaturated soil migrates in the form of liquid

water and vaporous water (Philip and De Vries, 1957; Saito

et al., 2006). The convective effect of water influences the heat

transfer in the unsaturated soil (Ma et al., 2022a; Ma et al.,

2022b).

Figure 10 shows the annual heat flux at the sand-soil

interface, and the negative value means that the heat transfers

from stratum to sand layer, while the positive value means that

the heat transfers from sand layer to stratum. It can found from

Figure 10A that for the sand layer with the thickness of 0.25 and

0.50 m, the annual convective heat is transferred from stratum to

sand layer. However, the value is very small and shows a slightly

decreasing trend as time goes on. The convective heat is closely

related to water migration. The tiny annual convective heat

means that the water content distributions of sand layer

remain almost unchanged in different years, which is

consistent with the variation of the water content within sand

layer with the thickness of 0.25 and 0.50 m in different years

(Figures 9A–H).

However, for the sand layer with the thickness of 0.75 and

1.00 m, the annual convective heat is transferred from sand layer

to stratum. The value in different years and its decreasing trend

are both much larger than those of sand layer with the thickness

of 0.25 and 0.50 m. It means that the water migration in thick

sand layer are more significant than those in thin sand layer,

resulting in that the degree of water accumulation within thick

sand layer are much more obvious, which is consistent with the

variation of the water content distributions as shown in

Figures 9I–P.

3.4.2 Effect of sand layer on heat conduction
As Figure 10B shows, the annual conductive heat flux at the

sand-soil interface under sand layer with different thickness

increases with time and changes from heat release to heat

absorption in a certain year due to the climate warming. For

example, for the sand layer with the thickness of 0.50 m, the

annual conductive heat flux increases from -14.58MJ/m2 in the

first year to 0.10MJ/m2 in the fifth year, and keeps increasing to

7.11MJ/m2 in the 20th year. However, the amount of total heat

conduction of the stratum under the sand layer with different

thickness varies greatly over 20 years. When the thickness is 0.25,

0.50, 0.75 and 1.00 m, the amount of total heat conduction is 40.8,

31.7, −116.5 and −152.7 MJ/m2, respectively. It also can be found

that as the sand layer thickens, the conductive heat decreases. From

the perspective of heat conduction of sand layer, thicker sand layer

has a stronger alleviating effect than thinner sand layer.

The heat conduction in sand layer is closely related to its

thermal conductivity. To further analyze the difference of heat

conduction between sand layers with different thicknesses, the

equivalent heat conductivity (ETC) of sand layer was calculated.

Firstly, the thermal conductivity of sand layer in different depth

can be calculated by Eq. 6 based on the content of each phase.

And then, regarding the sand layer as a composite multi-layer

thermal conducting plate laid in the ground surface, the

superposition principle of series thermal resistance in Eq. 24

was adopted to calculate the ETC of sand layer with different

thickness.

d

ETC
� Reff � ∑1

n

dk

λk
(24)

where Reff is the equivalent thermal resistance; d is the thickness

of sand layer; dk and λk are the thickness and heat conductivity of

each layer.

The evolution of ETC of sand layer with different thickness

in the 20th year is shown in Figure 11. For the sand layer with

the thickness of 0.25 and 0.50 m, the ETCs of sand layer in the
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rainy and warm season are larger than those in the dry and

cold season. This is because the sand layer is replenished by

rainfall in rainy and warm season, but the infiltration

rainwater has been gradually evaporated before it comes to

dry and cold season, which implies that the influence of water-

ice phase transition on ETC in dry and cold season is slight

(Figure 11) due to the low water content within sand layer.

However, for the sand layer with the thickness of 0.75 and

1.00 m, the ETCs of sand layer in the rainy and warm season

are less than those in the dry and cold season. This is because

FIGURE 10
The annual heat flux at the sand-soil interface in different years (A) Convective heat flux, (B) Conductive heat flux, (C) Total heat flux.
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the total water content of thick sand layer has been high

(Figures 9L,P), and the rainfall in the warm and rainy

season has little impact on the ETC, but the large amount

of ice generated in dry and cold season leads to the remarkable

enhancement of the ETC (Figure 11). Conclusively the rainfall

and evaporation has a greater impact on the ETC when the

water content is low, while the freezing and thawing of soil

water has a greater impact on the ETC when the water content

is high. As shown in Figure 11, the increment of the ETC in

cold season is larger than that in warm season when the sand

layer thickens, which indicates that the increment of

conductive heat flowing out of the stratum in cold season is

larger than the increment of conductive heat flowing into the

stratum in warm season when the sand layer thickens. Finally,

the thicker the sand layer, the lower the annual conductive

heat (Figure 10B).

3.4.3 Total heat flux under sand layer
Comparing the annual convective heat flux, as shown in

Figure 10A and the annual conductive heat flux at the sand-soil

interface, as shown in Figure 10B, it can be found that the heat

transfer modes in the sand layer with different thickness are

different, which is closely related to the water content

distribution. Within the sand layer with thickness of 0.75 and

1.00 m, the heat transfer is dominated by both the heat

convection and heat conduction in the early stage, but it is

based primarily on heat conduction in the long term.

However, for the sand layer with the thickness of 0.25 and

0.50 m, the heat convection and heat conduction are relatively

small, but heat conduction is the main mode of heat transfer in

the long term.

Combining the conductive and convective heat fluxes

showed in Figures 10A,B, the total heat fluxes at the sand-

soil interface in different years are shown in Figure 10C. The

negative value means that the heat transfers from stratum to

sand layer, while the positive value means that the heat

transfers from sand layer to stratum. Under the natural

surface, the annual total heat flux increases from 0.09 to

7.35 MJ/m2 during 20 years. It means that heat flowed into

the stratum gradually increases with the climate warming,

resulting in permafrost table declining and permafrost

warming, which is consistent with the variations of

permafrost table and soil temperature in Figures 5, 6.

Under the sand layer with different thickness, the annual

total heat flux also increases with time, and it is negative in

the first few years and changes to be positive in the following

years, which means that the stratum is in exothermic state in

the early stage and is in endothermic state in the long term. As

a result, the permafrost table rises and soil temperature

decreases in the early stage, and then the permafrost table

declines and the soil temperature increases in the long term,

which is also consistent with the variations of permafrost table

and soil temperature in Figures 5, 6.

4 Conclusion

With the development of desertification on the QTP, the heat

exchange between the atmosphere and underlying permafrost is

disturbed by the aeolian sand layer. In this paper, a coupled

hydro-thermo-vapor model considering the rainfall and

evaporation was established, and the thermal influence

FIGURE 11
The ETC of sand layer with different thickness in the 20th year.

Frontiers in Environmental Science frontiersin.org15

Lan et al. 10.3389/fenvs.2022.1047719

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1047719


mechanism of sand layer on permafrost was analyzed. The

conclusions are listed as follows:

(1) Aeolian sand layer significantly influences the thermal state

of underlying stratum. As the sand layer thickens from

0.25 to 1.00 m, the permafrost table decreases from −1.08

~ −1.82 m in the 20th year, which is shallower than 2.30 m

under natural surface. The annual average geotemperature

under sand layer with different thickness is higher that the

initial average temperature, but lower than that under

natural surface in the 20th year. Although the sand layer

cannot protect the permafrost from degradation under

climate warming, it is conducive to alleviating the

permafrost degradation. Thicker sand layer has a stronger

alleviating effect than thinner sand layer.

(2) The degree of water accumulation at the middle and bottom

of aeolian sand layer and the water content redistribution in

the stratum are connected to the sand layer thickness. As the

sand layer thickens from 0.25 to 1.00 m, the maximum water

content within sand layer is 8.0%, 11.5%, 22.0% and 25.4% in

the 20th year, respectively. For the thin sand layer (0.25 and

0.50 m), the degree of water accumulation is slight, and the

water content distribution of sand layer remains unchanged

in different years. The thick sand layer (0.75 and 1.00 m),

acting as a permeability diode, makes the degree of water

accumulation in sand layer considerable and the water

storage of the stratum increase continuously.

(3) The ETC of sand layer is tightly connected to the

distributions of water content and ice content. When the

sand layer becomes thicker, the increment of the ETC in cold

season is larger than that in warm season, which indicates

that the increment of conductive heat flowing out of the

stratum in cold season is larger than the increment of

conductive heat flowing into the stratum in warm season.

The thicker the sand layer, the lower the annual

conductive heat.

(4) As the climate warming, the annual total heat flux shifts from

flow out to flow into the stratum, and the inflow heat grows

with years. However, the mode of heat transfer in the sand

layer is affected by its thickness. For the thin sand layer, the

heat convection and heat conduction are relatively small, and

heat conduction is the main mode in the long term. For the

thick sand layer, the heat transfer is dominated by heat

convection and heat conduction in the early stage, but it is

based primarily on heat conduction in the long term.
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