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Abstract: The hydrothermal dynamics of the active layer is a key issue in the study of surface
processes in permafrost regions. Even though the soil energy budget is controlled by thermal
conduction and latent heat transfer, few studies have focused on their effects upon the active layer
thickness (ALT). In the present study, the community land model (CLM) version 5.0 is used to
simulate the soil temperature and moisture of the active layers at the Tanggula (TGL) and Beiluhe
(BLH) stations in permafrost regions of the Qinghai-Tibet Plateau based on the theory of soil enthalpy
in order to estimate the soil energy state and analyze the energy changes in the active layer during
freezing and thawing. The results indicate that the soil enthalpy has significant seasonal variation
characteristics, which accurately reflected the freezing and thawing processes of the active layer. The
change in soil enthalpy is significantly related to the thawing depth of the active layer in TGL and
BLH, and its changing process can be expressed as an exponential relationship. Near the surface,
the variation of the energy due to temperature gradient and actual evaporation can also be expressed
as an exponential relationship. The promoting effect of heat conduction on the ALT is greater than
the inhibiting effect of latent heat transfer, with the energy contribution from the phase change
accounting for about 20-40% of the energy due to the temperature gradient. The thawing depth
increases by 14.16-18.62 cm as the energy due to the temperature gradient increases by 1 MJ/m?
and decreases by 2.75-7.16 cm as the energy due to the phase change increases by 1 MJ/m?. Thus,
the present study quantifies the effects of soil energy upon the ALT and facilitates an understanding
of the hydrothermal processes in soils in permafrost regions.

Keywords: soil enthalpy; thawing process; active layer thickness; CLM; Qinghai-Tibet Plateau

1. Introduction

Permafrost is the product of energy and water exchanges between the ground and the
atmosphere under certain climatic conditions, and this process is mainly realized through
the hydrothermal characteristics of the active layer [1,2]. The active layer is the interface
between the permafrost and the atmosphere and represents over 25% of the land and coastal
areas on Earth [3]. In permafrost regions, almost all physical, chemical, and biological
processes occur on or within the active layer [4].

The permafrost area of the Qinghai-Tibet Plateau (QTP) covers 1.06 x 10° km?, ac-
counting for 40% of the total area of the QTP [5]. However, the permafrost in the QTP is
presently degrading due to global warming. In the past 40 years, the active layer thickness
(ALT) of the QTP has increased at the rate of 19.5 cm per decade [6], which is expected
to have profound impacts upon the surface energy and water balance, hydrogeological
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processes, ecosystems, carbon exchange between the atmosphere and surface, and human
engineering activities [7-14]. Moreover, the hydrothermal changes will lead to further
variations in the energy and water exchanges and to large-range alterations in the sensi-
ble and latent heat, which may further affect the changes in atmospheric circulation and,
hence, the climate system [15]. Therefore, it is very important to fully understand the
hydrothermal processes of the active soil layers in permafrost regions.

During the freezing and thawing process, the hydrothermal condition of the active
soil layer is closely related to the surface energy budget, and the seasonal thawing depth of
the active layer increases with the increase in global radiation [2,16-19]. Once the active
layer has thawed, the rapid increase in soil moisture causes the main energy transfer
from latent heat to sensible heat [20]. The soil temperature distribution is an important
link in the soil-vegetation—atmosphere energy cycle, and the temperature change in the
deep soil layer indicates the capacity of the soil for storing, carrying, and releasing heat
energy [21]. During the summer, the soil absorbs heat from the surface and allows it to
spread downward; conversely, during the winter, the soil releases the heat upward [22].
Although previous studies have provided a solid foundation for examining the mechanism
by which the freeze-thaw process influences the active layer of the QTP, those studies
have tended to focus on the importance of the surface energy balance, and have paid little
attention to the exchange of energy within the active layer.

The soil enthalpy reflects the changes in the temperature, moisture content, and
texture of the soil and can directly reflect the surface heat condition from the energy
perspective [23]. Enthalpy has been widely used in the study of regional surface thermal
conditions [23-25], as well as the improvement of glacier and frozen soil models [26-35].
The physics of thermal conduction and latent heat transfer have been the basis of several
studies on permafrost dynamics and active layer processes, where the heat propagation into
and out of the ground is largely controlled by both phase-dependent thermal conductivity
and latent heat transfer [34,36]. The Stefan equation governing the thawing process of
frozen soil indicates that the thaw depth is controlled by both the thermal conductivity
and latent heat of fusion [37,38]. Hence, despite the predominance of thermal conduction
in permafrost regions, the influence of nonconductive processes and especially the phase
change, upon the freeze—thaw cycle of the active layer, cannot be ignored [39]. Given that
the thermal conductivity of ice is four times that of liquid water, and the heat capacity of ice
is one-half that of liquid water, frozen soil with a high ice content will transport heat more
quickly than soil with an equivalent liquid water content, which means the soil temperature
will change greatly [40]. A large amount of energy absorption or release due to the ice-water
phase transition (thawing/freezing) keeps the soil temperature close to the freezing point,
which can significantly slow down the soil freezing rate and inhibit the temperature change
from the surface to the deep soil during the freezing process [32,41]. Enthalpy can represent
both the internal energy and phase state of the water, in addition to characterizing any
continuous and slight changes in the energy of the ice/water system compared to any
discontinuous changes therein during thawing/refreezing [31-33]. However, due to the
limitation of the natural QTP conditions, it is very difficult to obtain in-situ data. Moreover,
while there is a full understanding of soil heat conduction and latent heat transfer, few
studies have paid direct attention to their effects upon the ALT.

To accurately simulate the permafrost changes under climate change, the hydrothermal
characteristics of the active layer must be clearly understood. Therefore, the energy changes
in the active layer during the freezing-thawing process deserve further clarification, and
the influence of soil heat conduction and latent heat transfer upon the ALT need further
elucidation in order to better understand land-air interaction over the QTP. The aims of
the present study are: (i) to explain the energy change and heat transfer of the active soil
layer during freezing and thawing based on the concept of soil enthalpy and (ii) to identify
the contributions of the energy due to the temperature gradient and the energy due to the
phase change towards the overall change in the ALT.
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2. Materials and Methods
2.1. Study Sites

The study two monitoring sites used in the present study, namely Tanggula (TGL) and
Beiluhe (BLH), are shown in Figure 1.
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Figure 1. The location of the studied monitoring sites. The frozen ground map data were derived
from [5].

The TGL site is located at 33.04°N, 91.56°E in the southwest region of the Tanggula
Mountain pass and is 5100 m above sea level (a.s.l). The main land surface type there
is grassy alpine meadow, with a coverage of about 30-40% [42]. The mean annual air
temperature at a height of 2 m above the surface is about —4.9 °C [43]. The permafrost
thickness is in the range of 80-120 m [44], and the ALT is about 3.36 m [45].

The BLH site is located at 34.82°N, 92.92°E in the upstream regions of the Beiluhe Basin
of the central QTP and is 4600 m a.s.l. The main land surface type is the Alpine swamp
meadow, with a coverage of about 60-80% [46]. The mean annual air temperature is about
—3.4°C, and the mean annual precipitation is about 369.8 mm y~! [47]. The permafrost
thickness is approximately 20-80 m, with a geothermal gradient of 1.5-4.0 x 1072 °C/m [48],
and the ALT is about 1.6-3.4 m.

2.2. Data Sources
2.2.1. Observation Data

The soil temperature in the active layer was measured using 105 type T thermocouple
probes (Campbell Scientific, Inc., Logan, UT, USA) with an accuracy of & 0.1 °C, and the
soil moisture was measured using a Hydro probe (Stevens Water Monitoring System, Inc.,
Portland, OR, USA) with an accuracy of &+ 3%. All instruments were recorded every 0.5 h
via a CR1000 data acquisition instrument (Campbell Scientific Inc., USA) [42]. The data used
in this study are the daily mean values. The specific time period and the corresponding
monitoring depth information are provided in Table 1.

Due to the lack of observation of soil ice, it is difficult to calculate the soil enthalpy
accurately. Hence, to reduce the potential uncertainty and improve the robustness of the
results, the soil temperature and soil liquid water were simulated using the community
land model (CLM) version 5.0, and the differences between the calculated and observed
soil enthalpy parameters during the thawing period were determined in order to eliminate
the influence of ice in the soil. The observed atmospheric forcing data with a temporal
resolution of 30 min at both the TGL and BLH were used to drive the offline simulation in
CLMS5.0 (Table 1).
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Table 1. Information on the observed sites.

Site Land Cover Type

Monitoring Depth (cm)
Observation Projects

Time Period

Soil Temperature Soil Moisture

Grassy alpine

Soil temperature,

Soil moisture, 2,5,10, 20,50, 70, 5,10, 20, 35, 70,

1 January 2006-31

TGL The near-surface air temperature, 90, 105, 140, 175, 105, 140, 175, 210,

meadow December 2007 Wind speed, 210, 245, 280,300 245, 280, 300

Pressure,
Alpine swamp 1 January 2009-31 Prec1.p.1tat10n.ra.te, 2,5, 10,20, 50, 70, 5, 30, 50, 60, 90, 120,

BLH d D ber 2010 Specific humidity, 90, 120, 150, 180, 150, 180. 220, 240

meadow ccember Downward shortwave radiation, 200, 210, 220, 240 ! ’ !

Upward longwave radiation
2.2.2. GLEAM

GLEAM is the dataset using a variety of satellite sensor products to estimate daily
evaporation at a global scale and 0.25 degree spatial resolution [49,50]. Based on obser-
vations of surface net radiation and near-surface air temperature, GLEAM calculated
the potential evaporation by the Priestley and Taylor equation. The dataset separately
estimated the different components of land evaporation (often referred to as ‘evapotran-
spiration’): transpiration, bare soil evaporation, interception loss, open water evaporation,
and sublimation. The GLEAM_v3.6a dataset is utilized in this study, which is provided on
a 0.25° x 0.25° latitude-longitude grid with a daily temporal resolution. The dataset can
be freely downloaded (https://www.gleam.eu/, accessed on 1 October 2022).

2.3. Methods
2.3.1. CLM5.0

The CLM is the land component of the community Earth system model (CESM)
and is used in several global and regional modeling systems [51]. The Project for the
Intercomparison of Land-surface Parametrization Schemes (PILPS) compared more than
20 land surface models under the same initial and boundary value conditions, The results
show that the performance of land surface models is obviously different, and the simulation
performance of different models on different underlying surfaces has its own advantages
and disadvantages [52,53]. Among them, CLM (Community Land Model), as a land
surface part of CESM (Community Earth System Model), has become one of the most
widely used land surface models [51,54]. As the latest version of CLM, CLM5.0 introduces
significant improvements to soil and plant hydrology, including the solution of the Richards
equation’s adaptive time step, as well as the refinement of canopy interception and the
parameterization scheme of evaporation resistance based on the dry surface of soil [51].
The CLM has been widely used in the study of soil hydrothermal characteristics in the
QTP [55-58] and has been proven to be superior to the Experience, Reflection, Action (ERA)
models, the climate forecast system reanalysis (CFSR) model, and the community Noah
land surface model in reproducing the freezing-thawing cycle time of shallow soil in the
QTP [59].

2.3.2. Soil Enthalpy
The specific enthalpy per unit area (/) is defined by Equation (1):

h=u+pv €))]

where u is the specific internal energy, p is the pressure, and v is specific volume (i.e.,
the inverse of density).
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The specific enthalpy (k) of a control volume (V.) of soil is calculated by using
Equation (2):

where hsp, hy, and h; are the enthalpies of the soil particles, liquid water, and ice, respec-
tively [60].

By defining a reference temperature, T,.r, Equation (2) can be decomposed into
Equations (3)—(5):

hsp = Psrlcsiﬂ(l —05)(T — Tref) 3)
hw = pwCwbu(T — Tref) 4
hi = picibi(T — Tyer) — pil p6:(T) ()

By using Equations (3)—(5), the energy density, &, in MJ/m? can be written as:
h = Cr(T — Tyef) — pil0;(T) (6)

where Cr is the total heat capacity of the soil, T, is the freezing temperature (273.15K), L¢
is the latent heat of fusion (3.337 x 105 ]J/kg), and T is soil temperature (K). These values
were obtained from the CLM5.0 offline outputs.

In turn, Cr can be obtained from Equation (7):

Cr= Pspcsp(l —0s) + pwcwbu + picib; @)

where ¢; and ¢y, are the volumetric heat capacities of soil ice (1.942 x 10° J/m? K) and soil
liquid water (4.188 x 10° J/m3-K), respectively, p; is the density of soil ice (917 kg/m?),
6; and 0y, denoteare the volume percentages (m3/m?3) of soil ice and soil liquid water,
respectively, and ¢sp and psp are the volumetric heat capacity and the volume percent of
soil practices, respectively. Most of these values were obtained from the CLM5.0 offline
outputs, and the values of ¢s, and psp were calculated from the 30 x 30 arc-second gridded
data on the soil organic matter density and percentage of sand/clay of China [61].

From Equation (6), the soil enthalpy can be divided into the energy (Q;) due to the
temperature gradient caused by heat conduction under the existing thermal conductivity
and the energy (Qy) caused by the phase change. These are given by Equations (8) and (9):

Qi =Y. Cr(T — Toep)(i)-DZ,; ®)

Qu =Y iy pil8:(T) (i)-AZ; ©)
The soil enthalpy (h) of the entire active layer (MJ/m?) is then given by Equation (10):

H=Y" h-AZ (10)

2.3.3. Analytical Methods

The CLM 5.0 was used to divide the soil into 25 layers, where the depths of the
first 14 layers were 0-2 cm, 2-6 cm, 6-12 cm, 12-20 cm, 20-32 cm, 32-48 cm, 48-68 cm,
68-92 cm, 92-120 cm, 120-152 cm, 152-188 cm, 188-228 cm, 228-272 cm, and 272-326 cm.
The soil temperature and moisture were each calculated at the mid-point of each layer,
corresponding to soil depths of 1, 4, 9, 16, 26, 40, 58, 80, 106, 136, 170, 208, 250, and 299 cm.
For comparison, the simulated data were then linearly interpolated to obtain the data for
the same level that was observed at the site [62,63]. The performance of the simulation was
then evaluated by calculating the BIAS, root mean square error (RMSE), and correlation
coefficient (Corr) using Equations (11)—(13), respectively:

1 N
BIAS = N Y. (Si—0) (11)
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RMSE = (Nl_1 Yo (Si— 012 (12)

2 21 (S —5)(0; —O)
VE I (S -9/ H 2, (0,-0)

where N is the number of days of comparison, S; and S are the simulated and average
simulated values, respectively, and O; and O are the observed and average observed values,
respectively.

Corr =

(13)

3. Results
3.1. Validation of the Model
3.1.1. Soil Temperature

The observed soil temperatures at various soil depths in the active layers at the TGL
and BLH locations are compared with the corresponding simulated values in Figure 2,
and the detailed statistical data and errors are listed in Table 2. Here, the Corr is seen to
decrease as the soil depth increases, with Corr values of >0.95 for depths of 0-100 cm, >0.90
for depths of 100-200 cm, and >0.80 for depths of >200 cm. The soil temperature simulation
shows an average cold deviation of 1.29 for the two stations, with average RMSE values of
2.14 and 1.83 for TGL and BLH, respectively. Overall, the simulated soil temperature is in
good agreement with the observed value.
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Figure 2. A comparison of the simulated and observed soil temperatures at various depths at the
TGL and BLH sites.

Table 2. A comparative analysis of the simulated and observed soil temperatures at various depths

at the TGL and BLH sites.
Soil Depth TGL Soil Depth BLH
(cm) BIAS RMSE (°C) Corr (cm) BIAS RMSE (°C) Corr
5 —0.8722 1.8777 0.9778 5 —1.6866 2.6385 0.9754
10 —0.8251 1.7261 0.9802 10 —1.5289 24123 0.9806
20 —0.8159 1.6033 0.9817 20 —1.5105 2.2589 0.9843
35 —0.9819 1.6631 0.9796 50 —1.5255 2.0915 0.9759
70 —1.1519 1.8381 0.9690 70 —1.5337 1.7909 0.9693
105 —1.3475 1.9720 0.9753 90 —1.3453 1.6551 0.9562
140 —1.4231 2.3269 0.9572 120 —1.1638 1.5693 0.9274
175 —1.5233 2.5026 0.9361 150 —1.1088 1.4794 0.9174
210 —1.5816 2.6334 0.9022 180 —1.0542 1.4757 0.9042
245 —1.6224 2.6088 0.8814 200 —1.0328 1.5204 0.8792
280 —1.6643 2.4766 0.8860 220 —1.0163 1.5365 0.8562

300 —1.6766 2.4315 0.8830 240 —0.9877 1.5676 0.8229




Remote Sens. 2023, 15, 249

7 of 18

3.1.2. Soil Moisture

The observed and simulated soil moisture levels at various soil depths in the active
layers at the TGL and BLH sites are compared in Figure 3, and the corresponding statistical
data are listed in Table 3. Here, the simulated soil moisture is consistent with the observed
values in the shallow layers but is overestimated at greater depths. Further, the BIAS and
RMSE are seen to increase with the depth, while the Corr decreases. Thus, in the 0-1 m soil
layer, the average Corr is greater than 0.8, the average BIAS is about 0.04, and the average
RMSE is 0.06 and 0.1 at TGL and BLH, respectively. However, the simulation accuracy
deteriorates significantly at depths of more than 1 m.
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Figure 3. A comparison of the simulated and observed soil moisture at various depths at the TGL

and BLH sites.

Table 3. A comparative analysis of the simulated and observed soil moisture at various depths at the

01Jan 2009 01Jui2009 01Jan 2010 01 Jul 2010

01Jan 2009 01 Jul 2009 01Jan 2010 01 Ju 2010

01Jan 2009 01Jul 2009 01 Jan 2010 01 Jul 2010

TGL and BLH sites.
Soil Depth TGL Soil Depth BLH
(cm) BIAS RMSE (m3/m3) Corr (cm) BIAS RMSE (m3/m3) Corr
5 0.0034 0.0350 0.8815 5 —0.0486 0.0743 0.8176
10 0.0489 0.0530 0.9346 10 0.0342 0.0819 0.8938
20 0.1017 0.1063 0.9212 20 0.0734 0.1206 0.9001
35 0.0355 0.0612 0.8847 50 0.0891 0.1468 0.8545
70 0.0207 0.0457 0.8591 70 0.0803 0.1248 0.8507
105 0.0405 0.0830 0.7657 90 0.0080 0.0634 0.7632
140 0.0706 0.1021 0.8140 120 0.2052 0.2160 0.9046
175 0.0477 0.0950 —0.6821 150 0.2219 0.2350 0.8872
210 0.0544 0.0848 0.7499 180 0.2650 0.2749 —0.8456
245 0.1515 0.1704 0.6459 200 0.2929 0.3153 —0.1106
280 0.1616 0.1808 —0.5705 220 0.3252 0.3974 0.0377
300 0.1749 0.1963 0.4962 240 0.1622 0.1671 0.8598

3.1.3. Soil Enthalpy

The observed and simulated soil enthalpies at various soil depths in the active layers
at each location are compared in Figure 4, and the corresponding statistical data are
summarized in Table 4. Here, only the difference between the measured and simulated
values during the thawing period (ice content = 0) are compared, due to the lack of
measured data for the soil ice content. Thus, the simulated soil enthalpy shows good
consistency with the measured values in the 0-150 cm layer, with BIAS, RMSE, and Corr
values of 0.89, 5.79, and 0.68, respectively, at TGL and 1.23, 3.64, and 0.82, respectively,
at BLH. However, the accuracy decreases somewhat when the soil depth exceeds about
150 cm. The error between the model simulation and observed soil enthalpy was acceptable,
and the results generally reflect the actual situation.
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Figure 4. A comparison of the simulated and observed soil enthalpies at various depths at the TGL

and BLH sites.

Table 4. A comparative analysis of the simulated and observed soil enthalpy at various depths at the
TGL and BLH sites.

Soil Depth TGL Soil Depth BLH
(cm) BIAS RMSE (M]/m?) Corr (cm) BIAS RMSE (M]/m?) Corr
5 0.2001 11.9733 0.5734 5 —1.5809 3.9644 0.9013
10 2.3078 11.2027 0.6391 10 2.0562 4.6045 0.9202
20 3.4077 5.7588 0.7717 20 3.1722 5.4036 0.9430
35 1.4851 4.5304 0.7133 50 3.2479 4.7180 0.9037
70 0.7506 3.6396 0.6416 70 0.8996 2.2412 0.7921
105 —0.7281 1.8612 0.6652 90 —0.5741 1.8217 0.6637
140 —1.1749 1.6008 0.7679 120 1.4109 2.7366 0.5952
175 —1.9666 2.3464 0.3819 150 0.8407 2.8487 0.4523
210 —2.4094 2.5454 0.5438 180 —0.3096 1.1761 0.4889
245 —2.2636 2.3779 0.4628 200 —0.6809 0.7675 0.9044
280 —2.3919 2.4647 0.4146 220 —~1.1704 1.1812 0.5883
300 —2.5789 2.6397 0.1496 240 —0.9993 1.0171 0.1117

3.2. Changes of Soil Temperature, Moisture, and Enthalpy at Different Depths

The diurnal variations in soil temperature, moisture, and enthalpy during the period
of 1 January 2006 to 31 December 2007 for soil depths of 0-300 cm at the TGL site are
presented in Figure 5. Here, the heat distribution and transmission in the active soil layer
exhibit distinct characteristics during various stages of the freeze-thaw process. Thus, over
the complete freeze-thaw process, each of the active soil layers experience a temperature
reduction during the freezing process, and this temperature reduction continues even after
complete freezing had occurred, and this is eventually followed by a temperature increase
both during and after the process of complete thawing. The freezing period is defined
here as the period when the ground temperature is continuously below 0 °C, and the
thawing period is defined as the period when the ground temperature is above 0 °C [64].
From 27 April 2006, the surface temperature became positive, and the surface began to
thaw from the top down, until the temperature at the bottom of the active layer became
0 °C on 18 August 2006. The vertical change in the temperature of the soil active layer
indicates that the freezing process takes place in both directions, with the surface freezing
downwards from 13 October 2006, and the bottom of the active layer freezing upwards
from 28 October 2006 until 3 November 2006, when the freezing fronts meet at a depth of
140-175 cm, and the active layer became completely frozen until 27 April 2007, when the
surface temperature became positive and triggered the next thawing period.
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Figure 5. The variations in (a) the observed soil temperature, (b) the observed soil moisture, and
(c) simulated soil enthalpy at various depths during the period of 1 January 2006 to 31 December
2007 at the TGL site.

Notably, the positive and negative changes in the simulated soil enthalpy (Figure 5c)
are consistent with the observed freeze—thaw processes of the active layer (Figure 5a,b).
Thus, the enthalpy is positive during the thawing period and negative during the freezing
period. The soil enthalpy changes most dramatically at the surface, having a maximum
value of up to 40 MJ/ m3 and reaching a minimum value of about —240 MJ/ m3 when the
surface temperature drops to a minimum. However, the soil enthalpy decreases sharply
with the increase in depth and only varies in the range of —6 to +6 MJ/m? at depths below
100 cm. Thus, the change in soil enthalpy at the bottom of the active layer is two orders of
magnitude smaller than that at the surface.

3.3. Energy Change of Active Layer during Freezing and Thawing

The diurnal variations in H, Q;, and Qy, in the active layers at TGL and BLH are shown
in Figure 6, and these reflect the seasonal variations in the energy of the active layer. In
general, the energy due to the phase change in the active layer exhibits a significant seasonal
variation, with a minimum value of close to 0 in the summer and a maximum value of
about 20 MJ/m? in the winter. Meanwhile, the enthalpy and energy due to the temperature
gradient each exhibit the opposite trend to that of the energy due to the phase change, with
a single maximum value in the summer and a negative value in the winter. In the summer,
the soil enthalpy and the energy due to the temperature gradient are similar in value; in
winter, however, the soil enthalpy is much lower than the energy due to the temperature
gradient, and the difference is equivalent to the energy due to the phase change at that time.



Remote Sens. 2023, 15, 249

10 0of 18

N B
o o o
[

| |
B N
o o

1 |

-60

— 1 — T
01 Jan 2006 01 May 2006 01 Sep 2006

60

Energy change in active layer (MJ/m?)

s>0C
|

% —® [ % & e ue e e —T T T
01Jan 2009 01 May 2009 01 Sep2009 01Jan2010 01 May 2010 01 Sep 2010
Date

Figure 6. The diurnal energy changes in the active layer at (a) TGL and (b) BLH.

3.4. The Influence of Soil Enthalpy upon the ALT

The observed variations in H and TD in the active layers at the TGL and BLH sites are
presented in Figure 7. Here, it can be seen that the change in H has a significant influence
on the TD, and there is a positive correlation between the change in soil enthalpy and the
ALT. Thus, the minimum TD value is 0 when H is close to 0.0 MJ/m?2, and TD increases
with the increase in H. The relation between TD and H can be expressed by Equation (14):

TD = a-b™

(14)

where H is the soil enthalpy of the entire active layer, and a and b are the regression

coefficients.
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Figure 7. The effect of soil enthalpy upon the thawing depth (TD) of the active layer (p < 0.05),
(a,b) TGL site in 2006 and 2007, (c,d) BLH site in 2009 and 2010.
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The values of the regression coefficients can be affected by the local microclimate,
the soil texture, the precipitation, and other factors. The coefficient of determination (RZ)
of TD and H at each site was more than 0.90. The specific regression coefficients of each
observation point are presented in Table 5.

Table 5. The regression coefficients of Equation (14).

Site Year a b R?

TGL 2006 74.1082 1.0534 0.9230
2007 98.1059 1.0503 0.9678

BLH 2009 130.4137 1.0507 0.9827
2010 79.1856 1.0543 0.9072

4. Discussion
4.1. Variation of Near-Surface Energy and Evapotranspiration during Freezing and Thawing

The freezing-thawing process of the active layer is closely related to the surface energy
budget and soil thermal energy variations, and the change in surface energy will eventually
lead to a change in the soil heat [22]. The soil enthalpy (H) represents the current energy
state of the active layer itself during heat exchange between the ground surface and the
atmosphere, with a positive H representing the energy that must be released for complete
freezing of the active layer and a negative H representing the energy that must be absorbed
for complete thawing of the active layer.

The energy due to the temperature gradient and that due to the phase change in
the active layer each exhibit obvious seasonal variations, as shown in Figure 8. These
variations are opposite to those in the sensible heat and latent heat in the surface energy
balance equation [22,64], thereby reflecting the heat exchange process between the surface
and the atmosphere from the perspective of the active soil layer. The energy due to the
phase change is the internal energy of soil ice, which only changes significantly during the
stage of the diurnal freeze—thaw cycle (April to May and September to October), and this
energy remains stable during the period of complete soil freezing and thawing. However,
the energy due to the temperature gradient is more intuitively involved in the process of
heat exchange between the land surface and the atmosphere.

Evapotranspiration (ET) is the process by which liquid water becomes water vapor,
and energetically, this accounts for much of the incoming solar radiation [65]. It is a key
climate variable connecting the water cycle, energy cycle, and carbon cycle and is closely
related to the energy budget of the underlying surface [66-69]. The increase of sensible
heat and decrease of latent heat accounted for the reduced surface evaporation [57].

Figure 9 shows the diurnal variation of actual evaporation (E), which is consistent
with the variation trend of energy generated by the temperature gradient. The variations
of the energy due to temperature gradient in 5 cm thickness of soil (Q 5.y) and E in the
TGL and BLH sites are shown in Figure 10. The variation between E and Q; 5., can also be
described by an exponential relationship:

E = u.th_Scm (15)

where a and b are the regression coefficients.
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Figure 9. Seasonal variations in daily diurnal evaporation.
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Figure 10. The energy due to the temperature gradient in 5 cm thickness of soil (Q;_s5cm) effects on
the diurnal variation of actual evaporation (p < 0.05).

The coefficient of determination (R?) of E and Q; e at each site was more than 0.70.
The specific regression coefficients of each observation point are presented in Table 6. This
variation can be explained by linking evapotranspiration to soil thermal processes, with
less water leaving the surface during the freezing period and evaporation less than 0.5 mm
per day. When the surface begins to thaw, the water content in the soil gradually increases
and evaporation increases sharply.

Table 6. The regression coefficients of Equation (15).

Site a b R?
TGL 0.3896 1.0691 0.7375
BLH 0.4038 1.0751 0.7275

During the transition of the active layer from the completely frozen to completely
thawed state, the soil is always in a state of heat absorption. As the soil temperature
increases, the energy due to the temperature gradient increases. However, because the
energy required for the phase change is absorbed by the thawing ice, the temperature of
the soil is prevented from rising, and the energy available to the soil due to the phase
change is negative. When the soil temperature is close to 0, the positive energy due to the
temperature gradient and the negative energy due to the phase change balance each other,
and the soil enthalpy is 0. When all of the ice in the active layer has been converted into
liquid water, the energy due to the phase change becomes zero and no longer changes;
hence, the soil temperature begins to rise continuously, and the soil continuously absorbs
heat. At this time, the soil enthalpy is equal to the energy due to the temperature gradient;
hence, all of the soil energy is provided by the temperature gradient. After that, the soil
enters an exothermic state in which the soil enthalpy and the energy due to the temperature
gradient each decrease continuously with the decrease in soil temperature. During this
freezing process, however, the energy due to the phase change is released and can offset the
decrease in the soil temperature [70]. When the soil temperature decreases to 0 °C, the soil
enthalpy becomes 0 again. At this time, most of the liquid water in the soil has frozen into
ice, and only a small amount of unfrozen water remains. Until the active layer is completely
frozen, the total soil enthalpy retains its minimum value (Figure 6). An important factor
affecting the change in permafrost thawing depth is the accumulation of surface energy,
which gradually increases with the increase in solar energy [2]. During the thawing period,
the heat from the atmosphere is absorbed by the active layer, thereby causing the TD to
increase with the increase in soil enthalpy (Figure 7).

4.2. The Contributions of Heat Conduction and Latent Heat Transfer towards the Change in ALT

To clarify the contribution of heat conduction and latent heat transfer towards the ALT,
their effects upon the thawing depth are compared in Figure 11. The energy due to the



Remote Sens. 2023, 15, 249

14 0f 18

temperature gradient has a significant positive correlation with the TD, while that due to
the phase change has a significant negative correlation (R? > 0.84). Thus, the increase in the
energy due to the temperature gradient will promote an increase in the ALT, while that due
to the phase change will inhibit the increase in the ALT, which is consistent with the results
of previous studies [2,3,32,39,41,71]. The contribution of the energy due to the temperature
gradient towards the active layer is stable, which is the primary control over the thickening
of the active layer. In addition, the present results show that the thawing depth increases by
14.16-18.62 cm for every 1 MJ/m? increase in the energy due to the temperature gradient,
while the thawing depth decreases by 2.75-7.16 cm for every 1 MJ/m? increase in the energy
due to the phase change. The contribution of the energy due to the phase change towards
the change in the ALT accounts for about 20—40% of the energy due to the temperature
gradient (Table 7).
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Figure 11. The effects of the energy due to temperature gradient (Q;) and that due to the phase
change (Qw) upon the thawing depth (TD) of the active layer (p < 0.05).

Table 7. The relative contributions of the energy due to the temperature gradient (Q;) and that due to
the phase change (Q) towards the ALT.

Site Year The Absolute Value of Q,/Q;
2006 38.48%

TGL 2007 20.25%
2009 18.66%

BLH 2010 19.42%

Although the present results quantify the contributions of heat conduction and latent
heat towards the ALT, and contribute towards a further understanding of the freezing and
thawing processes in the active soil layer, there is a certain deviation in the simulated soil
temperature and moisture obtained by using the CLM [56,58]. This is more obvious at the
bottom of the active layer and affects the accuracy of the estimated soil energy contribution
to the active layer.
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However, it should be noted that the soil temperature and moisture are not only
affected by the above-mentioned internal factors. The temperature increase in the near-
surface permafrost is primarily controlled by regional climatic conditions [71,72]. The
surface energy flux and surface soil properties are affected by the seasonal changes in
vegetation cover [73]. The rainfall in the spring and summer leads to an increase in
the soil water content and changes the surface energy balance, thereby reducing the soil
temperature [74,75]. In the winter, the surface snow plays a role in isolating the temperature,
with a thicker snow layer leading to a reduction in the heat loss from the soil [76]. These
factors each affect the temperature and moisture of the soil to differing degrees, thereby
leading to different active layer energies in different areas and ultimately affecting the ALT.
Hence, the relationship between the various factors and the energy changes should be
explored in future research in order to clarify their influence upon the ALT.

5. Conclusions

In this study, the CLM 5.0 was applied to estimate the soil enthalpy at Tanggula and
Beiluhe in the permafrost region of the Qinghai-Tibet Plateau, and the influence of the
energy change of the active layer on its thickness during the thawing process was studied;
the main conclusions can be drawn as follows:

(1) Soil enthalpy can better reflect the dynamic changes of temperature and moisture
during freeze-thaw processes. The soil enthalpy of Tanggula and Beiluhe has obvious
seasonal variations, which is smaller in the winter and larger in the summer. The
change of soil enthalpy is significantly related to the thawing depth of the active layer,
and during the thawing period, TD increases with the increase of H, and its changing
process can be expressed as an exponential relationship.

(2) The seasonal variation trend of the energy caused by temperature gradient is the same
as that of soil enthalpy, and the variation between actual evaporation and Q; 5cm can
also be described by an exponential relationship. The increase of Q; promotes the
thickening of the active layer, and the thawing depth increases by 14.16~18.62 cm with
the energy increased per 1 MJ/m?.

(3) The seasonal change trend of the energy caused by phase change is opposite to that of
soil enthalpy. The increase of Q, inhibits the thickness change of active layer, and the
thawing depth decreases by 2.75~7.16 cm with the energy increased per 1 MJ/m?.

(4) The promoting effect of heat conduction on the active layer thickness is greater than
the inhibiting effect of latent heat transfer on the active layer thickness, and the
contribution of the energy caused by the phase change to the thickness of the active
layer accounts for about 20~40% of the energy caused by the temperature gradient.
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