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Abstract: Exploring the complex relationship between the freeze–thaw cycle and the surface energy
budget (SEB) is crucial for deepening our comprehension of climate change. Drawing upon extensive
field monitoring data of the Qinghai-Tibet Plateau, this study examines how surface energy accu-
mulation influences the thawing depth. Combined with Community Land Model 5.0 (CLM5.0), a
sensitivity test was designed to explore the interplay between the freeze–thaw cycle and the SEB.
It is found that the freeze–thaw cycle process significantly alters the distribution of surface energy
fluxes, intensifying energy exchange between the surface and atmosphere during phase transitions.
In particular, an increase of 65.6% is observed in the ground heat flux during the freezing phase,
which subsequently influences the sensible and latent heat fluxes. However, it should be noted
that CLM5.0 has limitations in capturing the minor changes in soil moisture content and thermal
conductivity during localized freezing events, resulting in an imprecise representation of the complex
freeze–thaw dynamics in cold regions. Nevertheless, these results offer valuable insights and sugges-
tions for improving the parameterization schemes of land surface models, enhancing the accuracy
and applicability of remote sensing applications and climate research.

Keywords: freeze–thaw process; surface energy budget; permafrost; climate change; Qinghai-Tibet
Plateau

1. Introduction

The freeze–thaw process, which is characterized by phase transitions of soil mois-
ture driven by temperature fluctuations, is an important feature of the active layer (AL)
in permafrost regions [1]. These transitions involve the absorption and release of heat,
leading to significant variations in thermal conductivity and heat capacity that strongly
influence near-surface thermodynamic and hydraulic properties. In turn, these changes
affect hydrological processes, the surface albedo, surface energy budget (SEB), ecosystems,
and ultimately climate change [2–5].

Studies have found that the freeze–thaw process enhances the exchange of energy
between the surface and the atmosphere, significantly impacting latent heat flux [6].
Guo et al. [7] simulated the SEB process at BJ station using the SHAW model and con-
cluded that the daily freeze–thaw process of the land surface affects the variation of surface
energy fluxes, and this impact is more significant during the freezing period. Additionally,
freeze–thaw processes also affect the spatiotemporal variability of soil moisture and thermal
conditions [8]. The phase transitions of water in this process also influence soil moisture
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transport and SEB, further affecting atmospheric circulation and thus regional and global
climate change [8,9]. Freeze–thaw processes also have a certain impact on surface snow
processes and the growth cycle of vegetation [10]. In summary, freeze–thaw processes
affect land-atmosphere interaction in energy and water cycles by changing soil moisture
content, soil thermal regime, surface albedo, and soil evaporation, thereby influencing
atmospheric circulation and having an impact on regional climate [11]. At the same time,
changes in regional climate also influence freeze–thaw processes [12,13]. It can be seen
that freeze–thaw processes in permafrost regions and regional climate change are mutually
coupled. Studying the interaction between freeze–thaw processes and surface energy-water
exchange can promote a better understanding of their impact on climate change [14,15].

In permafrost regions, near-surface meteorological elements and surface energy fluxes
undergo significant diurnal variations [16]. The freeze–thaw process constitutes the most
fundamental dynamic in the AL of permafrost, with the fluctuation in the ice-to-unfrozen
water ratio during freeze–thaw cycles profoundly affecting soil water and heat characteris-
tics. Consequently, the freeze–thaw process exerts a significant influence on energy-water
processes and surface non-adiabatic heating, rendering them a pivotal research focus on the
exploration of land surface processes and climate change [17]. In particular, the freezing
of water and release of heat in autumn and winter, and the melting of ice and absorbance
of heat in spring and summer reduce the annual soil temperature range, meaning that
the AL has variable thermal and water resistance in the process of land-atmosphere heat
exchange [18,19]. Numerous investigations have revealed that under different freeze–thaw
conditions, there are notable differences in the surface-atmosphere hydroclimatic interac-
tions [20,21]. Besides, energy-water exchanges between the land surface and atmosphere
also affect the freeze–thaw cycle process in the AL [9,22], leading to abnormal non-adiabatic
heating of the land surface and subsequent changes in atmospheric circulation. The interac-
tion and feedback between permafrost, the ecological environment, and human activity are
thus crucial targets of global climate change research.

The Qinghai-Tibet Plateau (QTP), a representative region of the high-altitude cryosphere
in the Northern Hemisphere, is known to respond strongly and sensitively to climate
change [23,24]. Over the past four decades since 1980, the QTP has witnessed a pronounced
rise in near-surface air temperature, averaging between 0.40 ◦C and 0.52 ◦C per decade.
This rate far surpasses the global mean warming trend of 0.19 ◦C per decade [25]. Notably,
the warming trend in winter is particularly significant, reaching 0.66 ◦C per decade, ap-
proximately double the rate observed in summer [26,27]. As a consequence, permafrost
temperatures have risen, the active layer thickness (ALT) has increased, and the overall area
of permafrost has decreased [28–30], signifying varying degrees of permafrost degrada-
tion [31]. The degradation of permafrost has profoundly transformed near-surface energy
exchange dynamics and energy-water interactions between the ground and the atmosphere.
This transformation has triggered the release of greenhouse gasses into the atmosphere.
Studies have shown that, for every 0.04 ppm increase in carbon dioxide content in the
atmosphere, the temperature rises by approximately 0.012 ◦C [32], creating a feedback loop
that amplifies global warming trends [33,34]. With the continuous warming of the QTP,
precipitation has been showing an increasing trend, as indicated by research from Zhang
et al. [35]. Meanwhile, human activities in the region have also intensified, as noted by
Liu et al. [36], further influencing the hydrothermic conditions of the AL. The latest field
observation data also suggest that the ALT along the Qinghai-Tibet Highway has been
increasing at a rate of 2.84 cm yr−1 from 1981 to 2021 [29,37]. In addition, since 2004, the soil
moisture content at the bottom of the AL has been increasing, while changes in the shallow
layer have been minimal or slightly decreased, as monitored by Zhao et al. [38]. These
alterations in hydrothermic conditions not only affect the freeze–thaw process but also
significantly impact the patterns of seasonal variability in SEB and the overall ecological
environment in cold regions, as emphasized by Ma et al. [9]. Therefore, accurately grasping
the changes in SEB and freeze–thaw conditions is crucial for understanding and responding
to climate change.
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This study primarily endeavors to do the following: (1) explore the interaction between
the freeze–thaw cycle and the SEB; and (2) investigate how the accumulation of radiation
flux influences the thawing depth. The structure of the manuscript is outlined as follows:
In Section 2, a comprehensive depiction of the study area and the data utilized is provided.
It also introduces the model employed and outlines the experimental designs. Section 3
presents the findings pertaining to the interaction between the freeze–thaw dynamics
and the SEB. Moving forward, Section 4 discusses the pivotal processes that intertwine
soil hydrothermic conditions with SEB regimes. Section 5 summarizes the conclusions
of the paper, discusses the limitations of the study, and also provides an outlook for
future research.

2. Material and Methods
2.1. Study Area and Data

In this study, the core data were derived from five field sites positioned within the
permafrost zones of the QTP: XDT, BLH, TGL, TSH, and LDH (depicted in Figure 1). These
sites encompass a diverse array of subsurface environments representative of the permafrost
regions over the QTP. Specifically, the XDT site, situated at the northern perimeter of the
permafrost zone at an elevation of 4538 m, exemplifies a warm permafrost-type area
characterized by an alpine meadows landscape, with vegetation coverage of 80–90% [39].
This site experiences an annual average air temperature of approximately −3.6 ◦C and an
annual precipitation of 396 mm. The ALT at XDT is approximately 1.54 m. Moving centrally,
the BLH site is situated upstream, showcasing an alpine marsh meadow ecosystem with
vegetation coverage between 60% and 80%. This site registers an annual average air
temperature of roughly −3.0 ◦C and annual rainfall of 415 mm, accompanied by an ALT of
2.4 m. TGL site, perched at an altitude of 5100 m and located at the TGL Mountain pass in
the QTP’s interior, stands as the highest field observation site within the permafrost zone,
classifying it as cold permafrost [40]. Its gentle, open terrain is dominated by alpine steppe
vegetation, covering 30% to 40% of the area [40]. This site experiences an annual average air
temperature of approximately −4.9 ◦C, an annual average atmospheric pressure of around
538 hPa, and an annual precipitation of 436.7 mm. The ALT here reaches 3.4 m [41]. LDH
site, which is positioned at the southernmost edge of the QTP permafrost zone at 4808 m
above sea level, features an alpine marsh meadow landscape. It experiences a notably
warmer annual average air temperature of approximately 1.5 ◦C and annual precipitation
of 449.3 mm, with an ALT of roughly 1.2 m. TSH is situated along the western perimeter of
the permafrost region, an area that is simultaneously remote and inaccessible, and that has
the lowest temperatures and minimal annual precipitation. For a comprehensive overview
of each site’s specifics, including location and vegetation, refer to Table 1.
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Table 1. Overview of the study sites.

Study Site Longitude (◦E) Latitude (◦N) Altitude (m) Vegetation Type Study Period

TGL 91◦01′ 32◦58′ 5100 Alpine meadow 2006.1.1–2007.12.31
XDT 94◦08′ 35◦43′ 4538 Alpine meadow 2011.1.1–2013.12.31
BLH 92◦55′ 34◦49′ 4656 Alpine meadow 2009.1.1–2010.12.31
LDH 91◦44′ 31◦49′ 4808 Alpine wet meadow 2017.1.1–2017.12.31
TSH 79◦33′ 35◦22′ 4844 Alpine dessert 2016.1.1–2017.12.31

The field monitoring data used in this study mainly includes automatic meteorological
monitoring site data and AL hydrothermic data. The meteorological data were provided
by the automatic meteorological gradient tower observation, including air temperature, air
pressure, atmospheric humidity, wind speed at three layers (2, 5, and 10 m), precipitation,
upward longwave/shortwave radiation flux, downward longwave/shortwave radiation
flux, snow depth, and soil heat flux (0.05, 0.1, and 0.2 m). The AL data includes soil temper-
ature and moisture data levels across various soil depths. The meteorological data were
systematically recorded using a Campbell Scientific Inc. (Logan, UT, USA) CR1000/CR3000
data acquisition system. The soil temperature was precisely measured at various depths,
employing a 105T/109 thermocouple probe with an accuracy of ±0.1 ◦C to ±0.2 ◦C. Fur-
thermore, soil moisture content was quantitatively assessed using a Hydra soil moisture
sensor, which was interfaced with the CR10X/CR1000/CR3000 data logger for continuous
and accurate monitoring. The instrumentation, equipment, and error ranges for each
variable are detailed in Table 2.

Table 2. Observation items and corresponding equipment information.

Observation Items Instrumentation and Equipment Monitoring Frequency Error Range

Air temperature HMP45C, Vaisala 30 min ±0.5 ◦C
Air humidity HMP45C, Finland 30 min ±3% RH

Wind 05103_L/RM, Campbell, USA 30 min ±0.3 m/s
Precipitation T-200B Precipitation Gauge 30 min ±0.1 mm

Upward longwave/shortwave radiation flux CM3, Kipp & Zonen, The Netherlands 30 min ±10%
Downward longwave/shortwave radiation flux CM3, Kipp & Zonen, The Netherlands 30 min ±10%

Soil temperature 105T/109 30 min ±0.1 ◦C
Soil moisture CS616 30 min ±2.5%

2.2. Model
2.2.1. Model Description

The Community Earth System Model (CESM) is a sophisticated coupled earth system
model, featuring the CLM model as its land surface module. The CLM model compre-
hensively incorporates four main processes: biogeochemical, biophysical-chemical, hydro-
logical, and dynamic vegetation processes. It is currently one of the land surface process
models with the most comprehensive consideration of physical processes and the greatest
development potential. The latest version of the CLM model, CLM5.0 has significantly
improved its simulation performance compared to previous versions. CLM5.0 adjusts some
parameterization schemes and model structures, with improvements mainly focused on
soil hydrology, surface turbulent fluxes, snow accumulation, vegetation, carbon-nitrogen
cycles, and runoff [42]. CLM5.0 introduces a soil resistance scheme for the depth of the
dry soil layer, improves the soil evaporation parameterization scheme, and enhances its
simulation performance [43]. In CLM5.0, the soil is divided into 25 layers (0.01 m, 0.04 m,
0.09 m, 0.16 m, 0.28 m, 0.40 m, 0.58 m, 0.80 m, 1.06 m, 1.36 m, 1.70 m, 2.08 m, 2.50 m,
2.99 m, 3.58 m, 4.27 m, 5.06 m, 5.95 m, 6.94 m, 8.03 m, 9.80 m, 13.33 m, 19.48 m, 28.87 m,
and 42.00 m) [44]. The first 20 layers are involved in hydrological and biogeochemical
processes, while the bottom five layers are identified as bedrock and are only included in
thermodynamic calculations [45]. In land surface process models, evaporation is crucial
for water balance, and its changes are closely related to SEB, soil moisture content, etc.



Land 2024, 13, 1609 5 of 15

These improvements enable CLM5.0 to provide more accurate simulations of the global
soil energy-water exchange process [46,47].

2.2.2. Experimental Design

Previous studies have shown that the default parameterization scheme in the CLM5.0
model can lead to the overestimation of the sensible heat flux and the underestimation
of the latent heat flux over the QTP [16]. This study utilizes the improved CLM5.0 (SP5
scheme) reported by Ma et al. [16] to quantitatively explore the impact of the freeze–thaw
process on the exchange process of surface energy and water. The freeze–thaw scheme in
CLM5.0 is shown in Equations (1) and (2):

Tn+1
i > Tf and wice,i > 0 i = snl + 1, . . . , Nlevgrnd melting, (1)

Tn+1
i < Tf and wliq,i > 0 i = snl + 1, . . . , 0

Tn+1
i < Tf and wliq,max,i i = 1, . . . , Nlevgrnd

freezing (2)

where T means the soil temperature, Tf is the phase transition temperature (i.e., 0 ◦C),
Wice is the soil ice content, Wliq is the soil water content, and Wliq,max is the unfrozen water
content in the frozen soil. When T > Tf and Wice > 0, the frozen soil thaws; When T < Tf and
Wliq < Wliq,max, the soil freezes.

In this study, a sensitivity test (TEST experiment) was artificially designed to remove
the freeze–thaw process. This experiment assumes that when the soil temperature (T)
drops below the phase transition temperature (Tf), the soil will not undergo a freezing
process, the freeze–thaw mechanism in the model is artificially removed, while other
parameterization schemes remain unchanged (e.g., snowmelt processes still exist). For
comparison, we also designed a control experiment (CTL experiment). CTL experiment
includes the soil freeze–thaw process, and all other settings are the same as the TEST
experiment, representing a normal simulation experiment.

3. Results
3.1. The Influence of the Freeze–Thaw Process on the Surface Energy Flux

Figure 2 provides a comprehensive comparison of soil moisture dynamics under
conditions with and without a freeze–thaw cycle. The three columns of subgraphs from
left to right represent the TGL site, BLH site, and XDT site, respectively. The four rows
from top to bottom represent the soil depths of 5, 10, 20, and 40 cm, respectively. The blue
line shows the time series of soil liquid moisture content that includes the freeze–thaw
cycle process (CTL), while the orange line represents the soil liquid moisture content
when the freeze–thaw cycle is removed (TEST). Notably, the CTL experiment exhibited a
characteristic “U”-shaped profile in soil moisture variation across a single freeze–thaw cycle.
April to August is the thawing stage of the freeze–thaw cycle process. During this period,
as net radiation flux increases and air temperature rises, energy is transferred from the
atmosphere to the soil, causing solid water in the soil to gradually melt over time. This leads
to a gradual increase in the liquid water content of the soil at different depths. Subsequently,
from August to October, it enters the fully thawed stage, resulting in the stable maintenance
of a higher level of liquid water content in the soil, which persists for an extended period.
October to December is the freezing stage of the freeze–thaw cycle process. During this
period, net radiation flux decreases, air temperatures drop, and soil moisture transitions
from liquid to solid over time, leading to a decrease in soil liquid water content and
maintaining it at a lower level. Observing the soil liquid water content at different depths
across the three stations, it is evident that as the depth increases, the soil liquid water content
gradually decreases, and its fluctuation range also gradually narrows. This phenomenon
was consistent at all three stations. For the TEST experiment, the soil liquid water content
fluctuates less within a freeze–thaw cycle. During the thawing stage, the soil liquid water
content of the TEST experiment was highly consistent with that of the CTL experiment, and
the pattern of change in the soil moisture both with and without the freeze–thaw process
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exhibited remarkable similarity for three sites: BLH, XDT, and TGL. Specifically, the BLH
site emerges as having the highest soil moisture content, while the lowest was observed at
the XDT site. However, during the freezing phase, the soil liquid moisture content exhibits
a pronounced difference when comparing the CTL experiment to the TEST experiment. A
notable deviation arises due to the TEST experiment’s artificial elimination of the freezing
process. Consequently, soil moisture remains stable and does not exhibit the expected
decline. By the end of the complete freezing period, the soil moisture content in the TEST
experiment remained virtually unchanged. In contrast, in mid-April of the subsequent
year, the soil in the CTL experiment begins thawing, marked by a precipitous increase
in soil moisture, gradually reverting to pre-freezing levels. Interestingly, the middle soil
layer (40 cm depth) lags behind the shallow layer (5 cm depth) in its freezing and thawing
patterns by approximately one month, highlighting the depth-dependent nature of these
processes. Collectively, the observed changes in soil moisture verified the efficacy of the
experiment in achieving its intended objectives.
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Figure 2. The simulation results for the soil liquid moisture under two groups of tests (blue line: with
freeze–thaw process experiment; orange line: without freeze–thaw process experiment) at three sites
(left column: TGL station; middle column: BLH station; right column: XDT station) for different soil
depths (first row: 5 cm; second row: 10 cm; third row: 20 cm; fourth row: 40 cm), (a) TGL, 5 cm;
(b) BLH, 5 cm; (c) XDT, 5 cm; (d) TGL, 10 cm; (e) BLH, 10 cm; (f) XDT, 10 cm; (g) TGL, 20 cm; (h) BLH,
20 cm; (i) XDT, 20 cm; (j) TGL, 40 cm; (k) BLH, 40 cm; and (l) XDT, 40 cm.

Removing the freeze–thaw process will inevitably cause a response in soil temperature.
The changes in soil temperature for different soil depths at BLH, XDT, and TGL in the
TEST and CTL experiments are summarized in Figure 3. It can be observed that the soil
temperature variations in both experimental groups exhibited a V-shaped distribution at
different depths, and this phenomenon was consistent across all three sites. In summary, the
soil temperature changes induced by the test that removes the freeze–thaw process (TEST)
were more pronounced during the freezing period. During the complete thawing process,
the difference in soil temperature between the TEST and CTL experiments was very small,
almost completely overlapping. However, during the freezing process, the soil temperature
in the CTL experiment was higher than in the TEST experiment, and this phenomenon
is most pronounced at the BLH site. During the complete freezing process, for the BLH
site, the soil temperature in the CTL experiment was higher than in the TEST experiment,
while the other two sites exhibited the opposite trend. It can be observed that at the BLH
site, the soil released heat to the outside environment during the freezing process, which
slowed down the rate at which soil temperature decreased. The soil temperature in the CTL
experiment was higher than in the TEST experiment, and this phenomenon was in line
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with our expectations. However, the soil temperatures simulated by the two experimental
groups at the TGL and XDT sites exhibited an opposite trend. We have further analyzed
this trend and believe that it is mainly caused by the following reasons. Firstly, compared
to the BLH site, the soil moisture content at the TGL and XDT was lower, so the impact
of the release of heat during the freezing process on the soil temperature may have been
smaller. Secondly, combining the simulation results [16], it can be seen that the CLM5.0
model simulates the soil moisture during the freezing stage at the BLH site relatively
accurately compared to the measured values, while there is a notable underestimation of
shallow soil moisture during the freezing period at the TGL and XDT sites, which may
have affected the accuracy of the freeze–thaw cycle process simulation. Additionally, the
thermal conductivity of ice is approximately fourfold greater than the thermal conductivity
of water. Theoretically, the thermal conductivity during the freezing stage should be greater
than that during the unfrozen stage [48]. However, Li et al. [40] found that when the initial
soil moisture content is less than a threshold value (e.g., 0.195 m3 m−3 in the TGL region),
there may be an abnormal change in thermal conductivity during the freezing stage. This
phenomenon has also been verified at other sites of the QTP, such as at Fenghuoshan [49].
In this study, both the TGL and XDT sites belong to this phenomenon. However, CLM5.0
is unable to accurately reflect this change in thermal conductivity when the soil moisture
content is low, thus it produces the opposite trend in thermal conductivity during the
freezing period [50]. Combining the above reasons, the model’s inability to capture the
subtle changes in soil moisture and thermal conductivity leads to an inaccurate description
of the complex freeze–thaw cycle in permafrost regions.
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Figure 3. The simulation results for the soil temperature under two groups of experiments (blue
line: with freeze–thaw process experiment; orange line: without freeze–thaw process experiment)
at three sites (left column: TGL site; middle column: BLH site; right column: XDT site) for different
soil depths (first row: 10 cm; second row: 50 cm; third row: 80 cm; fourth row: 210 cm), (a) TGL,
10 cm; (b) BLH, 10 cm; (c) XDT, 10 cm; (d) TGL, 50 cm; (e) BLH, 50 cm; (f) XDT, 50 cm; (g) TGL, 80 cm;
(h) BLH, 80 cm; (i) XDT, 80 cm; (j) TGL, 210 cm; (k) BLH, 210 cm; and (l) XDT, 210 cm.

Furthermore, we also analyzed the impact of the freeze–thaw process on surface
energy fluxes. Figures 4–6 present the trends in the surface energy fluxes at the TGL, BLH,
and XDT sites in the CTL and TEST experiments. It is evident that the freeze–thaw process
in the AL not only affected the soil temperature but also significantly influenced the surface
energy fluxes and radiation fluxes. As can be seen from the figures, the trends at the three
sites in the two experiments were relatively consistent. Taking the TGL site as an example,
we calculated the impact of different freeze–thaw stages on the energy and radiation fluxes
(Table 3). According to the analysis of Ma et al. [19], we know that the soil heat flux in
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permafrost regions is negative in cold seasons, indicating that heat is transferred from
the land surface to the atmosphere, while in warm season it is positive, indicating that
energy is transferred from the atmosphere to the land surface. During the freezing stage,
the absolute value of the ground heat flux in the CTL experiment is greater than in the
TEST experiment, increasing by 6.2 W m−2, with a change rate of 65.6%. At this stage, the
change in the net radiation is relatively low. During this phase, if there is no freeze–thaw
process, the sensible heat flux would decrease, while the latent heat flux would increase.
This is primarily because, when the freeze–thaw process is absent, soil moisture remains in
the form of liquid water, thus favoring the evaporation process and increasing the latent
heat flux. Meanwhile, the absence of the freezing process also reduces the release of heat,
resulting in lower soil temperatures and, consequently, a lower sensible heat flux.

Table 3. The comparison of SEB (W m−2) in CTL and TEST experiments during freeze–thaw process
at TGL site.

Energy Flux Test Name
8.01–8.23 8.24–10.7 10.8–12.6 12.7–4.9 4.10–7.31

Thawing Stage
(W·m−2)

Complete Thawing
Stage (W·m−2)

Freezing Stage
(W·m−2)

Complete Freezing
Stage (W·m−2)

Thawing Stage
(W·m−2)

Rn *
CTL 113.63 99.4 24.31 5.85 113.66
TEST 113.59 99.29 26.35 21.47 118.22

G0 * CTL 8.67 4.04 −15.53 −5.03 20.56
TEST 8.62 4.79 −9.38 −3.5 16.16

H *
CTL 65.59 54.7 32.79 17.45 41.64
TEST 65.5 54.42 25.25 15.6 83.36

LE *
CTL 39.37 40.4 7.06 1.1 51.94
TEST 39.46 40.12 10.46 9.37 60.5

* Rn: net radiation flux; G0: ground heat flux; H: sensible heat flux; LE: latent heat flux.
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During the complete freezing stage, the absolute value of the soil heat flux remains
higher in the CTL experiment than in the TEST experiment, with a numerical difference
of 1.5 W m−2 and a change rate of 43.7%. This indicates that the release of energy during
soil freezing actually increased the heat transfer from the soil to the atmosphere, enhancing
turbulent motion and evaporation. During this period, sensible heat exchange was pri-
marily enhanced. In the thawing stage, the soil heat flux in the CTL experiment was still
higher than in the TEST experiment, with a difference of 4.4 W m−2 and a change rate of
27%. This suggests that the heat absorbed by the soil during the thawing phase was mainly
used to transfer heat to the lower soil layers, resulting in a decrease in the sensible and
latent heat fluxes. Additionally, during the complete thawing stage, the differences in the
energy and radiation fluxes between the two experiments were very small. Collectively,
these results indicate that the freeze–thaw cycle affects the distribution of SEB through the
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absorption and release of energy during phase transitions, thus altering the energy and
matter exchange between the land surface and the atmosphere.
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3.2. The Effect of Surface Energy Accumulation on Freeze–Thaw Processes

The intricate dynamics of the freeze–thaw cycle within permafrost regions encompass
a multitude of intricate physical and chemical interactions, which profoundly influence
the SEB, as evidenced by recent studies [9,19,22]. In contrast, the accumulation of surface
energy flux has a reciprocal influence, modulating the freeze–thaw process of the AL [9], and
enhancing the energy exchange interface between the terrestrial system and the atmosphere.
Drawing upon the robust analytical framework of CLM5.0, our previous investigations
have quantitatively illuminated the significant impact of the freeze–thaw process on the
fluctuations within the SEB. In this study, we delve further into this intricate interplay,
using observational data to understand the influence of surface energy accumulation on
the thawing process of the AL. Soil temperature, which is the most tangible indicator of
changes in soil thermal state, was our primary focus. Seasonal variability in solar radiation
at the soil surface leads to fluctuations in the net radiation, which subsequently initiates
an annual pattern of soil heat flux variations. These heat flux changes, acting as a pivotal
factor, orchestrate the freeze–thaw cycles within the AL, highlighting the intricate coupling
between solar energy input and soil thermal dynamics [9]. The initiation and progression of
the thawing process of AL is primarily associated with the influx of solar radiation energy,
which penetrates deep into the soil profile [51]. Typically, the thawing process occurs across
the permafrost region of the northern QTP from April to September. Consequently, we
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confine our study to this period, examining the influence of surface energy accumulation
on the thawing depth (TD) of the AL.

Figure 7 presents the relationship between the TD and the net radiation accumulation
at the four sites: TGL, LDH, TSH, and XDT sites. The change in the surface energy flux had
a prominent impact on the TD of the AL. Assuming that the surface energy accumulation
value is 0 W m−2 when the AL just begins to thaw, as the surface energy value accumulates,
the thawing depth of the AL gradually increases, and the correlation between TD and
the variation in energy flux accumulation (x) can be mathematically modeled through a
power function.

TD = a · xb, (3)

where a and b serve as regression coefficients that define the specific relationship.
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and (d) XDT site.

The regression relationship between the TD of the AL and the net radiation accumula-
tion at each site was very significant. Because the thawing of the AL soil is an endothermic
and unidirectional process, the accumulation of surface energy has a significant impact on
the thawing depth of the AL [9,52]. Contrasting the thawing process, the freezing of the AL
occurs in a bidirectional manner, stemming from the concerted influence of surface energy
fluxes and the cold source situated at the base of the AL [22].

4. Discussion

Recent global climate trends have indicated a pronounced warming, with the QTP
serving as a keen indicator, exhibiting an even more substantial warming trend that un-
derscores its sensitivity to climate change [53]. Due to this warming and a consequent
increase in wetting, the permafrost of the QTP has been degraded [54,55]. On the other
hand, changes in permafrost also have important feedback on the climate system [56].
Figure 8 summarizes the interaction between the freeze–thaw process of the AL and the
SEB. It can be observed that soil moisture and temperature are coupled and influence each
other [57], while the freeze–thaw process has a significant impact on soil moisture and heat,
while also impacting surface energy fluxes, thus influencing the regional climate [9,58].
Starting from mid-April, the soil temperature gradually rises due to the increase in net
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radiation received by the surface, resulting in positive ground heat fluxes and initiating the
thawing process in the shallow soil layers. As energy is transferred from the atmosphere
to the soil, the deeper soil layers also enter the thawing stage by mid-to-late May. During
this process, the latent heat flux begins to increase due to the augmentation of soil liquid
moisture content and precipitation, gradually dominating the SEB. Conversely, during the
freezing stage (mid-to-late September), the soil temperature gradually decreases with the
reduction of net radiation, causing the ground heat flux to turn negative and initiating soil
freezing. As the liquid water content diminishes and the rainy season ends, the latent heat
flux rapidly decreases, allowing the sensible heat flux to regain its dominant position in
the SEB. Without the freeze–thaw process, the distribution of surface energy fluxes would
undergo significant changes. Based on the analysis of the previous CLM5.0 single-point
experiments (Table 3), it is known that the freeze–thaw cycle enhances the energy exchange
between the surface and the atmosphere through the release and absorption of energy
during phase changes, primarily by increasing the ground heat flux, which then influences
the sensible heat fluxes and the latent heat fluxes.
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Variations in the type of permafrost and soil properties also significantly influence the
changes in SEB. In this study, the TGL site, situated in the southwestern hinterland of TGL
Mountain on the QTP, is described as cold permafrost [40]. Conversely, the XDT site, posi-
tioned adjacent to the northern QTP’s permafrost fringe [39], boasts significant soil moisture
levels and falls under the category of warm permafrost. These distinct permafrost types
result in differing surface energy-moisture exchange mechanisms, wherein warm permafrost
demonstrates a heightened intensity of surface processes compared to cold permafrost [21].
The effect of latent heat in warm permafrost can slow down the increase in the temperature
of the permafrost, meaning that a more rapid rise in shallow soil temperatures is observed
in cold permafrost regions [59]. Additionally, the soil properties at the TGL and XDT sites
also differ significantly. The soil composition at XDT exhibits a notable distinction from that
of the TGL site, as reported by Yao et al. [21]. Specifically, the XDT site is characterized by
a reduced gravel content (Table 4). This soil profile favors the retention of soil moisture, a
phenomenon that is crucial for maintaining soil water availability and regulating hydrological
processes. Furthermore, the increased sand and silt fractions contribute to enhanced soil
thermal conductivity, which is instrumental in modulating soil temperature dynamics and
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potentially influences the SEB. Consequently, the surface hydrothermic exchange processes
are more robust at XDT compared to TGL. The complexity of these hydrothermic processes
poses challenges in accurately simulating surface energy fluxes [19,60].

Table 4. Measured soil texture data at TGL and XDT sites.

Depth (cm)
TGL XDT

Sand (%) Clay (%) Gravel (%) Sand (%) Clay (%) Gravel (%)

9 75 7 26 82 1 2
16 70 12 12 80 1 6
26 65 13 11 82 1 3
40 85 5 27 76 2 2

5. Conclusions and Prospect

Studying the SEB characteristics of the QTP and its interaction with the freeze–thaw
cycle process of the AL is of great significance for understanding climate change. This study
employs the CLM5.0 model to investigate the impact of freeze–thaw processes on surface
energy and water exchange. Furthermore, based on measured data from five sites, an analysis
is conducted to assess the influence of net radiation accumulation on the thawing process. The
findings of the study indicated that the freeze–thaw cycle process modifies the distribution
of SEB. Through the release and absorption of energy during the phase transition of soil
moisture, the energy transfer between the land and the atmosphere is intensified. Notably,
the most significant change occurs in the ground heat flux, with a variation range of up to
65.6%, which subsequently alters the sensible and latent heat fluxes. In addition, this study
also found that the limitations of CLM5.0 to capture the intricate changes of soil moisture and
thermal conductivity during the freezing process at individual sites in permafrost regions
make its description of the complex freeze–thaw cycle process of permafrost inaccurate. This
study thus provides useful insights for subsequent research on land surface processes on the
QTP, laying a foundation for a better understanding of climate change.

However, this study has a number of limitations that should be noted. This study
primarily relied on measured data and model simulations to verify the interaction mecha-
nisms between the freeze–thaw process and the SEB. Nevertheless, due to the complex and
diverse underlying surfaces of the QTP, particularly the harsh environment in the western
region, the absence of measured data presents a limitation for conducting rigorous valida-
tion, the generalizability of the conclusions drawn by this study in areas with significantly
different underlying surface conditions needs to be verified.
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