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Editorial on the Research Topic
Permafrost degradation affects hydrology, ecology, and carbon cycle

Permafrost regions account for about 22% of the exposed land area in the
Northern Hemisphere (Obu et al., 2019). As one of physical characteristics in the
cold environment, permafrost is sensitive to climate change. During the past decades,
permafrost in high latitude and high-altitude regions shows obvious degradation,
which is indicated by increasing ground temperature, deepening active layer,
shrinking of permafrost area, and development of thermokarst features (Biskaborn
et al., 2019).

Permafrost is distributed beneath the earth’s surface. Permafrost can regulate the
regional water cycle and ecology from several mechanisms. First, as a weak
impermeable layer, permafrost can prevent water vertical infiltration and increase
the surface soil water content. Second, the freeze-thaw cycles of the active layer can
store excess water from summer rainfall as ice during winter, and the melting of this
ice can supply soil water in the following summer. Third, ground ice melting can
provide soil water for plant growth (Sugimoto et al., 2003). Permafrost regions also
store a large amount of soil organic carbon, which is almost twice as the carbon
currently contained in the atmosphere (Mishra et al., 2021). These carbon pools have
been gradually accumulated and preserved during the past thousands of years due to
the low-temperature limiting the microbial decomposition of organic matter. The
permafrost degradation may remobilize these carbon pools by releasing greenhouse
gases into the air. This process contributes one of the great uncertainties in the
terrestrial carbon cycle feedback (Schuur et al., 2015). In addition, permafrost regions
also store a large number of pollutants and heavy metals (e.g., mercury) which have
been sequestrated for a long time. Permafrost degradation poses environmental risks
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and thawing permafrost may release these biological or
chemical substances that can affect human health (Schuster
et al., 2018; Miner et al., 2021).

To address the issues on how permafrost environment is
changing, to what extent the changing permafrost may affect
the hydrology, ecology, carbon cycle, and pollutants, eleven
multi-discipline studies are collected in this special topic on
permafrost environment changes in a warming climate.

Permafrost regions have been warming at two to three
times the global average (Hu et al., 2021). Using the monthly
air temperature reanalysis dataset from the Climate Research
Unit (CRU, University of East Anglia), it was found that the
air freezing index in the Mongolian Plateau decreased by
41Cdyr', and the air thawing index increased by
23Cdyr"' during 1901-2019. The northern permafrost
regions showed large variabilities in freezing and thawing
index than the southern non-permafrost regions (Ma et al.
). Based on the meteorological station records from 1957 to
2019, the annual mean air temperature has increased by 0.
031-0.039°Cyr™" in the hinterland of the Qinghai-Tibet
Plateau. The ground temperature within the active layer at
1 m depth increased at an average rate of 0.05°C yr™' (Zhou
et al.). Along with climate warming, frequency of extreme
events also changed. On the Qinghai-Tibet Plateau, the
warmth indices such as warm days, warm nights, summer
days, and tropical nights increased at rates of 1.1, 1.6, 1.4 and
0.3 days per decade from 1960 to 2016. Meanwhile, cold
indices including the number of cool days, cool nights, ice
days, and frost days decreased significantly (Gong et al.).
These results confirmed the rapid warming of the
permafrost environment during the past decades and also
provide useful data to understand the changing patterns and
future projections of permafrost.

Three studies (i.e., Yang et al.; Rossi et al.; Polyakov et al.
) examined the detecting permafrost and soil mapping
method in permafrost regions. The equivalent anti-flux
opposing coils were used to eliminate the blind area for
the transient electromagnetic method, and the results
showed that this method solved the problem of the
shallow detection blind area, eliminated the interference
caused by the primary field, and improved the horizontal
and vertical resolutions (Yang et al.). In the Russian Arctic,
geophysical and geocryological methods
landscape microzonation, borehole drilling, ground

including

temperature measurements, and geoelectric surveys were
employed to investigate the active layer thickness. The
results showed that the multidisciplinary approach can be
also useful for other areas (Rossi et al.). In permafrost
regions, soil type is one of the most fundamental
properties because it is an important parameter for Earth
System Models as well as the carbon stocks estimation.
However, due to the harsh natural conditions, field
investigation of soil types is usually costly and difficult.
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Using the unmanned aerial vehicle (UAV) imaging data in
the Lena River Delta,
geomorphological observation, and determination of the

classical soil  sections,
main chemical parameters of soils are presented.
Although accurate mapping of soil types should be based
on chemical analysis, this result suggests that the high-
resolution soil-geomorphological maps based on the
Geographic Information System and UAV data are useful
for the mapping of soil types under the high variability of the
watershed dan cryogenic landscapes (Polyakov et al.).

Permafrost significantly affects ecology and hydrology
(Woo et al,, 2008). A review paper in this topic summarizes
that soil water potential is widely used to describe the energy
state of liquid water. The movement of liquid water in the soil
is mainly determined by soil matric potential. The process of
ice lenses development in permafrost has been explained by
mathematical models, however, existing models might be too
simplified (Fu et al.). Therefore, new model development for
ice formation for micro landscapes is still largely needed. To
investigate the effects of hydrology on peat permafrost and
carbon process, a process-based model, i.e., HPM-Arctic, was
used the simulate the past and future changes in a peatland
ecosystem in the Canadian Arctic. The results showed that the
regional hydrology and basin characteristics strongly
determined peat accumulation history and its future
changes in organic carbon stocks under different climate
scenarios (Treat et al.). For the carbon cycle in the Arctic
permafrost, a pilot study showed that extensively grazing by
large animals can cool the ground temperature by modifying
ground cover properties. In addition, the soil organic carbon
content is also higher in the extensively grazing sites than that
of non-grazing sites, which is likely attributed to the higher
carbon input (Windirsch et al.).

Heavy metals are anthropogenic contaminants that can be
transported for long distances. Due to the atmospheric
circulation and deposition, large heavy metals have been
transported to the Arctic, Antarctic, as well as the Qinghai-
Tibet Plateau. A review paper in this topic issue pointed out that
heavy metals on the Qinghai-Tibet plateau are mainly from
surrounding heavily-polluted regions. The shrinkage of the
cryosphere may increase the release of these heavy metals in
the future. This work highlights the importance of heavy metals
in permafrost environments.

This special topic has collected the studies of permafrost
regions located in the Arctic, Mongolia, and the Qinghai-
Tibet Plateau. The results deepen our understanding of
changing trends of climate and permafrost, interactions
among permafrost, hydrology, ecology, carbon cycle, and
risks of heavy metals. We hope this special topic could
provide valuable references to the researchers with
relevant interest and play an active role in promoting the
research of permafrost changes and their environmental
impacts.
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A characteristic of frozen ground is a tendency to form banded sequences of particle-free
ice lenses separated by layers of ice-infiltrated soil, which produce frost heave. In
permafrost, the deformation of the ground surface caused by segregated ice harms
engineering facilities and has considerable influences on regional hydrology, ecology, and
climate changes. For predicting the impacts of permafrost degradation under global
warming and segregated ice transformation on engineering and environmental,
establishing appropriate mathematical models to describe water migration and ice
behavior in frozen soil is necessary. This requires an essential understanding of water
migration and segregated ice formation in frozen ground. This article reviewed
mechanisms of water migration and ice formation in frozen soils and their model
construction and introduced the effects of segregated ice on the permafrost
environment included landforms, regional hydrological patterns, and ecosystems.
Currently, the soil water potential has been widely accepted to characterize the energy
state of liquid water, to further study the direction and water flux of water moisture
migration. Models aimed to describe the dynamics of ice formation have successfully
predicted the macroscopic processes of segregated ice, such as the rigid ice model and
segregation potential model, which has been widely used and further developed.
However, some difficulties to describe their theoretical basis of microscope physics still
need further study. Besides, how to describe the ice lens in the landscape models is
another interesting challenge that helps to understand the interaction between soil ice
segregation and the permafrost environment. In the final of this review, some concerns
overlooked by current research have been summarized which should be the central focus
in future study.

Keywords: ice lens, permafrost, environment effects, frost heave model, permafrost modelling, review
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INTRODUCTION

Frozen ground, defined as soil or rock containing ice that remains
at or below 0°C, is widely distributed globally (Qin, 2016). About
50.5% of the long-term average maximum extent of frozen
ground in the northern hemisphere undergoes seasonal
freezing and thawing, and about 13-18% of the area in the
northern hemisphere is occupied by permafrost (Zhang et al,
2003; Gruber, 2012). Permafrost is soil or rock that remains at or
below 0°C for at least two consecutive years (Subcommittee, 1988;
Qin, 2016). The topsoil that overlays permafrost and undergoes
seasonal freezing and thawing is known as the active layer.
Changes in permafrost temperature and the active layer
thickness (ALT) have significant environmental and
socioeconomic implications from the local to global scales. At
the local scale, soil freezing and thawing directly affect the
physical properties of water and heat transfer in the active
layer, eventually altering the heat and water exchange between
the land surface and the atmosphere (Frey and McClelland, 2009;
Vonk et al., 2019). At the global scale, permafrost thaw impacts
are attributed to their influences on biogeochemical processes and
greenhouse gas emissions. The total carbon stored in the
permafrost regions is estimated to be twice that in the
atmosphere (Schuur et al., 2015). The vast amount of carbon
stored in permafrost is likely to be released into the atmosphere
under a warming climate, exacerbating climate change due to
positive greenhouse gas feedbacks.

How permafrost thaws in response to climatic warming and its
associated impacts on ecological and hydrological aspects have
gained global attention in the scientific community (Shur and
Jorgenson, 2007; Koven et al., 2011; Schuur et al., 2015; Streletskiy
etal., 2015). Several permafrost monitoring networks, such as the
Global Terrestrial Network for Permafrost (GTN-P) (https://
gtnp.arcticportal.org/about-the-gtnp),  Circumpolar  Active
Layer  Monitoring (CALM)  (https://ipa.arcticportal.org/
products/gtn-p/calm), and Permafrost and Climate in Europe
(PACE) (https://doi.org/10.1002/ppp.377), have been established
to record changes in permafrost temperature and ALT regionally
and globally (Fagan and Nelson, 2017; Streletskiy et al., 2017;
Etzelmuller et al., 2020; Tregubov et al., 2020). In addition to
extensive field monitoring, process-based modeling is a
complementary approach to understanding water and heat
transfer processes and mechanisms in the biogeochemical
cycle in permafrost regions. In this regard, land surface
models (LSMs), soil-vegetation-atmosphere transfer (SVAT)
models, and hydrological or frozen soil water-heat models
have been wused to simulate permafrost hydrothermal
conditions (Flerchinger and Saxton, 1989; Cherkauer and
Lettenmaier, 1999; Gouttevin et al., 2012; Swenson et al., 2012;
Che et al., 2014; Yi et al., 2014; Wang et al., 2017).

There are various forms of ground ice in permafrost with
different sizes, structures, and formation patterns at spatial and
temporal scales. The former Soviet Union scholar Ershov et al.
(2015) first divided permafrost ground ice into two main types
according to the formation causes: intrasedimental ice and buried
ice (Ershov et al., 2015). Mackay (1972) further provided a more
detailed classification of intrasedimental ice based upon the water
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source immediately prior to freezing and the principle of water
migration. Figure 1 shows the various types of ground ice exhibit
significant differences in thickness and duration of formation and
existence. Segregated ice formed by water migration ranges in
thickness from hairline width to more than 10 m (Subcommittee,
1988; Mackay and Dallimore, 1992), and it plays a critical role in
changing soil structure, affecting the hydrothermal properties of
frozen ground (Van Huissteden, 2020). Seasonal segregated ice
lens formation and thaw cause frost heaves and thawing
settlement. In permafrost, repeated-segregation ice near the
permafrost table significantly affects the topographic features
and soil hydrologic conditions. Segregated ice formation and
water migration cause mass and energy transfer within the active
layers to be extremely complex (Xu et al., 2010). In addition, the
barrier effect and water migration caused by ice formation alter
soil hydrothermal properties, microstructure, and ventilation
conditions (He et al., 2020; He et al., 2021). These processes
influence the mass and energy exchange between the land surface
and the atmosphere, leading to the redistribution of soil carbon
and nutrients and impacting vegetation dynamics (Walker et al.,
2004). To reveal the physical mechanisms of mass and energy
transfer in frozen soil and the environmental impacts of frozen
soils, representing the mechanisms that explicitly describe these
processes is one of the main challenges in state-of-the-art LSMs.

Frost heave models based on the frozen fringe theory (Miller,
1972) have been used to simulate ice formation (Konrad and
Morgenstern, 1980; Sheng et al., 1995; Michalowski and Zhu,
20065 Ji et al., 2019; Zhou and Wei, 2020). These models have
detailed descriptions to simulate the ice segregation process in soil
freezing. However, it is difficult to apply frost heave model in
fieldwork because the empirical work has principally been
conducted in highly controlled laboratory conditions (Smith
et al, 1985). At the landscape scale, LSMs that involve
processes such as hydrogeology, biochemistry, and vegetation
dynamics focus more on frozen soil parameterization schemes
rather than a specific mechanism in the freeze-thaw processes,
such as the segregated ice formed by water migration and freezing
front movement (Oleson et al., 2010; Che et al., 2014; Sun, 2015;
Andresen et al., 2019; Li et al, 2020). The lack of detailed
representation of water migration and ice formation in models
probably increases uncertainty in the simulation of soil water
content and temperature conditions (Pitman et al., 1999), leading
to deviations in the assessment of the ecological and hydrological
effects of permafrost at the landscape scale. (Xue et al., 1996;
Koren et al., 1999; Liang et al., 2003; Oleson et al., 2013).

The overall framework and linkage between different sections
are shown in Figure 2. This review discusses the theories of water
migration and ice formation and their current modeling methods.
Their impacts on the land surface processes (such as the
landform, hydrological patterns, and  biogeochemical
processes) in permafrost regions are involved. Based on the
discussion of the water migration and segregated ice formation
and their model construction, this review puts forward some
reference opinions on developing present theories and permafrost
modeling in the future. The summary review will help facilitate
studies accounting for the interaction between permafrost,
ecosystems, and climate systems.
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FIGURE 1 | The types of ice in frozen soil range from the pore size to the massive ground ice size at the spatial scale, and their formation ranges from sub-daily to
centennial at the temporal scale. The study focuses on the segregated ice and water migration with medium and minor scales (blue dotted line), which exist in permafrost
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FIGURE 2 | A diagram illustrating the overall framework and linkages of different sections in this article.

WATER MIGRATION DURING THE SOIL
FREEZING-THAWING PROCESS

Unfrozen Water Migration

When the temperature drops to the freezing point, where
water and ice are in equilibrium with equal free energy, the
water is transformed into ice. For pure water under normal

conditions, the freezing point equals 0°C, while the freezing
point has a depression in soil due to soil salinity, the capillary
effect, and adsorption of soil particles (Anderson and Tice,
1972; Banin and Anderson, 1974; Scherer, 1999). Many
studies have shown that liquid water exists in the soil pore
in equilibrium with ice at temperatures considerably below
0°C (Burt and Williams, 1976; Horiguchi and Miller, 1983;
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Smith, 1985; Zhang et al., 2020). This water is known as
unfrozen water. Burt and Williams (1976) first measured
hydraulic conductivity in freezing soils and demonstrated
that the hydraulic conductivity decreased with temperature
decreases but did not fall to zero, even at relatively low
temperatures.

In general, the water-energy state and movement direction in soil
mainly determined by the soil matric potential, which is created by
the capillary and adsorption forces of the soil matrix (Or et al., 2002).
The matric potential is usually related to soil properties. However,
regardless of the soil type, the unfrozen water alongside the ice lens
has a matric potential proportional to the temperature depression
below 0°C, described by the Clausius-Clapeyron equation (Edlefsen
and Anderson, 1943; Williams and Smith, 1989). This equation
shows that the potential decreases by approximately 1.2 MPa per °C
below 0°C. This potential is significant and creates suction that
makes unfrozen water migrate to zones of lower temperature and
then accumulate there, leading to the growth of ice lenses (Ferguson
et al., 1964; Biermans et al., 1978). The development of ice lenses,
called segregated ice, causes considerable volumetric expansion,
which is the primary reason for soil frost heave (Hoekstra and
Miller, 1963; Kanevskiy et al., 2013). (Taber, 1929; Taber, 1930) was
the earliest to deduce that frost heave is caused by liquid migration
that supplies growing ice lenses through a series of experiments. This
is the first basic theoretical explanation of frost heave, and is typically
referred to as the capillary theory (Smith et al., 1985). The growth
rate of segregated ice depends on the freezing speed (Station et al.,
1915; Bouyoucos, 1920; Watanabe et al., 1997). Besides, when frozen
soil thaws unidirectionally, water also migrates from thawed regions
to the thawing front, decreasing the water content through
dehydration (Cheng, 1982).

Thick segregated ice is one of the main components of ground
ice near the permafrost table (Williams, 1968; French, 2017). In
permafrost regions, more than 50% of the volumetric ice content
of massive ground ice is located near the bottom of the active layer
or permafrost table (Mackay, 1972; Hughes, 1974). Mackay
(1972) called this kind of ground ice “aggradational ice” and
attributed it to the syngenetic growth of permafrost (with the
continuous deposition of surface sediments, the upper limit of
permafrost rises with the rise of the ground). Cheng (1982)
considered that the downward migration of unfrozen water
content is always greater than the upward migration in the
active layer during a freeze-thaw cycle, accounting for
moisture accumulation at the permafrost table. He proposed
that accumulation of ice at the permafrost table might occur
under all conditions and thus form a thick ground ice layer,
namely repeated ice-segregation (Cheng, 1983). This mechanism
was verified by Burn and Michel (1988) and Yang et al. (2017)
using an isotope technology.

Vapor Flow in Frozen Soil

Unfrozen water migration in frozen soil is more likely to occur in
soil with fine particles and high moisture content than dry coarse-
grained soil (Burt and Williams, 1976; Fisher et al, 2020).
Therefore, in cold regions, replacing the foundation soil of
roadbeds or airport runways with dry coarse-grained soil is
considered an effective engineering measure to prevent frost
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heaves (Vinson et al,, 1996). However, frost heaves can also
occur in high-speed railway embankments and airport
runways padded with unsaturated coarse-grained soils (Zhang
etal., 2016; Teng et al., 2020). It has been confirmed that gaseous
water (vapor) migrates from the warm and humectant side of the
soil layer to the cold and dry layer below the closed/impermeable
ground surface in coarse-grained soil and then condenses into ice,
causing frost heaving (Guthrie et al., 2006; Niu et al., 2017; Yuzhi
et al., 2020). This phenomenon is called the “pot effect” or
“canopy effect” (Bai et al, 2018). The water vapor migration
rate is controlled by the pressure gradient and soil diffusion rate
related to the relative humidity (Philip and Vries, 1957). In
general, soil with an initial moisture content of less than 30%
is more prone to showing the “pot effect” (Bai et al., 2018).

Some results showed that more water comes out of the soil in
winter than can be reconciled with the theory for vapor flux
(Farouki, 1981; Currie, 1983; Smith and Burn, 1987). Smith and
Burn (1987) pointed out that unfrozen water migration is still the
dominant mode of transport in contrast with vapor flow by
comparing field observations and calculation values. Even so,
vapor migration in frozen still has potentially considerable
impacts on engineering facilities and the environment.
Numerical simulation results indicate that if vapor migration
is not considered in unsaturated coarse-grained soils, the
predicted value of frost heaving is underestimated by 60%
compared to the measured value (Teng et al., 2020). In sandy
soils, although the larger soil pores reduce capillarity, it is very
conductive to vapor migration (Yu et al, 2018). Intense
evaporation occurs on the surface of sandy soil, leading to soil
water loss. Without replenishment, the continuous loss of surface
soil moisture can cause land desertification, especially in regions
with lower groundwater tables (Zhanrong and Shuangping, 2002;
Cui and Shao, 2005; Wang et al., 2006b).

Driving Forces of Water Migration
The capillary theory indicates that water migrates toward the
freezing front along with the pores among soil particles because of
the primary mover of capillary force during freezing. Based on the
capillary theory (Everett, 1961), illustrated frost heaving and
estimated the amount of frost heaving quantitatively. However,
the theoretical value calculated by capillary theory is always
smaller than the experimental value, and there is no plausible
mechanism within the capillary theory for explaining the
initiation of new lenses (Miller, 1972; Peppin and Style, 2013).
With the development of the theory, the hypothesis of film
water migration was proposed to make up for these deficiencies
(Beskow and Fil, 1935). The film theory suggested that the water
film on soil particle surfaces shows asymmetry under temperature
gradients, causing a thinner film at the end with low temperature
and a thicker film at the opposite end, resulting in the unfrozen
imbalance in the water-ice-soil particle system. Suppose the soil
particles have identical radii but different water film thicknesses.
In that case, the film water will migrate from the place with a
thicker film (with more extensive water molecular activity) to the
place with a thinner film (with lower water molecular activity) to
reach a new thermodynamic equilibrium under the water
potential gradients (Figure 3). There is a 1/3 power function
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Unfrozen Water

FIGURE 3| A schematic diagram of film water migration: (A) the direction of film water migration; (B) the principle of film water migration around soil particles (i.e., A
and B are soil particles with equal radius, a and b are water film thickness (a > b), and particle B is closer to the freezing front).

relationship between water film thickness and temperature

(Dash, 1989):
. _A Ty-T -13
~ \6mp,L T ’

where d is the film thickness, T is the temperature, A is the
Hamker constant, p, is the density of soil particles, L is the latent
heat of ice, and T is the freezing temperature of soil water. The
film theory that relates unfrozen water migration to temperature
gradients has been confirmed in subsequent studies and once
substituted the capillary theory as the mainstream theory
(Hoekstra, 1966; Hoekstra, 1969; Takagi, 1980; Wilen and
Dash, 1995).

In 1963, the International Union of Soil Sciences (IUSS)
clarified the definition of soil water potential, pointing out that
water migration can be caused by any component (such as
pressure, temperature, matric, osmotic, or gravity) of soil
water potential (Shao et al, 2006). However, the water
potential gradient is difficult to determine in frozen soil
because the surficial films are too small. The temperature
gradient is the only driving gradient that could be determined
directly. Using a thermodynamic approach, A linear relation
between temperature below 0°C and soil water potential is
derived from the generalized Clausius Clapeyron equation
(GCCE) (Gilpin, 1982; Spaans and Baker, 1996; Hansson
et al., 2004). GCCE indicates that the temperature specifically
controls the difference in potential between solid and liquid
phases, and if ice pressure rises, water potential rises too.
Therefore, a linear relation is only considered reliable under
static conditions (Takashi et al.,, 1982). However, the freezing
and thawing of an open system is more likely to be a non-
equilibrium  thermodynamic process in many cases
(Bronfenbrener, 2013). Wood (1990) suggested a pressure
difference between the ice and aqueous phases throughout the
freeze-thaw cycle and ice deformation consecutively, making it

(1)

difficult to approach equilibrium. Li et al. (2001) pointed out that
GCCE must satisfy the assumption that temperature and pressure
do not change with time. The depression of pore water pressure
under open-system freezing is approximately half of that under
closed-system freezing while considering the dynamic flow of soil
freezing (Miyata and Akagawa, 1997). There are inconsistencies
between experiments results and the calculation of GCCE
(McGaw et al, 1983; Zhang et al, 2014b). Style and Peppin
(2012) suggested that using the GCCE to determine the water
pressure at the ice-lens front and applying it to Darcy’s law will
overestimate the ice growth rate. Ma et al. (2015) discussed the
applicability of GCCE and proposed a static and a dynamic
model, respectively. The dynamic GCCE model may be closer
to the actual freezing process. Thus, it can better describe
nonlinear variations in pore water pressure and address
inconsistency between calculated values and experiments.

In addition to the above theories, various hypotheses of water
migration driving force have been proposed, such as
crystallization force, suction force, barometric vacuole, and ice
pressure gradient (Xu et al., 2010). These hypotheses explain the
mechanism of moisture migration in frozen soil from the
perspectives of thermodynamics, mechanics, and physical
chemistry. However, each view has its limitations (Table 1),
representing the driving force under specific conditions
(Bouyoucos, 1920; Taber, 1930; Korkina, 1965; Hoekstra, 1969;
Gilpin, 1980). There is now a consensus that the water migration
in frozen soil is due to multiple factors (such as thermodynamic,
mechanics, and physicochemical) that need comprehensive
analysis from various perspectives.

ICE SEGREGATION IN FROZEN SOIL

The Structure of Frozen Fringe
In the early stage of research on frozen soil, the capillary theory
(primary frost heave) was used to illustrate the formation
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TABLE 1 | Hypotheses on the driving force of water migration in frozen soil.

Hypotheses References Driving force Mechanism Deficiency

Capillary theory Irykentepl’, B. Capillary force  The capillary force between soil particles drives water ~ The theoretical value is lower than the experimental
1. (1885) migration from the unfrozen zone to the freezing front  value. It cannot explain the formation of the first ice

lens

Film theory Beskow and Fil Pressure The ice lenses are connected with the water supply via  The rate of water migration is underestimated

(1935) difference the water film at the ice surface, the film is a path for
water migration
Suction theory Ershov et al. (2015))  Vacuum The imbalance of ice crystal growth causes vacuums,  The theory can only be applied to saturated soil, and

suction force and then the water in the unfrozen area is pumped into  the essence of water migration was not studied
the crack, forming ice

Crystallization Taber (1929) Cohesion of The cohesion among water molecules is lower thanthat ~ This view can be subsumed into the suction theory
theory water between water molecules and ice crystals, driving the
water to migrate towards ice crystals’ growth
Electro-osmotic Korkina (1965) Freezing The voltages caused by the rejection of soil ions, cause  The magnitude of the electro-osmotic effect cannot
theory potential unfrozen water migration be evaluated
A Cooling temperature B

Ice lens Unfrozen water

Frozen soil

Frozen
fringe

The warmest ice lens -~

Freezing front 5
3 Frozen fringe

Frost front/ . h_“-\
‘Water migration
Soil pores

Unfrozen soil

FIGURE 4 | A schematic diagram (not to scale) of frozen fringe: (A) shows the relative position of the frozen, frozen fringe, and unfrozen zones within freezing soil
and, (B) is the magnified views of the frozen fringe zone.

mechanism of segregated ice (Taber, 1930; Gold, 1957; Everett,  pressure declines due to coexisting with ice (Figure 4)
1961; Haynes, 1965). Primary heave occurs when there is no frost ~ (Gilpin, 1982; Konrad, 1999; Miller, 1972; ONeill and
penetration into the soil, leading to needle ice and for some of the ~ Miller, 1985). Therefore, any internal and external factors
very large lenses of massive ice (Miller, 1972; Goulet, 1995).  that can change soil unfrozen water content will influence the
However, the primary frost heave theory still did not answer the ~ thickness of the frozen fringe, such as soil texture, soil
questions: 1) mechanisms to explain the initiation of new ice  salinity, and the external load (Radd and Oertle, 1973;
lenses; and 2) the frost heaving force estimated by the theory does ~ Loch and Miller, 1975; Konrad and Morgenstern, 1981;
not match the experimental data (Sheppard et al., 1978; Jansson ~ Akagawa, 1988; Ma et al., 2015). Some reports have stated
and Halldin, 1979; Guymon et al., 1980). Peppin and Style (2013)  that the frozen fringe is non-existent in saturated soil with a
considered that the flow rate toward the ice lens tends to be particle size larger than 0.1 mm (Liu et al., 2005). However, if
overestimated due to the Clapeyron equation breaking down  the soil water has high salinity, there may well be the
outside equilibrium under the assumption of local equilibrium at ~ coexistence of ice and water below 0°C (Chamberlain,
the ice-lens-soil boundary. 1983). The ice lens growth rate at the frozen fringe

Miller (1972) proposed the concept of frozen fringe  depends on the freezing velocity (Watanabe et al., 1997).
(secondary frost heave). The frozen fringe is defined as the = During fast freezing, the freezing front moves so rapidly that
partially frozen zone between the ice lens and the warmest  water cannot migrate towards the freezing front immediately,
soil with pore ice, i.e., the soil volume in which the water = and the water freezes in situ without forming a frozen fringe

Frontiers in Earth Science | www.frontiersin.org 13 February 2022 | Volume 10 | Article 826961


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Fu et al.

Segregated Ice and Permafrost Environment

A l l B Temperature(°C) C Pressure in frozen fringe(kPa)
Cold - Te Ts Ty0 + +
T g
I I
[
Ice lens [
| I
: I
Frozen soil o
[
[ [
[
o
| I
[
| |
5 [
The warmest ice lens Freezing front :
I
Frozen fringe I
Frost front
Water migration :
I
. I
Unfrozen soil I
I
A i
Ground water: \
1 \
Warm 2 Tw z
FIGURE 5 | The temperature and pressure of the frozen fringe (based on a static model of the frozen fringe by Ma et al. (2015): (A) the location of the ice lens and
frozen fringe; (B) temperature in the frozen fringe. T¢ and Tw are the upper and lower boundary temperatures, respectively; Ts is the segregated temperature; and T is
the sail freezing point; (C) pressure in the frozen fringe.

(Xu and Deng, 1991). Overall, the internal structure of the
frozen fringe is complex, and various physical parameters
change significantly in different freezing stages, making it
challenging to accurately determine different parameters
(Akagawa et al., 2006; Akagawa and Nishisato, 2009).

Initiation Criteria of Ice Lenses

The conditions of moisture, temperature, and stress conditions in
the frozen fringe can determine when and where ice lens
initiation occurs (Xu et al, 2010). In the frozen fringe,
although the permeability decreases rapidly with the formation
of porous ice during the freezing process, moisture still migrates
to the frozen zone continuously under the pressure gradient
caused by the depression of pore water pressure (Peppin and
Style, 2013). However, the permeability in the frozen fringe is so
poor that moisture accumulates, forming ice lenses at the back of
the freezing front (Figure 4A) (Rempel, 2007). Ice lenses undergo
sustained grow with enough water supply. The location of new ice
lenses is related to the hydraulic conductivity of the currently
frozen fringe. The growth or stagnation of the ice lenses depends
on the temperature at the warmest end of the ice lens, i.e., the
segregation temperature (Figure 4B) (Konrad and Morgenstern,
1980). Akagawa (1988) found that the segregation temperature
was around —0.8°C through experiments. Based on a simple
method to determine the segregation temperature and the ice
lens location, Xu et al. (2010) found that segregated ice was most
likely to form in soil with structural connections. The
temperature gradient and water migration caused uneven soil
shrinkage, resulting in the appearance of cracks in the frozen

fringe (Arenson et al, 2007). In addition to stress and
temperature criteria, there are also some other possible criteria
for the formation of ice lens. Style et al. (2011) claimed that a new
ice lens occurs at a location where supercooling reaches
maximum. Zhou and Li (2012) modelled ice lens formation
with the concept of separating void ratio, a critical void ratio
that enables pore ice to connect into an ice lens.

Figure 5B and Figure 5C show the temperature and pressure
profiles around the frozen fringe. When discussing the ice lens
initiation criteria, typically only the stress conditions are
considered to facilitate practical calculation and application
(Ma et al.,, 2015). The stress conditions include pore pressure
0por (Sheng et al., 1995), pore water pressure u,, (Hazirbaba et al.,
2011), ice pressure u;, and overburden or (Nixon, 1991)
(Figure 5C). ONeill and Miller, 1985 pointed out that a new
ice lens forms when the ice pressure in the frozen fringe is greater
than or equal to the external load at the cold end of the frozen
fringe. Gilpin (1980) proposed critical segregation pressure, in
which ice pressure is regarded as the destructive force of soil
structures that determines the ice lens formation. An increasing
number of studies have shown that the formation of new ice
lenses and the halt in the growth of old ice lenses may not occur at
the same time, which can be determined using mechanical and
thermophysical methods, respectively (Konrad and Duquennoi,
1993; Zhang et al., 2014a). A previous study showed that the stress
conditions of ice lens initiation should include two stresses: the
driving force of soil fracturing as well as ice lens formation and
the constraining force preventing soil fracturing (Ma et al., 2015).
Ice lens initiation can only occur when the pore pressure is greater
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than or equal to the restraining force, and the effective stress (o
in Figure 5C) equals zero (Ma et al., 2015).

Environment for the Development of
Segregated Ice

The natural formation of massive segregated ice is mainly
affected by soil properties. Fine-grained soils generally
promote segregated ice formation due to their high
unfrozen water content (Van Huissteden, 2020). However,
Burt and Williams (1976) showed that although clays have
the highest unfrozen water content, their low permeability
leads to a lower hydraulic conductivity than silts below 0°C.
For this reason, silts have a high frost susceptibility compared
to clay and are easy to occur the segregated ice (Burt and
Williams, 1976; Chamberlain, 1981). The change in soil
structures due to frost cracking is another essential
mechanism for ground ice formation (Azmatch et al,
2008). During the freezing process, vertical cracks may
occur in the frozen fringe and unfrozen areas, leading to
appropriate soil local stress conditions for segregated ice
growth. Segregated ice may also occur in rocks by
accelerating cracking and physical weathering, especially in
stratums prone to fission, such as shale or fine-grained porous
rocks (Murton and Lautridou, 2003; French and Shur, 2010).
Higher soil water content is critical factor for the growth of
segregated ice in some permafrost regions. The results of
Calmels and Allard (2008) showed that ice content could
exceed 50% after frost heaving in wet peat. Segregated ice
formation brings about water migration and accumulation in
soil with enough groundwater supply recharge. Without
sufficient water, segregated ice ceases to grow, and the soil
finally becomes consolidated and contracted due to
dehydration under freeze-thaw cycles (Van Huissteden,
2020).

LABORATORY STUDIES AND
SIMULATIONS OF SEGREGATED ICE

Mathematical models of the soil ice formation process have
attracted much attention in the past decades (Harlan, 1973;
Jame and Norum, 1980; Hansson et al., 2004; Lai et al., 2014;
Liu et al., 2019). These studies help elucidate the mechanism of
frost heaving and provide practical measures for frost heave
prediction and prevention for engineering. The review does
not try to comprehensively discuss all aspects related to soil
frost heave, such as the distinction of primary, secondary, and
tertiary heave (Miller, 1978; Mackay et al., 1979; Horiguchi,
1980; Smith et al., 1985). Instead, we focus on the processes
involved in segregated ice formation, which mostly describes
the warmest or first ice lens ice based on the frozen fringe. They
can be broadly divided into three types: rigid ice models
(ONeill and Miller, 1985; Sheng et al.,, 1995; Zhou et al,
2018), models based on segregation potential (Gilpin, 1980;
Koren et al., 1999; Ji et al.,, 2019), and pre-melting dynamic
models (Wettlaufer et al, 1996; Rempel et al, 2004;
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Michalowski and Zhu, 2006; Zhou and Wei, 2020). These
models differ in practical applications due to different
theoretical assumptions and bases.

Rigid Ice Model and Separated Ice Model

The rigid ice model was first proposed by Miller (1972), who
considered that ice lens and pore ice in the frozen fringe is a rigid
ensemble that moves at a uniform velocity. The pore ice in the
frozen fringe is attached to the growing lens above and moves
relative to the surrounding soil particles by melting and refreezing
as necessary. ONeill and Miller (1985) developed it into a
complete model, aiming to directly predict the characteristics
of ice lenses and the rate of frost heave as a function of
environmental conditions and sediment constitutive behavior.
In the model, the relationship between ice content I (%) and water
pore pressure P,, (Pa), and temperature T (°C) was connected by
the soil-water characteristic curve and integral form of the

Clapeyron equation:
I=1(AP, + BT), ©)

where A and B are known constants. In addition, the movement
of the ice lens is considered in basic transport equations:

90, 0 [K, (0P, B
(Pi=Pu) 5, = 35 [g <ax —ng> —p,-Vrei] =0 0
Jor o oT 00, 06\ _
2pienbgy 5 (*a) ‘PfL<§+ Vfa) =0

where p; and p,, are ice and water density (kg m™>), respectively; n
represents different soil components; ¢, is the thermal
conductivity of different components (J m st KY; 0, is the
volume fraction of the nth component including soil solids (%);
V; is the segregation rate of ice (m s™'); g is gravitational
acceleration (m s2); Kj, is the hydraulic conductivity (m sh,
and the function of unfrozen water content in frozen fringe and
can be regarded as the saturated hydraulic conductivity in the
unfrozen zone; and A is the thermal conductivity of the soil
skeleton (J m™'s™! K™'), which is related to the content of soil
components. The segregation rate V; can be obtained from the
conservation of mass in the frozen fringe as

v (PP 1
1770 x T PuY P91 =0

Soil particles lose contact and new ice lenses form when the
effective stress of pores in the frozen fringe is greater than or equal
to the total load at the end of the frozen fringe:

©)

(6)

where 0, is the effective stress (Pa), and y = (6,/ p)l‘5 is the stress-
partition parameter (Pa) (Miller, 1978), where 6, is the unfrozen
water content (%) and p is the soil density.

The rigid ice model can describe frost-heave behavior by
keeping track of only two essential parameters of the ice
content in the frozen fringe: 1) spatial variations in the
volume fraction of the pore space that is occupied by ice; and
2) spatial variations in the effective permeability caused by these

0, =xPy+ (1=x)P; = Py,
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changes in ice saturation (Rempel, 2010). Both parameters can be
obtained from independent laboratory studies (Watanabe and
Flury, 2008; Watanabe and Wake, 2009). However, there are still
considerable workloads to put it into practical application (Ming
and Li, 2016). Many researchers have devoted attention to
simplifying the model (Black, 1985; Ishizaki and Nishio, 1988;
Sheng et al, 1995). Fowler and Krantz (1994) reduced the
computational amount of the rigid-ice model by using
asymptotic analysis to reformulate the model and greatly
improve its practical implementation. Sheng et al. (1995)
modified the governing equation and interruption stress
expression, establishing an operable simplified model
(PCheave). This model can solve variables such as soil frost
heave rate, freeze-thaw front movement speed, and ice volume
content, which is helpful for frost heave monitoring in the field
(Zhang et al., 2014a).

Segregation Potential Model

The segregation potential model is a semi-empirical model
describing the growth of a single ice lens (Konrad and
Morgenstern, 1980; Konrad and Morgenstern, 1982b). The
basic assumption is that for any identical soil, while the one-
dimensional freeze is steady-state, the ratio of the velocity of
water migration at the bottom of the last ice lens and the soil
temperature gradient below ice lens is a constant, namely,
segregation potential SP :

V =8P AT, (7)

where V is the velocity of water migration and AT is temperature
gradient (K cm™), and the segregated ice content can be
calculated by (Konrad et al., 1995):

t

H=1.09 J SPATdt.

0

®)

The SP, in effect, is a conductivity driven by temperature, and
depends on external pressure, suction at the frost front, and rate
of cooling of the frozen fringe (Konrad and Morgenstern, 1980;
Konrad and Morgenstern, 1982a). All of these parameters may be
obtained directly from laboratory frost heave tests at the
macroscopic scale. Konrad (2005) reported values of SP
ranging 160 to 410 (mm?®/°C-d) for saturated sand-silt—clay
mixtures, 52 to 325 (mm?/°C-d) for till samples, and 84 to 329
(mm?*/°C-d) for fine quarry materials. Water migration and
segregated ice can be directly predicted as long as SP has been
measured by experiments. (Nixon, 1982; Fukuda et al., 1988;
Saarelainen, 1992; Tiedje and Guo, 2012). Konrad and
Morgenstern (1984) predicted the frost heave caused by a
frozen pipe buried in an unfrozen region using the segregation
potential model. The simulation was in good agreement with
long-term field observation results. However, Nixon (1987) and
Ishizaki and Nishio (1988) pointed out that the model could not
describe the ice lens growth under unstable thermal conditions.
The model cannot predict the dewatering at the initial stage of
freezing. Furthermore, the model did not involve the parameters
related to basic soil properties (Li et al., 2000). Based on the
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segregation potential model and the water activity criteria, Ji et al.
(2019) proposed a quasi-static model for ice lens growth to
describe the ice lens growth under slowly changing segregation
temperature.

Pre-Melting Dynamics Theory

The rigid-ice model and the segregated potential model give a
successful prediction of the macroscopic processes of segregated
ice. At the microscale, the force-balance condition of the
initiation of new lenses still lacks a firm theoretical basis.
Romkens and Miller (1973) observed the migration of
particles in freezing soil and attributed it to the osmotic
transport of water in the film surrounding the particles. The
authors explained the force between ice and soil particles based
on two models: 1) electrical double-layer effects and the viscous
flow of water, and 2) a brine pocket enclosing the particle and
diffusion phenomena. Wettlaufer et al. (1996), Wettlaufer et al.
(1997) found that due to the thermal molecular repulsion
between the porous medium and ice, there is interfacial
melting between the ice lens and the matrix. This melting
forms a thin liquid water film on the surface of the substrate
called pre-melting film (Lu et al., 2017). The net force between the
ice and sediment particles can be explained quantitatively as a
result of the intermolecular forces that act between them and
produce the intervening pre-melting films (Williams, 1995). The
intermolecular force changes the thickness of the film between the
soil particles and surrounding ice, and increases with the
decreasing distance and increasing temperature between soil
particles and ice (Rempel et al., 2001). In the presence of pre-
melting film, the total surface energy of the soil particle-water and
liquid water-ice interface is lower than that of the soil particle-ice
surface (Zhou and Meschke, 2013).

Rempel et al. (2004) concluded that the thermal molecular
repulsion of both the cold and warm ends of soil particles is
imbalanced. Owing to the difference in water film thickness, the
force of the cold end is greater than that of the warm end. This
force will drive soil particles away from the ice lens, causing ice to
melt on the warmer side and water to refreeze on the colder side
through thermal regelation. Rempel et al. (2004) developed a
model based on mechanical equilibrium and conservation to
describe the formation and evolution of ice lenses. Based on
the micro thermodynamic theory of ice soil particle interaction,
different forms of macro frost heaving processes can be described,
including the growth of single ice lens or needle ice, the successive
growth of multiple lenses, and the situation with only pore ice
(Rempel et al., 2004; Rempel, 2007). It should be noted that the
pre-melting film is still affected by thermal molecular forces while
the frozen fringe disappears because the warm side coincides with
the freezing front. Therefore, the frozen fringe is not always
considered in the pre-melting film model (Lu et al,, 2017). The
derivation and development of pre-melting film originated from
the micro-physical mechanism, discussing the essence of soil
water and heat change during the freeze-thaw process, opening
up a new direction for the macroscopic ice formation process
model (Rempel et al., 2004; Zhou and Wei, 2020).

In the 1990s, Fremond and Mikkola (1991) proposed a
thermodynamic model based on the law of energy
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FIGURE 6 | A schematic diagram of landforms in permafrost regions. (A)
Segregated ice forms in the active layer at first, and the ice lens at the
permafrost table is preserved after a freeze-thaw cycle. (B) Under a cooling
climate, the permafrost table is raised, and the accumulation of
segregated ice forms massive repeated-segregation ice, causing frost heave
and frost crack.

conservation and entropy increase balance. This model was
derived from a series of thermodynamic equations based on
the basic axioms. The model can describe the suction caused
by pore water freezing and moisture and heat transfer (Ran et al.,
2019). However, the application of this model has not been
extensive due to its large number of parameters, which are too
difficult to obtain in experiments. The model still needs to be
further improved and developed in the future.

ENVIRONMENT EFFECTS CAUSED BY THE
SEGREGATED ICE FORMATION

Segregated ice is a vital factor affecting the permafrost
environment. It is widespread in the active layer from the
permafrost table to the ground surface (Figure 6A), where
there are acute water and heat transports among soil,
vegetation, and the atmosphere. These energy exchange
processes are significantly affected by segregated ice formation,
growing, and melting via changes in the soil hydrothermal
properties and soil structures (Wu et al, 2003). Thus,
segregated ice formation shapes the unique frozen land
morphology, changing the regional topography and
hydrological processes, and causes soil and vegetation
reorganization in the cold region ecosystems, affecting the
carbon and nitrogen cycle and other biogeochemical processes.

Permafrost Landforms

The ice in permafrost has an important role in the formation of
topography, or at least, in the origin of minor relief in permafrost
regions. Segregated ice development causes frost heave and
modifies topography (Figure 6B). Sometimes segregated ice
development causes polygonal cracks because of the uneven
distribution of ice in the soil mass (Walker et al, 2004).
Segregated ice is also an essential factor in frost mounds
formation (Van Huissteden, 2020). Hummocks are widely

distributed in arctic and subarctic permafrost regions

Segregated Ice and Permafrost Environment

(Washburn, 1980), and are caused by the long-term seasonal
freeze-thaw of ice lenses at the top and bottom of the active layer
(Mackay, 1980). When permafrost degrades, the inhomogeneous
melting of segregated ice causes the ground surface to collapse
unevenly (Streletskiy et al., 2015; French, 2017). The hollows
caused by the subsidence of the ground surface easily collect
precipitation, runoff, and meltwater, forming ponds or lakes,
changing the surface heat balance (Boike et al., 2015).

Regional Hydrological Processes

Segregated ice affects the hydrological process mainly by
changing the hydrological properties and micro-topography by
reducing soil permeability (Woo, 2012; Walvoord and Kurylyk,
2016). Massive segregated ice near the permafrost table causes a
sharp decrease in permeability of this area. The zone with massive
segregated ice can be regarded as a regional aquifer or
impermeable layer. The impermeable layer obstructs or
weakens the hydraulic connection between groundwater and
active layer water, runoff, and even atmospheric precipitation
on a seasonal scale (Zhao et al., 2019). In addition, the formation
and melting processes of segregated ice accompanied by water
migration significantly affect the spatiotemporal characteristics of
the hydrological conditions of the active layer (Woo, 2012;
Walvoord and Kurylyk, 2016). During warm seasons, the
moisture content of the active layer increases due to the
influence of rainfall, snowmelt water and excessive ice melting
of the ice-rich permafrost table. Before percolating into the deep
soil, most of this melted water, is discharged into rivers or lakes
through surface runoff or subsurface lateral flow. The runoff
variation is related to slope, ALT, and saturation, as well as the
supply due to the seasonal melt of segregated ice (Van
Huissteden, 2020). During periods of alternating warmth and
cold, snow meltwater permeates through the surrounding soil.
However, because the soil temperature is still below 0°C, a portion
of the meltwater will refreeze, reducing the permeability of the
ground surface. Meltwater generates runoff easily, forming ponds
(Woo, 2012). In the cold season, there is bidirectional freezing in
the active layer, and water migrates toward the freezing front,
dehydrating the soil in the middle unfrozen layer (Woo, 2012).
Soil fractures due to frost heaves, increasing the infiltration of
precipitation and meltwater downward in the warm season
(Ostroumov et al., 2001).

Ecosystem and Biogeochemical Processes
Segregated ice affects the growth dynamics of plants indirectly in
cold regions by changing soil microstructure, soil ventilation, and
thermal conductivity. Meanwhile, the water migration affects the
nutrient and water distribution of the active layer, transforming
the succession of the whole cold region ecosystem (Wang et al.,
2006a). For example, during the development of frost mound,
frost heave causes the central location to move upward year by
year with the growth of segregated ice. In this process, the organic
matter and nutrients at the bottom of active layer are pushed to
the center of frost mound, and then transported and accumulated
to the surrounding edge by leaching and soil movement (Peterson
and Krantz, 2003). It will result in sparse vegetation in the center
over time and luxuriant vegetation in the edge of frost mound,
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respectively, forming the unique honeycomb vegetation
characteristics in permafrost regions (Walker et al., 2004). In
the Qinghai Tibet Plateau, thawing segregated ice near the
permafrost table weakened its role as an impermeable layer,
which lowers water table and dries surface soil (Niu et al,
2011), thus decreasing the water available to plants and the
productivity of the ecosystem (Wang et al., 2006a; Yi et al., 2014).

Large amounts of soil organic carbon (SOC) and soil
organic nitrogen (SON) are stored in the active layer and
underlying permafrost (Tarnocai et al., 2009; Koch et al,
2013; Zubrzycki et al., 2014; Ping et al., 2015). These organic
matters easily develop into dissolved organic carbon (DOC)
and dissolved organic or inorganic nitrogen (DON, and DIN,
respectively) while the segregated ice melts (Wickland et al.,
2018). Moreover, various soluble ions migrate to the freeze-
thaw front with water migration, increasing their
concentration near the ice lens (Ostroumov et al., 2001).
Studies have shown that the DOC concentration in the soil
solution ranges from 2 to 30 mg CL™" (White, 2020), while
that in the segregated ice meltwater is as high as
4-128mg CL™" (Ewing et al, 2015). Other types of
dissolved organic matter (such as root exudates) produced
by vegetation may accumulate due to the restriction of
subsurface drainage by segregated ice (Michaelson and
Ping, 2003). This organic matter is then transported to
rivers through runoff (Prokushkin et al, 2009; Ma et al,
2019), strongly affecting oxidation-reduction,
decomposition, and other biogeochemical processes.

Ice lenses in frozen soil also affect the below-ground gas
transport process. When the soil changes between the
freezing and thawing state, the SOC stored in permafrost
will be decomposed by soil microbes, generating carbon
dioxide (CO,), methane (CH,), nitrous oxide (N,O), or
other greenhouse gases (Yang et al., 2014; Zona et al,
2016). Owing to the ice lens barrier, the frozen soil delays
the emission of N,O and CO, in winter (Van Bochove et al.,
2001; Song et al., 2012). The large autumn burst of CH4 from
the tundra in high latitudes may be related to the freezing and
thawing process of permafrost in the Arctic (Mastepanov
et al., 2008; Zona et al., 2016; Byun et al., 2017). Because gas
solubility is significantly lower in ice than in liquid water, the
formation of segregated ice at the freezing front during the
bidirectional freezing process in autumn may lead to the
efflux of methane previously dissolved in soil water (Byun
et al.,, 2017). However, segregated ice blocks the pores and
hinders the gas discharge, leading to the retention of CH,.
Subsequently, frost heaving due to the continuous formation
of segregated ice destroys the mechanical structure of soil and
causes ground cracking, providing a channel for gas to escape,
thus producing a CH, peak (Mastepanov et al., 2013). Under
a cold climate, the seasonal segregated ice and the trapped
CH, in the active layer may be permanently incorporated into
near-surface or even deeper permafrost (Byun et al., 2017).
The reverse is also possible upon climate warming. Higher
soil temperature will promote the activity of soil organisms
and thus aggravate the decomposition of SOC to release more
carbon dioxide (Natali et al., 2015).
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SUMMARY AND FUTURE PERSPECTIVES

Since Taber realized that frost heaving mainly comes from liquid
water migration that supplies growing ice lenses, people have put
forward to various theoretical models to improve the
understanding of their mechanism. Now the processes of ice
lenses have been explained by mathematical models that
successfully verified from the macroscopic features. In
permafrost regions, water migration and segregated ice shapes
spectacular permafrost topographic features, changes regional
hydrological patterns, even makes their carbon cycle differ from
that of other soils. Under a warming climate, researchers have
much renewed interest in how the processes of water migration
and ice formation play roles in the interaction between frozen
ground and the environment. This article reviewed the
mechanism of water migration and segregated ice formation
and different models developed to account for their physical
processes, as well as an overview of their impact on the
permafrost environment. Given the aspects that current
research regarding water migration and ice formation has
overlooked, we suggest the following perspectives should be
the central focus in future research.

(1) It is the basis for understanding the mechanism of ice
segregation to explicitly know the driving forces of
unfrozen water migration. Since the theory of unfrozen
water film was brought up, the concept of soil water
potential has been widely accepted to characterize the
energy state of liquid water, to further study the
direction and water flux during water moisture
migration. Current methods are hard to directly measure
the soil water potential in frozen soil, so researchers rely on
the Clapeyron equation based on phase equilibrium to
convert the temperature gradient to water potential
(Loch, 1978; Gilpin, 1980; Drotz et al., 2009; Thomas
et al., 2009). However, one of the primary assumptions
invoked when employing the Clapeyron equation and its
modified versions is that the pore water pressure is
measured relative to the pressure in the ice phase, which
is often implicitly assumed to be atmospheric (Kurylyk and
Watanabe, 2013). In fact, soil increases its strength as
temperature declines and as ice progressively fills the
pores in the freezing process. This means the ice pressure
must rise for a growing ice lens and the potential gradient
will no longer be linearly related to the temperature gradient
(Wood, 1990). If we can only measure the temperature
gradient, it is difficult to fully interpret the reason why the
growth rate of ice lenses decreases with temperature.
Therefore, the applicability of the Clapeyron equation in
frozen soil still needs to be further verified by accurately
measuring the pore water pressure and ice pressure in the
laboratory, which depends on the progress of measurement
technologies. Another concern is the calculation and
determination of unfrozen water content, which is also
important for the study of water migration. At present, a
commonly used method to calculate unfrozen water content
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in frozen soil is the empirical formula or relate soil frozen
characteristic curve (SFCC) and the soil water characteristic
curve (SWCC) by the Clausius-Clapeyron equation (Spaans
and Baker, 1996; Kurylyk and Watanabe, 2013; Fu et al,,
2021). The latter is inappropriate to apply this equation at
disequilibrium, such as during rapid early-stage freezing.
The accuracy of the empirical formula largely depends on
the calibration dataset size and characteristics. However,
because of the possibility of ice be melted by the
temperature or moisture probes, it is difficult to conduct
long-term monitoring of the energy state of unfrozen water
or unfrozen water and ice content in frozen ground under
field conditions (He et al., 2018). Many new theories and
methods emerged to partition water and ice in partially
frozen soil to estimate unfrozen water content and ice
content (Gang and Si, 2011; Kojima et al., 2016; Kojima
et al.,, 2020). New theories and methods are in their infancy
and have limitations at present. Still, they potentially could
greatly improve the measurement techniques and our
understanding of unfrozen water migration and ice
formation.

The measurement of ice content is essential for studying the
water migration in frozen soil and is very important for
understanding the mechanism of frost heave or thaw
settlement. In laboratory experiments, the ice content is
usually estimated by subtracting the unfrozen water
content from the total water content. The latter could be
directly measured by mature methods, such as the neutron
moisture meter method (NMM) (Sun et al, 2021) and
gamma-ray attenuation method (Zhou et al,, 2014) for the
total water content, TDR (time-domain reflectometer)
method, FDR (frequency-domain reflectometer) method,
and NMR (Nuclear Magnetic Resonance) method for
unfrozen water content (Feng et al., 2021). However, there
is still no suitable method to monitor the ice content, water
migration, and their spatial variation under field conditions.
One of the critical problems is that we cannot monitor the
change of ice content during freezing and thawing without
damaging the soil structure. Although some improved
methods have been verified in the field (Cheng et al,
2013; Kojima et al., 2020; Wang et al., 2021), there is still
no commercial sensor available. Another way is to estimate
the ice content by geophysical technology or remote sensing
methods, such as ground-penetrating radar (GPR) (Daniels
et al, 1995; Lamoureux et al., 2018). However, the GPR
method prefers to resolve wedge ice, massive ice, and ice-rich
sediments rather than the individual ice lenses with small
volume, and it needs to be combined with other means to
improve the accuracy of detection (Fortier and Savard, 2010;
Sokolov et al, 2020). Satellite remote sensing provides
another method to continuously monitor the surface water
condition of frozen soil in space via data assimilation
(Mwangi et al., 2020; Szczykulska et al., 2021). Cosmic-ray
neutron probes (CRNP) allows continuous monitoring of soil
ice content at the field scale averaged over several hectares in
shallow soil profiles (Mwangi et al., 2020). However, it is still
unable to reasonably estimate the ice content of deep soil

3)
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layer due to soil heterogeneities (Stevanato et al., 2019). With
the ever-expanding use of geophysical methods for
permafrost and ground ice studies, new inversion means
or improved methods should be verified by boreholes or test
pits to estimate the spatiotemporal variation and distribution.
This will be a new challenge for engineering geologists and
shallow geophysicists.

Models aimed to describe the dynamics of ice formation
have given a successful prediction of the macroscopic
processes of segregated ice, such as the rigid ice model,
which has been widely used and further developed.
However, the pre-hypothesis of the rigid ice model used
to predict the heave rate and the initiation of new lenses
still lack a firm theoretical basis at the microscope physics.
This means it will produce uncertainty when applying the
model in different physical environments by modifying the
model parameters. The rigid-ice model assumes that lenses
initiate within ice that is connected through the frozen
fringe to the active lens. However, experiments showed that
there are variety of ice growth forms in addition to lenses
(Peppin et al., 2006; Rempel, 2011), and their initiation
mechanisms should also be considered. Premelting theory
began with surface interface physics provides a new sight in
understanding the microphysical interactions that occur
between the soil particles, the ice and the liquid (Rempel
et al., 2004; Rempel, 2007). The net ice-particle force within
the fringe can be calculated by applying the concept of
thermodynamic buoyancy (Rempel, 2010). However, as it
still employed a few simplifying assumptions in
constructing theoretical model, the premelting model
needs further development. Engineering applications of
the ice formation models is another critical problem.
Many works verified the model simulations through
laboratory measurements (Williams and Smith, 1989),
Unfortunately, relatively little field research has been
conducted on frost heave. The empirical work has
principally been conducted under highly controlled
laboratory conditions, making it difficult to apply
theoretical models in field conditions. These difficulties
include but are not limited to the following: a) the complex
form and various parameters of the model make it difficult
for it to be popularized in actual application, b) most
models are based on saturated soils, and they are not
well suited to application in unsaturated permafrost and
¢) the considerable diversities of soil particle characteristics
in different soils cause it is hard to find a uniform method
to evaluate the parameters regard to frost susceptibility,
such as the parameterization scheme of soil thermal
conductivity and hydraulic conductivity (Gelfan, 2006;
He et al, 2020). In the future, simplifying existing
models or developing new ice formation models will be
an exciting challenge that will facilitate field application.
Additionally, combined with more observational data,
developing the comprehensive and systematic scheme of
permafrost soil thermal and hydraulic conductivity will
also help improve the description of soil thermal properties
in models.
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(4) The development and decline of segregated ice at the
permafrost table is an important feature in the change of
permafrost, which exerts a strong influence on the
development of landforms, hydrology and biochemical
processes (Van Huissteden, 2020). Sustained climate
warming is accelerating the degradation of permafrost and
the thawing of ice lenses near the permafrost table. Under this
condition, landscape models were developed to predict the
influences of permafrost degradation on hydrological,
ecological, and climatic effects (Flerchinger and Saxton,
1989; Cherkauer and Lettenmaier, 1999; Gouttevin et al.,
2012; Yang et al., 2018a; Yang et al., 2018b). However, there
were significant deviations of simulations when the models
applied to permafrost, especially the unfrozen soil moisture
during the freezing and thawing process (Swenson et al,
2012; Xiao et al.,, 2013; Chadburn et al., 2015; Yang et al,,
2018a; Luo et al., 2018). One possible reason is the inadequate
consideration of the water migration and segregated ice in
models. Most landscape models that we have checked
simplify, even ignore the process of water migration and
ice lenses formation in constructing the model (Dai et al,
2003; Liang et al., 2003; Chen et al., 2007; Swenson et al.,
2012; Zheng et al, 2017). Of course, it is necessary and
understandable because the factors that control segregated
ice formation operate at a sub-mm scale, and are primarily
affected by soil properties. This makes incorporating
segregated ice behavior into models operating with 1- or
10-km grid cells difficult due to soil spatial heterogeneity.
However, when discussing the long-term effects of the
permafrost changes, the development and thawing of ice
lenses is still an inseparable feature. Some researchers have
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Zhanju Lin™*

"State Key Laboratory of Frozen Soil Engineering, Northwest Institute of Eco-Environment and Resources, Chinese Academy of
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The Qinghai-Tibet Plateau (QTP) is characterized by its extreme climate and dominated by
periglacial processes. Permafrost conditions vary greatly, and the recent changes on the
QTP are not well known in the hinterland. Here, we examine the changes in climate and
permafrost temperatures in several different regions. Climate data were obtained from
three weather stations from 1957 to 2019. Annual mean air temperature (T,) has gradually
increased at .031°C/yr-.039°C/yr. Climate warming has been more rapid in the past two
decades, particularly during the cold season (November to February). Precipitation has
also been slowly increasing during the instrumental record. However, there is pronounced
heterogeneity in the seasonal distribution of precipitation, with very little faling between
October and April. Ground temperatures and active-layer thickness (ALT) have been
investigated over ~20 years at five sites representative of the hinterland of the QTP. These
sites are located along the Qinghai-Tibet Highway, which crosses the permafrost zone and
traverses the mountainous area and basin areas. Annual mean ground temperatures within
the active layer (T4 ~ 1 m depth) indicate recent ground warming at all sites, at rates near
.05°C/yr. The ALT at five sites has been increasing steadily by 2-9 cm/yr, with an average
of 4.6 cm/yr. The temperature near the permafrost table (Ty,s) has been increasing at .01°C/
yr and .06°C/yr, with an average of .03°C/yr. Permafrost temperatures at 15 m depth (T)
have been increasing by about .01°C/yr-.02°C/yr. The southern boundary (AD site) of the
permafrost has warmed the least among the five locations. In high mountainous areas
where permafrost temperatures are low (e.g., KLS site), the annual mean Ty has increased
by nearly .02°C/yr. The rate of permafrost warming at a basin site (BLH), with relatively high
ground temperatures, was approximately .01°C/yr. The GIPL2.0 model simulation results
indicate that the annual mean permafrost temperature at 1 m depth at these sites will
increase by .6°C-1.8°C in the next 100 years (to 2100) and that ALT will increase by
~40-100 cm. We also discuss the impacts of permafrost changes on the environment and
infrastructure on the QTP. This study provides useful information to understand observed
and anticipated permafrost changes in this region, under different shared socioeconomic
pathways, which will allow engineers to develop adaptation measures.

Keywords: climate change, permafrost warming, active-layer thickness, ground temperature, Qinghai-Tibet Plateau

Frontiers in Environmental Science | www.frontiersin.org 26

February 2022 | Volume 10 | Article 836085


http://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.836085&domain=pdf&date_stamp=2022-02-21
https://www.frontiersin.org/articles/10.3389/fenvs.2022.836085/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.836085/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.836085/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.836085/full
http://creativecommons.org/licenses/by/4.0/
mailto:fanxingwen18@mails.ucas.ac.cn
mailto:zhanjulin@lzb.ac.cn
https://doi.org/10.3389/fenvs.2022.836085
https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.836085

Zhou et al.

Records of Climate and Permafrost Warming

INTRODUCTION

Permafrost is ground that remains at or below 0°C for at least
2 years and is primarily a consequence of climate (Henry and
Smith, 2001; Smith and Riseborough, 2002). Permafrost
constitutes a critical component of the global cryosphere
and underlies approximately 24% of the land surface of the
Northern Hemisphere (Anisimov and Nelson, 1996).
Permafrost terrain comprises a seasonally thawed active
layer underlain by perennially frozen ground. Permafrost is
particularly sensitive to climate change due to the presence of
ground ice (Haeberli and Hohmann, 2008; Chen et al., 2021).

Climate warming increases the active-layer thickness and
ground temperature (Wolfe et al., 2000; Smith and Burgess,
2004). Consequently, permafrost thaw may cause
disequilibrium in terrestrial hydrologic cycles (Serreze et al.,
2000; Hinzman et al., 2005; Walsh et al., 2005; White et al.,,
2007; Fedorov and Konstantinov, 2008), significant landscape
and ecosystem changes (Lewkowicz, 1992; Osterkamp et al.,
2000; Jorgenson et al., 2001; Pullman and Shur, 2007; Luo et al.,
2019), and damage to infrastructure (U.S. Arctic Research
Commission Permafrost Task Force, 2003). Changes in
permafrost conditions associated with climate warming have
also resulted in widespread thermokarst development (Lin
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etal, 2010; Niu et al., 2011; Luo et al., 2015), thaw slump (Niu
et al.,, 2014b; 2016), and increased rates of solifluction. During
the 20th century, permafrost warming was documented in the
mountains of Eurasia (Harris et al., 2003; Isaksen et al., 2007),
Northern Canada (Mackay, 1975; Kwong and Gan, 1994; Burn
and Zhang, 2009), and Alaska, USA (Lachenbruch and
Marshall, 1986; Osterkamp, 2007; Osterkamp
Romanovsky, 2015).

The Qinghai-Tibet Plateau (QTP) (Figure 1) is the largest
body of permafrost at high elevation and low latitudes on the
earth (Wang and French, 1994; Qiu and Cheng, 1995; Zhou et al.,
2000). In the 1950s, the Qinghai-Tibet Highway was built across
the plateau to Lhasa, and between 2001 and 2006, a single-track
railway (Qinghai-Tibet Railway) was also built up to and over the
QTP to Lhasa (Zhang et al., 2008). The total length from Golmud
to Lhasa is about 1,120 km; ~630 km are underlain by permafrost,
with around 550 km in continuous permafrost and 80 km in
discontinuous permafrost. The plateau is characterized by high
elevation, periglacial processes, and a cold and arid continental
climate (Li et al., 1996; Jin et al., 2008).

With recent climate warming and steadily increasing human
activities (Jin et al., 2008; Lin et al., 2011), the permafrost along
the highway and railway has been warming rapidly (Wang, 1993;
Wang et al., 2000; Wu and Zhang, 2008; Luo et al., 2019). Mean
annual ground temperature (MAGT) in seasonally frozen soil
and sporadic permafrost has increased by .3°C-.5°C and by
.1°C-.3°C in continuous permafrost from the 1970s to 1990s
(Wang et al, 2000; Cheng and Wu, 2007). The permafrost
distribution has retreated .5-1.0 km at the northern boundary
and 1-2 km at the southern boundary from 1975 to 1995 (Niu
et al, 2008). Wu and Zhang (2008; 2010) also reported
permafrost warming along the Qinghai-Tibetan Highway from
1996 to 2006. The results showed that mean annual permafrost
temperatures at 6.0 m depth have increased by .12°C-.67°C and
the maximum active-layer thickness (ALT) with an average
increasing rate of ~7.5 cm/yr over the same period. However,
long-term climate and permafrost changes in recent decades are
unclear. In addition, owing to the vast area and complex terrain
conditions on the QTP, the climate and permafrost changes have
great spatial heterogeneities under the influence of high
mountains, plains, valleys, etc.

Therefore, we analyzed the long-term climate and permafrost
temperatures in different terrain regions on the QTP. Based on the
records of meteorological and ground temperature, the objectives of
this study are to (I) define the climatic changes in the past ~60 years
in the hinterland of the QTP; (II) examine permafrost changes in the
past 20 years at five typical sites; (III) estimate the potential change in
permafrost temperature in the next 100 years, and (IV) discuss the
possible negative influences of permafrost warming on the
environment and engineering in this area.

and

NATURAL ENVIRONMENTS ON THE QTP

Periglacial Geomorphology
The topography in the hinterland of the QTP is generally
complex. Over 90% of the railway underlain by permafrost is

Records of Climate and Permafrost Warming

above 4,500 m a.s.]. Three major east-west mountain ranges
(Kunlunshan, Fenghuoshan, and Tanggula) and three major
rivers (Chumaerhe, Tuotuohe, and Tongtianhe) cross the
region, dividing it into five general geomorphological units:
high mountain areas, foothills or moderately high
mountainous areas, upland plateaus, valleys, and basins.
Periglacial landforms are widely distributed due to the
severe climatic conditions. Near the base of many higher-
elevation slopes, strong frost action causes downslope mass
movements and creeping gelifluction. Many retrogressive
thaw slumps were found on the slopes of lower mountains
and hills, and the recorded maximum retrogression rate was
4.5 m/yr in 2000-2002 (Niu et al., 2005; Niu et al., 2012). At
upland plains and basins between 4,500-4,700 m elevation,
e.g., the Beiluhe Basin and Tuotuohe Basin, there are
thousands of thermokarst lakes covering approximately
2-3% of the land surface, and about 1/3 of thermokarst
lakes on the high plateau have dried up (Niu et al., 2014a).
Climate warming and increasing permafrost temperatures
have coincided with an increase in frequency and
magnitude of thermokarst in permafrost regions (Luo et al,,
2015). Near river valleys and on gentle piedmont slopes, ice
domes and frozen mounds are common periglacial landforms
in winter.

Vegetation and Soil

Most plants in the permafrost regions are herbaceous perennials
less than .15 m tall. Alpine grassland covers about 50% of the land
surface, and alpine meadow comprises about 20%. Stipa
purpurea, Carex moorcroftii, and Littledalea racemose are the
dominant species in alpine grassland, while Kobresia pygmaea
and Kobresia littledalea are dominant in alpine meadows (Li et al.,
1996; Wang et al., 2016; Chen et al., 2020). Alpine grassland is
distributed in dry environments on mountains, hills, and upland
plains at higher elevation, and the vegetation cover is generally
less than 30%. Alpine meadows with >50% of vegetation coverage
are found in valleys or basins with higher soil moisture content
(Wang et al,, 2004; Jin et al., 2008).

The climate here is cold and dry. The surface soil is loose, so
there is little resistance to erosion by runoff or aeolian processes.
Freeze-thaw cycles also facilitate erosion. Consequently, soil
erosion and desertification are common in the hinterland of
the QTP. A soil sample test from the Beiluhe Basin shows that
the ground surface is typically covered by gravel or sandy silt.
Most of the near-surface soil were sand dominated (>60%), with
only ~40% silt and clay combined. The soil organic matter (SOM)
content is very low (Liu et al., 2014).

Permafrost Conditions

The permafrost in the hinterland of the plateau has a relatively
warm temperature and is characterized by high ground ice
content. Permafrost with >20% volumetric ice content
underlies about 221km of the region (~40% of the total
length), while the portion with MAGT > -1.0°C is 227 km in
length. Warm and ice-rich permafrost underlies 124 km of the
line (~25%) (Niu et al., 2008). The mean annual ground
temperature (MAGT) in most high plains or valleys is
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TABLE 1 | Locations of permafrost monitoring sites and weather stations and their surface conditions in the study region [P-t: permafrost thickness (m)].

Topography
description

Permafrost northern boundary, valley,
island, or sporadic discontinuous
permafrost area

Middle-to-high mountainous area,
continuous permafrost area with low
temperature

Basin area, continuous permafrost
area with high temperature and
sparsely vegetated ground

Basin area, continuous permafrost
area with high temperature and surface
coved by the well-vegetated alpine
meadow

Permafrost southern boundary, valley,
degraded melting area, or
discontinuous permafrost zone

Surface
vegetation

Alpine semidesert, grasslands, arid,
sparse vegetation, 40%-60%
vegetation coverage

Sparse alpine grasslands, meadow
becoming grasslands, 20%-30%
vegetation coverage

Alpine grasslands, semidesert, arid,
sparse vegetation, <20% vegetation
coverage

Alpine swamp meadow, vegetation
well developed in places with poor
drainage, ~80% vegetation coverage

(Paludified) alpine meadows, alpine
grasslands, drying and shrinking
wetlands, plant successions,

Sites E() N () Elev. Data P-t MAGT
(m) period (m) (c)?
Permafrost XDT  94.09 3572 4503 2004-2015 <20 Oto-.5
monitoring
sites
KLS 94.06 3565 4728 2008-2020 60-120 <=3.0
BLH1 9295 34.85 4634 2001-2013 <60 -5
to -1.0
BLH2 92,92 34.82 4650 2007-2020 — —
AD 91.75 3240 4801 2003-2015 <40 b5to-5
Weather WDL 93.08 3522 4612 1957-2019 - —
stations
TTH 9243 3422 4533 1957-2019 - —
AD 91.10 32.35 4800 1966-2019 - —

AMAGT, mean annual ground temperature.

reported as above —1.5°C, and the permafrost thickness is less
than 70 m (Wu and Zhang, 2010). In hills and mountains at
higher elevations, the MAGT is less than —1.5°C and permafrost
thickness exceeds 130 m (Zhou et al., 2000). The active layer
thickness in most areas is between 1.5 and 3 m, with a maximum
of ~5.0 m below or near the roadbed (Wu and Zhang, 2010). The
warm permafrost on the QTP commonly includes 2-3m
thickness massive ground ice below the active layer to depths
of 5m (Lin et al.,, 2015).

METHODS AND DATA ACQUISITION

Climate Record

Three weather stations (WDL, TTH, and AD) record the climatic
conditions along the QTP (Figure 1). WDL and TTH weather
stations have been operating since October 1956, and the AD
station has been operating since November 1965. All weather data
are managed by the China Meteorological Data Sharing Service
System and available to users for downloading (http://cdc.cma.
gov.cn/home.do). The data were provided as monthly averages.
Data in May 1958 at the TTH station was missed, and the gap was
filled by using linear regression.

Permafrost Monitoring

For this study, we selected five typical sites at four locations
(Table 1; Figure 1A) with ~20 boreholes in undisturbed ground
at least 20 m from the road. From the north to the south, the XDT
site is near the northern boundary of permafrost, which is the
discontinuous permafrost island with a relatively high ground
temperature (Figure 1B). The KLS site on the south slope of the

60%-70% vegetation coverage

Wudaoliang town, hill slope foot Transitional area between alpine
meadow and sparsely vegetated
ground

Alpine grasslands, semidesert, arid,
sparse vegetation

Alpine swamp meadow

Tuotuohe town, Tuotuohe River bank

Anduo county, valley

Kunlun Mountains represents the middle-to-high mountainous
area with low permafrost temperature (<—3°C) (Figure 1C). The
BLHI1 and BLH2 sites are in the basin with high permafrost
temperature (>-1.5°C). The difference between them is that
BLHI drilled early in a sparse vegetation cover ground, and
BLH2 is in a alpine meadow area with good vegetation (Figures
1D,E). Both KLS and BLH sites lie in the continuous permafrost
zone. The AD site is located near the southern boundary of
permafrost, where the degraded melting area or discontinuous
permafrost zone is present (Figure 1F).

Boreholes at each site were drilled to monitor the ground
thermal regime from the surface to a depth of 15 m. Thermistor
cables with sensors were cased in a steel tube (D = 3-5 cm) and
installed in each borehole. The tube was sealed at the bottom and
top to prevent moisture from entering and reduce air convection.
The boreholes were filled with dry sand to provide conductive
contact between the tubes and the ground. The depth interval of
the sensors was .5 m in the upper 5 m of the ground, 1 m between
5 and 10 m, and 2 m below 10 m. The cables were assembled at
the State Key Laboratory of Frozen Soil Engineering, Chinese
Academy of Sciences (CAS). The measurement accuracy of the
sensors, calibrated in the laboratory, was estimated at +.05°C.
Several cables were replaced in 2015 because the sensors were
damaged during the long work. The data were recorded on a
CR3000 logger (Campbell Scientific, Edmonton, AB, Canada)
powered by solar-charged batteries. Temperatures were recorded
every 4h, and instrument malfunction caused some data loss
(<10%) during the study period. The treatment was by linear
regression estimation completion. Mean annual values were
calculated for each sensor to determine soil temperature, active
layer thickness, freezing degree days, etc.
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The ground temperature record from the borehole profile was
divided into three critical layers. The first was characterized by the
temperature within the active layer. Here, the temperatures from
the upper sensors (~1 m depth) at five sites were used to examine
thermal conditions within the active layer (T,). The second
critical layer was described by the ground temperature at near
the permafrost surface or bottom of the active layer (Tp;). This
temperature is important in characterizing the thermal state of
permafrost, and the depth was generally around 2-2.5 m in this
study. The third layer was called the depth of zero annual
amplitude, and the temperature at this depth represents the
annual mean permafrost temperature (Tg). We generally
consider the ground temperature at ~15m as T, on the QTP
because the annual thermal cycle generally penetrates to a depth
of 15-20m. Although the larger perturbation in surface
temperature may penetrate much deeper, it takes much longer
periodicity to do so (such as a hundred-year scale or longer).
Therefore, the variations in annual mean T, provide a record of
the recent permafrost temperatures.

In mountain permafrost regions, the geothermal profiles
are generally in a transient state, continually adjusting to
changes in the upper boundary temperature that propagate
downward into the ground (Beltrami and Harris, 2001; Harris
et al, 2009). Therefore, the interpretation of measured
temperature profiles should be undertaken carefully, with
particular attention being paid to the strong effects of
complex surface geometry and rugged alpine topography
(Gruber et al., 2010).

The active layer is the layer of ground above the permafrost
that freezes and thaws each year. The base of the active layer is at
the maximum depth of penetration of the 0°C isotherm (Burn,
1998). In this study, the maximum ALT during each thaw season
was estimated by linear interpolation of the daily ground
temperatures records obtained in each borehole (Lin et al., 2015).

Estimating Possible Permafrost Warming
We used the Geophysical Institute Permafrost Laboratory
(GIPL2.0) transient numerical model to assess the possible
permafrost temperature (T, °C) change over time (f, s) and
depth (z, m) in the next 100 years (Marchenko et al, 2008;
Jafarov et al., 2012). The core of the GIPL2.0 model is based
on the one-dimensional heat conduction equation (Sergueev
et al., 2003):

a0, d aT
<C(T,Z) + La—T> - &(k(l’,t)g) = 0,

where k(z, £) (W m™ K™) denotes the soil thermal conductivity,
C(T, z) Jm>K™) is the volumetric heat capacity, and 0, (%)
represents the volumetric water content. L is the volumetric latent
heat of freeze/thaw (334 M Jm™>). In this study, the frozen and
thawed C and k are assigned to each soil layer based on the field
measurements (Xu et al., 2010). The 6, is simulated by empirical
experiments and has the following form:

0
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where a and b are empirical constants for specific soil (Xu et al.,
2010) and n(z) is the soil water content. 8,, changes with depth
and depends on the soil type and ground temperature.

The solution domain of the model in each site was a one-
dimensional soil profile from 0-100 m depth containing 139
computational grid nodes. The node spacing increased from
.00l m at the ground surface to 10 m at the bottom of the
simulation. The model input parameters were the mean
monthly air temperature, thermal properties of the soil
column, and water content for each site. Snow was not
considered in the simulations because there is negligible snow
cover along the highway in winter (Lin et al.,, 2015). Ground
thermal properties, including thermal conductivity and
volumetric water content, were assigned to each soil layer
according to the observed borehole stratigraphy. The
volumetric water content was considered a constant.

The ground surface temperature (T,) was used as the upper
boundary condition in the simulations, determined using the
air temperatures (T,) and surface n-factors (Lin et al., 2019;
Yin et al., 2021). Monthly air temperatures for each site over
the period 1979-2018 were obtained from three weather
station records. Concerning the future air temperature
series for the model projections, we used the latest two
Shared Socioeconomic Pathways (SSP) (O'Neill et al., 2016):
2-4.5 (hereafter SSP245, representing the midrange of future
pathways) and 5-8.5 (hereafter SSP245, high end) from the
global climate model (GCM) EC-Earth3-Veg (Zhu and Yang,
2020). Monthly GCM air temperatures from 2015 to 2100 were
first downscaled to the site location based on the monthly
atmospheric lapse rates (ALR, .5°C/100 m; Guo and Wang,
20165 Zhang et al., 2018). The monthly air temperatures were
then modified according to the linear regressions between
measured monthly temperatures during 2015 and 2018 and
the downscaled data for each corresponding location. Finally,
we obtained the monthly ground surface temperature series
based on the n-factors for the modeling runs. The geothermal
gradient (g ~.14°Cm™') was set as the lower boundary
condition (Wu et al., 2000).

Simulations were initialized from the observed ground
temperature profiles. The observed ground temperature data
were separated into two stages: the first period (2001-2005)
was for model calibration, and the second (2005-2018) was for
model verification. The model was calibrated and verified
using annual borehole temperatures measured at different
depths. The simulated values reasonably reproduced the
measured values (R*> > .85). For most of the boreholes, the
difference between simulated and measured ground
temperature was <.5°C.

RESULTS

Climatic Regime

The plateau has a continental climate, characterized by a long

8, = n(z) 1, T>0°C 2) cold season and short warm season. The mean monthly air
= b .

" T, T<0°C’ temperatures were above 0°C from June to September at three

weather stations in most years over the last 60 years. Over 90% of
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FIGURE 2 | Monthly mean air temperature and precipitation for WDL, TTH, and AD weather stations in 2019. The mean annual temperatures at WDL (1957-2019),
TTH (1957-2019), and AD (1966-2019) were -5.1°C, —3.8°C, and -2.4°C, respectively, and mean annual precipitation totals were 299, 293, and 445 mm in the same
period (China Meteorological Data Sharing Service System, http://cdc.cma.gov.cn/home.do).

the annual precipitation arrives between May and September, so
the hinterland of the QTP is cold and dry in the winter (Figure 2).

In 1957-2019, the air temperature at WDL was on average
1.3°C lower than at the TTH station (WDL-TTH). The average
differences in monthly mean temperature were lower between
November and January (below 1.0°C) than in other months (over
1.0°C). Between 1966 and 2019, the air temperatures at WDL
were on average 2.7°C lower than at the AD station (WDL-AD),
despite the higher elevation of AD. There were large temperature
differences (close to 2—-3°C) between the sites in all months of the
year (Table 2). Air temperatures at the AD station were higher
(~1.4°C) than at the TTH station, so the air temperatures
gradually increase along the QTP from the north to the south.

The monthly mean air temperatures at three stations are
highly correlated:

Tpat = 0.91Ty, — 1.71
Towar = 0.98T .4 — 2.91

(r* =0.98, n =756, p<0.01),
(r* = 0.89, n = 648, p<0.01),

3)
4

where T,a, Tin, and T, are the monthly mean air temperatures
at WDL, TTH, and AD stations, respectively; n is the total
number of months in the study period.

The precipitation regime varies along the QTP. Annually, the
AD (445mm) receives more precipitation than both TTH
(293 mm) and WDL (299 mm) stations. Precipitation is
generally related to the air temperature. On average, only
5-8% of the annual precipitation at three stations falls as snow
between October and April, and the most rain falls between May
and September (Figure 2).

Long-Term Climate Changes

Precipitation along the QTP has fluctuated and generally
increased over the record. Annual precipitation at WDL and
TTH stations is correlated for 63 years (r* = .59, p < .01). In 1957,
the annual precipitation at WDL (302 mm) and TTH (309 mm)
was similar, but in 2019, the values were greater (457 and

327 mm, respectively). The average rate of precipitation
increase was ~2.0 mm/yr at the WDL station and 1.1 mm/yr at
TTH. Annual precipitation at WDL and AD was less strongly
correlated over the 54-year record overlap (* = .26, p < .01). The
annual precipitation at AD in 1966 was 354 mm, and in 20109, it
was 468 mm, a total increase of ~ 100 mm at an average rate of
~1.3 mm/yr (Figure 3).

The climate along the railway has been steadily warming over
the past 60 years. Annual mean temperatures at WDL and TTH
stations were highly correlated for the 63 years of common record
between 1957 and 2019 (> = .87, p < .01). In 1957, the annual
mean air temperatures at WDL and TTH stations were —6.6°C
and —5.1°C, respectively, but rose to —4.5°C and —2.7°C after
63 years. The increase in annual mean air temperature at WDL
and TTH between 1957 and 2019 was ~2°C, with an average rate
of ~32°C/yr. Annual mean air temperatures at WDL and AD
stations were also well correlated over 54 years from 1966 to 2019
(r* = .88, p < .01). The annual mean air temperatures at the AD
station in 1966 and 2019 were —3.0 and —1.2°C, respectively, a
total increase of ~1.8°C with an average rate of ~0.038°C/yr. The
warming rates at WDL and TTH near the northern end of the
permafrost were lower than those at AD further south (Figure 4).

The results of linear regression analysis indicate that the air
temperature warming rate in the coldest month was significantly
more rapid than that in the warmest month and mean annual
value at the three stations. The warming rate along the highway in
the warmest month steadily remained at .022°C/yr-.025°C/yr.
However, the increase rate in the coldest month closed to .03°C/
yr-.04°C/yr, even up to .058°C/yr at the AD station (Figure 4).

Climate change rates may change across time periods, which are
mainly influenced by the intensity of human activity. Therefore, we
have divided the past 60 years into three stages (e.g., before 1979,
1980-1999, and 2000-2019) to estimate decadal-scale patterns in
climate change. Mean monthly, mean annual, cold season, and
warm season air temperatures from three stations during three
periods of the record are presented in Table 3. We evaluate the
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periodic warming of the air temperature by the increment of the
latter stage subtracting the previous stage (Figure 5). It is very
obvious that the second stage (S2, 1980-1999) increased less than
1°C than the first stage (S1, before 1979) (Figure 5A) and even did
not show a significant increase in some months (e.g, April). By
contrast, the increase in air temperature was very surprising in the
last 20 years (S3, 2000-2019) than the previous 20 years (S2,
1980-1999), and the air temperature warming rate in most
months was over 1°C, even up to 2-3°C in November-January
(Figure 5B). These data indicate that climate warming has been
more rapid in the recent 20 years.

The precipitation change of three stages was similar to the air
temperature (Figure 5). Except for the AD station, the
precipitation from stage 1 (before 1980) to stage 2
(1980-1999) did not increase significantly; on the contrary, a
dry warm season was seen in July-August (Figure 5C). By
comparison, the precipitation moderately increased from stage
2 (1980-1999) to stage 3 (2000-2019) and increased by ~10 mm
in May-September (Figure 5D). There was still little
precipitation between October and April over the period of
record. Overall, the warm and wet summers actually occurred
only in the last 10-20 years. Although the plateau has been
warming in winter, the dry situation remains unchanged.

Variations in Maximum Active Layer
Thickness

The maximum ALT has been consistently increasing at almost all
sites and boreholes during the past 20 years (Figure 6; Table 4).
In general, the active layer near the boundary of the permafrost
(XDL and AD sites) was thicker than that in the continuous
permafrost zone (e.g., BLH and KLS sites). The ALT varied
between 4.2-5.5m at the AD site in 2002-2015 owing to the
warm air temperature and more rainfall. The increase of
maximum ALT at the AD site was ~9cm/yr, showing the
strong permafrost degradation near the southern limit of the
permafrost. The increase rate of maximum ALT at the XDT site
was ~2 cm/yr near the northern limit of the permafrost, which is
the minimum value among five sites. At the moderately high or
alpine areas with the thinnest active layer, such as the KLS site, the
increase rate of the maximum active layer was ~4 cm/yr. In the
Beiluhe Basin, the boreholes were drilled more at the natural
surface. Although the maximum ALT at both sites of BLH1 and
BLH2 differed approximately by 20-30 cm, the increase rate of
3-4 cm/yr was basically similar during the past nearly 20 years
(Figure 6; Table 4).

Overall, for all ~20 boreholes at the five sites, the mean
increase rate of maximum ALT was 4.6 cm/yr, the median
value was 4.2 cm/yr, and the maximum and minimum values
were 9.1 and 1.8 cm/yr, respectively.

Long-Term Ground Temperature Dynamics
Annual mean ground temperatures at 1 m depth (T,) at five
sites over the last nearly 20 years are shown in Figure 7A;
Table 4. Although the temperatures fluctuated, the increased
pattern can still be noticed. The annual mean T, at the BLH1
site did not show an increase over 2002-2013, and a relatively
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FIGURE 3 | Long-term records in annual total precipitation at WDL and TTH (1957-2019) and AD (1966-2019) weather stations.

constant temperature of ~—.6°C was maintained for more than
10 years. However, the BLH2 site showed a continuous and
rapid warming pattern, and the increase rate exceeds .08°C/yr.
At the northern and southern limit of the permafrost, the
annual mean T, has been gradually increasing at a moderate
rate of .03-.05°C/yr. Although the ground at KLS is the coldest,
the increase rate of annual mean T, (~.06°C/yr) also reached
twice the climate warming rate. The annual mean T, has been
increased at four sites among the total five sites, showing an
incontestable changing pattern within the active layer. The
data series of both sites (BLH1 and BLH2) at the Beiluhe Basin
have the longest period of record (19 years) and so may more
reliably represent climatic warming rather than interannual
temperature fluctuations. The variation in annual mean T, did
not faithfully follow the pattern of air temperature changes
because it may be influenced by changes in local surface
conditions and soil moisture content at the sites.

Annual mean T, during the past nearly 20 years at five sites is
shown in Figure 7B; Table 4, and the patterns of continued
increase were still significant at almost all sites. The warming rates
of the annual mean Ty, at the northern (XDT site) and southern
(AD site) limit of the permafrost were approximately .02°C/yr. At
moderately high or alpine areas with the coldest permafrost (KLS
site), the warming rate was ~.05°C/yr. At the Beiluhe Basin (BLH1
and two sites), the change of annual mean T, was similar to the
pattern of the T,;. The result of monitoring was that annual mean
T, at the BLHI site basically remained constant and a rapid
increase rate of ~.06°C/yr was seen at the BLH2 site. For all five
sites and 19 boreholes in the center of the QTP, the mean increase
rate of annual mean T, was .03°C/yr, the median was .02°C/yr,
and the maximum was ~.06°C/yr.

Unlike the fluctuant variations of T, and T, the annual mean
T; has been steadily increasing at the five sites (Figure 7C;
Table 4). At the northern (XDT) and southern (AD) limit of
the permafrost, the increase rates in annual mean T, were
approximately .01°C/yr-.02°C/yr, and it was a little greater at
XDT than at the AD site. In moderately high or alpine areas of the
Kunlun Mountains, the annual mean T, warming was about
.02°C/yr, which was the most rapid warming rate among the five
sites. At Beiluhe Basin, the warming rate of annual mean T, at

both sites was ~.01°C/yr. For all five sites, the mean increase rate
of annual mean T, was .012°C/yr, the median was .011°C/yr, and
the maximum and minimum values were .016°C/yr and .004°C/
yr, respectively.

Annual Mean Geothermal Profiles

The profiles clearly show increasing annual mean ground
temperatures over time at all sites, although the temperature
profiles are highly disturbed by topography on the QTP
(Figure 8). However, the profiles exhibit significantly different
characteristics between the sites. At the XDT site near the
northern limit of the permafrost, the near-surface ground
temperatures changed little, but warming of about .2°C/yr
occurred from 2-14 m depth over 10 years (Figure 8A). Here,
the permafrost degradation showed an upward pattern and the
temperature gradient below 2 m was close to zero. In contrast, at
the AD site near the southern limit of the permafrost, the
warming was in the upper 5m, while almost no change was
registered deeper into the ground (Figure 8E). This difference is
probably due to the lower air temperatures, lower precipitation,
and thicker permafrost near the northern limit than at the
southern limit. At the KLS site in moderately high or alpine
areas, the increase of ground temperature was also more
significant in shallower than deeper layers (Figure 8B).
Approximately 1-2°C total warming happened mainly within
the active layer (above 2.5 m depth), and the warming rate was
close to .15°C/yr. The thermal profiles from the KLS site suggest a
general common effect, that is, a warming of the upper
permafrost surface.

At the BLHI site in Beiluhe Basin, the near-surface ground
temperatures were lower than at depth, indicating thermal
equilibrium with surface conditions (Figure 8C). The mean
warming rate was ~.02°C/yr from the ground surface to a
depth of 15 m. However, the profile shows a reversed thermal
offset near the ground surface (~1 m depth) so that the mean
annual surface temperature is lower than annual mean ground
temperatures at both the permafrost surface and between
10-15m depth. By comparison, the profile at the BLH2 site
did not show the reversed thermal offset over 10 years
(Figure 8D), and it may be related to the well-vegetated alpine
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meadow and wet soil environment. The profile at BLH2 also
implies a process of a heat absorption state because the obvious
feature is that the ground temperature descends with the depth
and a negative thermal gradient above the depth of zero annual
amplitude. Although the profiles at BLH sites were different, the
gradual increase of ground temperature (~.02°C/yr) was similar
over 10-20 years.

Simulation of Permafrost Response to

Climate Change in Future

The potential response of the permafrost to climate change in the
hinterland of the QTP in the future has been simulated using the
GIPL2.0 model. The simulated maximum ALT, the mean annual
Ta, and the mean annual T, under the SSP5-8.5 situation were
first compared to measured mean data from boreholes at each site

of the four sites, and the results are exhibited in Figure 9. There is
close correspondence between the measured and simulated values
from 2001 to 2020. Unfortunately, the maximum ALT is slightly
underestimated when the active layer thickness is large, as in the
AD site (Figure 9A). In contrast, the simulated ground
temperature was very close to the measured values, with the
RMSE < 1, and R* > .9 for all sites (Figures 9B,C).

We also simulated the possible changes in maximum ALT and
annual mean temperature for depths of 1 m (T,;) and 15 m (T) to
2100 years (Figure 10). The simulation shows that, at the XDT
site with island discontinuous permafrost, the max ALT will
increase by over 1 m (3-4 m, Figure 10A), while the mean annual
temperature at 1 m depth was greater in 2100 than in 2020 by
~1.7°C (-.8°C-.9°C, Figure 10B). The increase in annual mean T,
appears to be slower than in the previous 20 years, with a rising of
~5°C (-.7°C to —-.2°C, Figure 10C). At the KLS site with a
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continuous and cold permafrost area, the max ALT will increase
by about 60 cm, with ~.6°C increase in annual mean T, and ~.4°C
increase in annual mean T, Meanwhile, at the BLH site with a
continuous and warm permafrost area, the max ALT will possibly
increase by about 50 cm, with ~1.8°C increase in annual mean T,
and ~.2°C increase in annual mean T,. However, for the AD site
of the permafrost south boundary, this is a lower estimate for the
change in maximum ALT because the variations in soil moisture
clearly have a significant impact on the temperature in the
permafrost at a warm and wet region. Even so, the simulated
results indicate that the max ALT will increase by about 40 cm,
with ~1.5°C increase in annual mean T, and ~.2°C increase in
annual mean T,

DISCUSSION

Climate Change in the Hinterland

The climate of the QTP is characterized by low mean annual
temperatures (<0°C), large daily temperature variability, and low
seasonal temperature variability. Climate warming on the plateau
was more rapid than the global average (IPCC, 2013). There is
little interannual variation in annual mean air temperatures,
making the QTP a good region to assess climate change. It
has experienced significant warming since the 1950s (Zhao
et al., 2004), with temperatures increasing at an average rate of
.021°C/yr-.025°C/yr. Air temperatures from 1970 to 2019 show
rapid warming, and the most dramatic warming occurred in the
1990s (Gao et al, 2015). The warming trend accelerated after
1997 (.025°Clyr), compared to the warming rate during
1980-1997 (.021°C/yr) (Duan and Xiao, 2015; Bibi et al,
2018). The warming trend of the minimum temperature
(.041°C/yr) was about twice as high as that of the rate of
maximum temperature (.018°C/yr) (You et al, 2016). The
QTP has experienced a slight increase in precipitation since
the 1960s (Bibi et al., 2018). Summer precipitation at the QTP
increases with altitude (1,000-4,500 m) at a rate of .83%
decade 'km™! (Li et al., 2017; Zhang et al., 2017).

Air temperatures at the three stations were highly correlated
throughout the year, with coefficients of determination (r*) above
.9 for all months. The increasing trend of precipitation along the
highway is 1.1-2.0 mm/yr, with the highest being 2 mm/yr at
WDL. The trend is consistent with the increasing trend of rainfall
at higher altitudes (Li et al., 2017; Zhang et al., 2017), which also
shows the warming and humidification process at the QTP (Yao
et al, 2018). The increase in air temperature has been
concentrated mainly in the cold season, and the warming rate
was above .05°C/yr in November-January. The result is consistent
with other studies on the QTP (Zhao et al., 2004) and in Yukon
Territory, Canada (Burn and Zhang, 2009). Measured and
simulated results both indicate the climate has been warming
rapidly in the hinterland of the QTP, which is also consistent with
the climate change in the QTP and globally.

Permafrost Change in the Hinterland
The permafrost warming is primarily because of a disruption of the
thermal equilibrium of the permafrost. This is usually the result of an
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FIGURE 6 | Recent variations in active layer thickness (ALT) at four sites for nearly 20 years. The data are an average value of several boreholes (n) at each site.

increase in active-layer depth and ground temperature. Cheng et al.
(2019) found an average warming rate of .048°C/yr at the base of the
active layer and .002°C/yr-.031°C/yr at a depth of 10 m based on
borehole observation studies along the highway from 2004 to 2018.
In all five sites and 19 boreholes in the central QTP, the average
annual mean T, growth rate was .003°C/yr, with a maximum of
about .006°C/yr. The near-surface ground temperature fluctuated
significantly because of the strong influence from the air
temperature, precipitation, and surface conditions, and the

changed trend in decadal scale was not significant. Therefore, our
results show a small bias.

Hu et al. (2019) found that the ALT increased by 1.95 cm/yr.
The changes in the active layer showed spatial heterogeneity, and
the steady increases in maximum ALT have coincided with
climatic changes. Although the boreholes at each site were at
similar elevation and had similar permafrost conditions, the ALT
changes varied, likely due to site-specific variation in
microtopography, the presence of rock grids, and moisture
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content. Also, along the railroad line, the ALT increased by nearly
1 m on average since 1980 (Zhao et al., 2004). The fastest increase
in active layer thickness was observed at the southern boundary of
the permafrost, and the result was documented by Wu and Zhang
(2010).

The observed permafrost warming at each site is linked to
recent climate change. The results of statistics indicate that the
permafrost warming was also significantly correlated with the
local factors, e.g., elevation, ice content, or vegetation coverage.
The change of annual mean T, is negatively correlated with the
temperature of the permafrost itself, indicating that the
permafrost is warming more rapidly in regions with colder
permafrost (KLS site) than warmer permafrost regions (BLH
site). The significant correlation between the annual mean T,
change and ice content indicates that ground temperature
increases are more rapid in regions with less ground ice. The
positive correlation between annual mean T, increase and
elevation indicates that warming is greater at sites with higher
elevation. Finally, vegetation cover was negatively correlated with
the annual mean T, change, and the more the vegetation is, the
less the warming due to buffering effect.

Influences of Permafrost Warming on the

Environment and Engineering

Considering the driving factors of permafrost warming on the
QTP, in general, the causes are classified as natural and
human-induced factors (Figure 11). The natural factors on
the QTP include mainly the increasing annual mean air
temperature and precipitation, the rising water of rivers or
lakes caused by glacial meltwater, coverage reduction caused
by vegetation degradation, surface erosion, and earthquake
disturbance. Undoubtedly, the most important causes of
permafrost warming are associated with long-term changes
of climate (Shur and Osterkamp, 2007). The increase of air
temperature and precipitation plays a direct and major role,
and it was also confirmed by the climate records of 60 years on
the QTP. The effect of natural factors on the permafrost
warming is usually a large-scale, long-term, and slow
process. The water increase of rivers or lakes supplied by
glacial meltwater is gradually becoming another dominant
natural factor affecting permafrost warming (Luo et al,
2015; Xie et al., 2020).

The human factors mainly include cuts or destruction by
construction projects (e.g., Qinghai-Tibet Railway, highway,
oil products pipeline, and fiber-optic cables), disturbance of
vehicle movement on road, town or village hot island effect,
increasing tourists, CO, emission, and overgrazing. In
contrast, the anthropogenic perturbations are characterized
by the short-term, quick, and regional scale. It can also be
demonstrated by an example of construction of the
Qinghai-Tibet Highway in the 1970s. The cut in both sides
of the road led to the rapidly developing thermokarst
processes,  vegetation  degradation, and  significant
permafrost warms (Niu et al., 2014b; 2016).

The result of the permafrost warming is rapid permafrost
degradation. In continuous permafrost areas, such as the KLS and
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FIGURE 7 | Recent variations in annual mean Ty (A), Tps (B), and T, (C) at the five sites for nearly 20 years. The data are an average value of several boreholes (n) at
each site.

BLH sites in this study, the permafrost degradation has mainly
four modes, e.g., downward, upward, lateral, and composite (Jin
et al., 2021). The prominent features indicate mainly the increase
of ALT and the rising of annual mean ground temperature, while
in discontinuous, sporadic, or island permafrost areas, such as the
XDT and AD sites located at the permafrost boundary, the

permafrost degradation is mainly in the lateral mode with the
characteristics of permafrost continuity decrease and shrinking
permafrost area (Figure 11).

Permafrost degradation often causes thermal inequilibrium
and disequilibrium in hydrologic cycles within the active layer,
the seepage of suprapermafrost water, the thaw of ground ice, the
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increase of unfrozen water content in the permafrost layer, and
the decrease of bearing capacity (French 2018; Jin et al., 2021).
These changes usually result in serious damage to the
infrastructure stability and environment in permafrost areas.
For the existing engineering, the ground subsidence or
compaction caused by permafrost warming will decrease the
subgrade stability and increase the frequency of subgrade
secondary disease, leading to requirement of expensive
maintenance. Meanwhile, the difficulty of line design and
planning will increase for new projects.

The impact of permafrost degradation on the environment
also involves many aspects. The melting of ground ice caused by
permafrost warming often induces a series of thermokarst
activities, such as thermokarst lake, thaw slump, and thaw pit
(Lin et al., 2010; Niu et al., 2012). The thermokarst process may
release chemical solute previously preserved in the permafrost,
resulting in higher ionic concentration and pH value of soil in a
degenerative area (Lantz et al., 2009). Under the influence of
thermokarst processes, the ground temperature status, vegetation
structure, and biological community in the adjacent area will be

Frontiers in Environmental Science | www.frontiersin.org

39

February 2022 | Volume 10 | Article 836085


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Zhou et al.

Records of Climate and Permafrost Warming

A 0 ]
- ] ALT AD BLH KLS XDT
g 100 ¥
@ ] y=0.6812x-1161.2
Q 200 A&
-~ h &
2 ]
f 300 AR
> ]
= 400 ]
) ]
= ] A
3 500 ] . 104
] y=0.5644x - 677.94
< h % 2=0.9192
600 e sy s e t t + +
B 2
1 Tal y=0.0175x - 35.15
~ 1 T R2=0.9089
@) A
&, 1. RRQ v Al
¥ O 9 ¥=0.0152x - 31.044
= ] R*=0.8801
A )
“E’ 0P y=0.0175x - 36.058
= R2=0.9063
23 o
g7 7 S » ~
- y=0.0059x - 14.536
ST ° R2=0.7728
] AD BLH KLS XDT
-4 —rrrtr—rrrtrrrrit rrrrt —t——t——t—
cC =2
T —AD ——— BLH
1 1 & ——KLS ——XDT
6 h y=0.0009x - 1.9565
2 0 ] R*=0.8327
[_?" :heﬁ..w
= N " anng
< h e essssss il P e —— e e e
O -1 O — = - .
=) ] y=0.0014x - 3.3533 y=P002x=4.557
= R?=0.7483 R*=0.8363
227
= ] y=0.002x - 7.4184
<51 R?=0.7874
-4 -ttt
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
Year
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situation. Circles represent the measured values before 2020.

changed (Mesquita et al., 2010). Moreover, the occurrence of
thermokarst will also lead to the release of carbon from the near-
surface into the atmosphere, which will then affect the regional
carbon cycle process and climate change (Woods et al., 2011).

CONCLUSION

1) A 60-year meteorological record from three weather stations in
the hinterland of the Qinghai-Tibet Plateau indicates that the
climate is becoming warmer and wetter. The air temperature
warming rate of ~.03°C/yr-.04"C/yr is two times the mean global

value during the same period. Warming has been most
pronounced during winter in the last two decades.

2) Ground temperature measurements were recorded over
nearly 20 years at ~20 boreholes at five sites. The top of the
permafrost has warmed at ~.03°C/yr, and active layer thickness
has increased on average by 4 cm/a. Ground temperature profiles
indicate rapid permafrost degradation.

3) Numerical simulations indicate that permafrost
temperatures will increase by ~1.7°C in the next 100 years
under the SSP5-8.5 climate change scenario. The model
indicates that ALT will increase by 1 m.

4) The results of this study indicate the necessity of i)
strengthening the monitoring of permafrost change and hazards
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Impact results

Maintenance

associated with thawing and ii) carrying out studies for adapting to
permafrost changes along this critical transportation corridor.
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With a unigue multi-sphere environmental system, the Tibetan Plateau (TP) plays an
essential role in the ecological sheltering function for China and other parts of Asia.
However, black carbon, persistent organic pollutants, and heavy metals (HMs) have been
increased dramatically since the 1950s, reflecting rising emissions in Asia. In this context,
the sources and distribution of HMs were summarized in the environment media of the TP.
The results showed that 1) HMs in the TP may be generated from geogenic/pedogenic
associations (Cu, Cr, Ni, As, and Co) and anthropogenic activities of local or long-distance
atmospheric transmission (Cd, Pb, Zn, and Hg). 2) The atmospheric transport emission
sources of HMs are mainly from the surrounding heavily-polluted regions by the Indian and
East Asian monsoons and the southern branch of westerly winds. 3) Soil, water, snow,
glacier, sediment, and vegetation act as vital sinks of atmospheric deposits of HMs; 4)
Significant bioaccumulation of arsenic (As), lead (Pb), and methylmercury (MeHg) have
been found in terrestrial and aquatic biota chains in the TP; 5) The enhancement of
anthropogenic activities, climate change, glacial retreat and permafrost degradation had
potential impacts on the behaviors and fates of HMs in the TP. Therefore, the ecological
risk of HMs is of particular concern, and feasible and effective environmental safety
strategies are required to reduce the adverse effects of inorganic pollutants in the TP.
Our review will provide a reference for researchers to further study regional HMs pollution
around the TP.

Keywords: heavy metals, Tibetan plateau, inorganic pollution, cryosphere, climate change

1 INTRODUCTION

The Tibetan Plateau (TP) is commonly known as the “Third Pole,” the “World Roof,” and the “Asia
Water Tower” (Yao et al., 2012; Kang et al., 2019a; Chen et al., 2020). The whole plateau region has
few industrial activities, and residents mainly live on grazing sheep and yaks, so the TP is considered
one of the most remote and primitive places in the world (Sheng et al., 2012; Kang et al., 2016a; Kang
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et al., 2016b). However, many studies had shown that the rapid
industrializations of South Asia, Southeastern Asia, and East Asia
had released heavy metals (HMs) into the atmosphere of the TP
in the past few decades (Cong et al., 2007, 2010a, 2014; Kang et al.,
2016a; Zhang et al, 2016a). The Himalayas are the highest
mountains in the world, which may serve as a natural wall to
atmospheric contamination in the southern border area of the
TP. However, the high valleys of the Himalayas could act as a
channel to transport atmospheric pollutants to the TP (Bonasoni
etal, 2010; Wang et al., 2016). Additionally, the contaminants are
transported by the Indian and East Asian monsoons in summer
and westerlies in winter, affecting remote plateau areas (Yang R.
et al., 2014; Sun et al,, 2021).

HMs are used to define metals and metalloids associated with
potential toxicity and possible pollution (Duffus, 2002; Hodson,
2004). The HMs may release into different environmental media
by various ways (Dhaliwal et al.,, 2020). In addition, HMs are
significant anthropogenic contaminants that can be transported
for long distances (Ji et al., 2020). Numerous studies have shown
that HMs seriously pollute the local environment and transport
pollutants to polar and high-altitude regions far away from cities
through long-distance transportation (Tripathee et al., 2014;
Dong et al, 2015; Jiao et al., 2021). At present, HMs have
been found in the Antarctic and Arctic (Planchon et al., 2002;
McConnell and Edwards, 2008; Hong et al., 2012; Singh et al,,
2013; Abakumov et al., 2017; Casey et al., 2017; Ji et al., 2019; Ji
et al, 2021; Alekseev and Abakumov, 2020; Alekseev and
Abakumov, 2021). Large HMs have been transported to the
Arctic and Antarctic through long-distance atmospheric
circulation and deposition (Wilkie and La Farge, 2011).

Similar to the polar regions, the environmental pollution in the
TP has been aroused great concern (Qiu, 2014; Wang et al.,, 2016,
Wang X. et al,, 2019; Wu et al., 2016; Kang et al., 2019a). HMs
have been detected in the air, soil, water, snow, and biota (Wu
etal,2016; Lietal., 2018; Wu et al., 2018; Wu et al., 2019; Li et al.,
2020a; Li et al., 2020b; Li M. et al., 2020). Moreover, with climate
change, the contaminants released from the degradation of the
cryosphere (glaciers, permafrost, ice, and snow) are essential
sources of HMs around the TP, which will greatly increase the
pollutant accumulation and may have a significant impact on the
TP environment.

However, previous studies about HMs in the TP are various
and scattered, making it difficult to get a comprehensive
understanding of the HMs in the TP. Thus, it is of great
significance to study the sources and distribution of HMs
around the TP, as well as the regional amplification of HMs
and their potential impact in the future. In view of this matter, the
objectives of this review are to: 1) summarize current studies
concerning the pollution status of HMs in the TP, 2) assess the
concentrations, sources, and spatial distribution of HMs in the
environmental media of the TP, 3) discuss the effect
anthropogenic activities and climate change on the fate of
HMs in the TP, and 4) identify research gaps and propose
future study needs. This review will be of benefit to
quantitatively evaluate the environmental quality of the TP
and provide a reference for investigating environmental
pollution of the Third Pole.

Heavy Metals in the Tibetan Plateau

2 MATERIALS AND METHODS
2.1 Review Strategy

We systematically utilized the electronic databases. For instance,
Web of Science, Science Direct, Google Scholar, using the
following search terms: Tibetan Plateau & heavy metals &
pollution. Moreover, search terms, such as Tibet, Himalayas,
the third pole, contamination, pollutants, metals, trace metals,
trace elements, risk elements, irons, lead, mercury, were applied
to find more publications. Scientific journals, official reports,
conference proceedings, and news reports were searched in
Chinese and English on the Internet. The abovementioned
publications included sources, distribution of HMs in various
environmental media, the impact of climate change and
anthropogenic activities on HMs in the TP according to 140
articles.

2.2 Data Analysis

Principal component analysis (PCA) and cluster analysis
were carried out to reveal sources of HMs. All collected
data sets passed KMO and Barrett test (KMO: 0.819,
Barrett significance: 0.000). The factors were rotated by the
maximum variance method, indicating no correlation
between the extracted dimensions. The cluster analysis was
carried out according to the square Euclidean distance using
the intergroup connection method.

3 RESULTS

3.1 Sources of Heavy Metals

PCA and cluster analysis were carried out to indicate
similarities and familiar sources among HMs. Due to the
lack of data for Hg in soil and Co in air, statistics only for
Cu, Cr, Ni, As, Cd, Pb, and Zn were carried in various
environmental media (air, soil, water, precipitation, ice,
sediment, biota) (Figure 1). The loading plot of PCA for
sources of HMs was divided into two components. The
PCA1 was characterized by Cu, Cr, Ni, and As association,
which contributed to the total dispersion (61.90%). Cd, Pb, and
Zn association were typical for PCA2, which describes 17.6%.
In addition, the cluster analysis was consistent with PCA,
implying that Cu, Cr, Ni, and As may be generated from
similar sources, and Cd, Pb, and Zn were enriched by
another category. The specific possible sources will be
further  analyzed in the  distribution of each
environmental media.

3.2 Heavy Metals in Air

3.2.1 Outdoor Air

The gaseous contaminants around the TP are shown in
Supplementary Table S1. Previous researchers studied HMs
in atmospheric aerosols, total suspended particulate (TSP), PM;, and
PM,s. Zhang et al. (2012) assessed the chemical composition of
aerosols in the southeastern TP and pointed out that As with a higher
enrichment factor may be generated from geogenic/pedogenic
associations, and Pb, Cu, and Zn were mainly derived from
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FIGURE 1 | Principal component analysis (A) and cluster analysis (B) for sources of HMs. Loadings larger than 0.50 are displayed in the principal component

traffic-related emissions. Huang et al. (2016) collected 80 daily
samples of TSP in Lhasa city of Tibet, and the particulate-bound
Hg average concentration in the atmosphere was 224 pg m™>, which
was far higher than in the Waliguan Mountain (19.4 + 18.1 pgm™)
and Gongga Mountain (30.7 + 32.1 pgm ™) (Fu et al, 2008; 2011),
indicating that Hg had been accumulated in the atmospheric
environment of Lhasa city. The results of PCA of HMs in PM,,
showed that dust, traffic emissions and waste incineration were the
main sources of HMs in Lhasa city (Cong et al,, 2011). Yang et al.
(2009) noted that the concentrations of HMs in PM,, and PM, 5 were
lower in summer and autumn, which is because HMs were
transported to the TP by long-distance atmospheric aerosols
caused by sandstorms in Central Asia and contaminants in South
Asia during the pre-monsoon (high HMs concentrations in spring)
and monsoon seasons (low HMs concentrations in summer) (Cong
et al,, 2010b; Kang et al., 2016a).

3.2.2 Indoor Air

In the TP, residents burned yak dung, which had a significant
impact on the atmosphere, especially in tents (Chen et al., 2015).
Li et al. (2012) compared the concentrations of HMs inside and
outside tents and revealed the indoor air of the tent was seriously
polluted caused by the burning yak dung in residential areas near
Nam Co. At the same time, the enrichment factors of the most
hazardous elements in indoor and outdoor air were similar,
indicating the pollutants released from local tents might affect
the outdoor air quality. Kang et al. (2009) reported the indoor air
quality of nomadic tents in Nam Co, and pointed out that the
average concentrations per day in TSP of Cd (3.16 ngm™), As
(35.00 ng m™), and Pb (81.39 ng m ) increased during cooking
or heating, which was much higher than MAC from the indoor
air quality guidelines (WHO, 2000), indicating that burning
yak dung in tents has an impact on the health of Tibetan
herdsmen.

Therefore, the aerosol pollutants of the TP are derived from
outside and inside (Chen et al., 2015), which were mainly affected
by atmospheric transport. Moreover, the burning of local yak
dung, fireworks, garbage incineration, traffic, and religious
ceremonies cause the increase of HMs concentrations in the
air around the TP.

3.3 Heavy Metals in Soil
3.3.1 Soll

Soil plays a critical role in the environment and serves as a sink of
various pollutants. The soil samples in Figure 2 and
Supplementary Table S2 are polluted with varying degrees in
the TP. The concentrations of Ni, Pb, Zn, and Co in the topsoil
(0-20cm) of the TP were slightly higher than the upper
continental crust (UCC) (Taylor and Mclennan, 1985), and
the background values of As and Cr in Tibetan soil were 13.13
and 2.19 times higher than those in the UCC, respectively
(MEPC, 1990). In addition, the concentrations of HMs (Pb,
Cd, Zn, Cu, Cr, As, Ni, Cd, and Hg) were higher than the
background value in the topsoil of Tibet. The concentration of
HMs were slightly higher in the northeast, central (Qinghai-Tibet
Railway), and southern TP. Besides, the concentrations of HMs in
the eastern TP was higher than that of the western TP.

Comparing pH, soil types, altitude, and organic carbon, low
temperature may also affect the accumulation of HMs in soils.
Zhang H. et al. (2015) pointed out the pH of the soil near the
Qinghai-Tibet Roadway was higher than 7.52, which reduced the
leaching of toxic metals. In addition, Wang et al. (2015) found Cu,
Pb, and Zn were concentrated in the alpine frost desert soil,
aeolian sandy soil, and peat soil. Bing et al. (2014) and Luo et al.
(2015) noted Pb concentrations in different soil horizons was O
(Organic surface layer) > A (Surface soil) > C (Substratum). In
addition, soil samplings were conducted in 12 plots in the Shule
River Basin of northeast TP, and THg concentration showed a
downward trend with altitude (Sun et al., 2017). However, the
concentrations of HMs at high altitudes showed increasing trends
caused by the ubiquity of extremely low temperatures (Salim
et al,, 2020). Therefore, high altitudes are more prone to high
deposition rates of HMs, which seems to be firmly retained in
the soil.

In addition, the effect of transportation on HMs in the soil is a
research hotspot in the TP (Zhang et al., 2012; Zhang et al., 2013a;
Zhang et al., 2013b; Zhang Y. et al., 2015; Wang et al., 2017). The
investigation of HMs in the TP was initially based on the analysis
of HMs concentration along the Qinghai-Tibet Railway and
Roadway. For example, Zn, Cd, and Pb concentrations in the
soil at four depths (5, 10, 20, and 30 cm) of the embankment of
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FIGURE 2 | HMs concentrations in the topsoil samples (0-20 cm) over the TP (Li et al., 2009; Wang et al., 2009; Sheng et al., 2012; Zhang et al., 2013b; Xie et al.,
2014; Zhang H. et al., 2015; Zhang et al., 2019; Li et al., 2020a; Salim et al., 2020). Notes: The dotted line is HMs background value of soil in Tibet (VEPC, 1990).

the Qinghai-Tibet Railway from Delhi to Ulan were more than
seven times higher than those in the continental crust (Zhang
et al., 2012). The enrichment factor of Cd was higher than that of
other elements (Zhang et al., 2012; Zhang Y. et al., 2015). Among
them, HMs concentrations in roadside soil and grass increased
with the increase of traffic flow (Wang et al., 2013), while the
concentration of HMs in roadside soil decreased with the increase
of distance from the roadside (Zhang H. et al., 2015). Besides,
other factors (including terrain, road surface material, and land
cover) had significant effects on HMs concentrations (Wang
et al., 2017).

In addition, Wang et al. (2020) surveyed the concentrations of
HMs in urban soil of four cities and pointed out that the local
urban domestic waste, industry, transportation and other
anthropogenic activities contributed 51.83% to the HMs
pollution. Besides, the researchers investigated soils in
agricultural and pastoral areas, industrial areas, mining areas,
salt-lake areas and urban areas in the northeastern TP and found
that industrial and mining areas are with the most serious
environmental and health risks (Li et al., 2018, 2020a, 2020b;
Wu et al.,, 2018). Therefore, traffic, urban garbage, industry and
mining are the anthropogenic sources of local HMs pollution in
the soil of the QTP.

3.3.2 Permafrost

The permafrost range of TP is about 1.06 x 10° km?, which is the
largest permafrost region in middle and low latitudes (Jin et al.,
20005 Zou et al., 2017; Huang et al., 2020a). The degradation of
permafrost (active layer and frozen ground) increases the risk of
HMs release (Hg, As, and Cd) to the TP (Yu et al,, 2019; Ci et al,,
2020; Mu et al, 2020; Zhang S. et al, 2021) (Table 1). For
instance, Zhang S. et al. (2021) detected low levels of most HMs
except Cd relative to UCC and pointed out that the high

concentration of Cd in the Eboling permafrost was caused by
anthropogenic activities. Mu et al. (2020) proposed 21.7 Gg of Hg
was stored in the permafrost surface layer (0-3 m), indicating that
the total Hg mass in the active layer (top 30 cm) of the TP
decreased by 17.6%-30.9% on the thermokarst surface.

Thawed Hg was mobile and may be released into the
atmosphere as gas or exported to the downstream
ecosystems as dissolved liquid in permafrost regions (Ci
et al., 2016; Sun et al., 2017; Ci et al., 2018; Gu et al., 2020).
So, the continuous degradation of permafrost can lead to the
migration and release of Hg stored in permafrost regions,
which is an essential source of Hg emission in the
environment (Ci et al.,, 2016; Sun et al., 2017; Ci et al,
2018; Ci et al.,, 2020). However, relatively few studies have
been conducted on the concentration and mass of HMs in the
permafrost, except for Hg. Therefore, further attention should
be paid to the mass of various HMs in permafrost, especially
the secondary emissions of HMs.

3.4 Heavy Metals in Water

3.4.1 Surface Water

As the Water Tower of Asia, the TP supplies drinking water for
about one-sixth of the global population (Immerzeel et al., 2010;
Keyimu et al., 2021b). Most of the rivers around the TP were not
polluted (Figure 3; Supplementary Figure S1). However, it
should be noted that As concentrations in the Indus and the
Yarlung Tsangpo rivers were 13.70 and 10.50 ug L™'. Hg were
1.46-4.99 and 1.70 ug L ™" in the Yarlung Tsangpo and Yangtze
rivers (Qu et al., 2019), which are higher than the Chinese
National Standard for drinking water (MAC of As and Hg are
10 and 1 pgL™") (MOH and SAC, 2006) and the World Health
Organization (MAC of As and Hg are 10 and 6 ugL™") (WHO,
2011).
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TABLE 1 | Summary of previous studies on permafrost samples in the TP.

Heavy Metals in the Tibetan Plateau

Date Location Altitude (m a.s.l) Measured elements Concentrations References
2012 Eboling Mountain 3,615 Fe, Mn, Zn, Ni, Cr, Cu, As, Co, Mo, Cd, Hg 0.01 (Cd)-11,569 + 58(Fe) Zhang S. et al. (2021)
2009-2013 TP Hg 3.35-21.65 Gg (0-3 cm) Mu et al. (2020)
2013 TP Hg 63 +47ngg”’ Huang et al. (2020a)
2014 Source of the Yellow River 4,100-5,441 As 4.3-771ug L™ Yu et al. (2019)
2014-2015  Beiluhe region 4,700 Hg 3-12ngg”’ Ci et al. (2018)
2010 Shule River Basin 2,619-4,216 Hg 95+26-176+56ngg™" Sun et al. (2017)
2014 Beiluhe region 4,700-4,800 Hg 13.11+0.51-12.83+0.81 ugkg™"  Ci et al. (2016)
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FIGURE 3 | Spatial distribution of main rivers and HMs concentrations (ug L™") in the TP (Qu et al., 2019). Notes: The dotted line is the maximum allowable
concentration of HMs in the drinking water, element dates are from Chinese national standards for drinking water quality (VMOH and SAC, 2006). If HMs concentrations
don’t exceed the maximum allowable concentration, no dotted lines are added.

Furthermore, both natural and anthropogenic sources impact the
chemical elements in the water ecosystem of the TP. For instance,
geological movements, climate change, and land use-coverage change
(LUCC) appear to have significant effects on the chemical
composition of rivers (Huang et al., 2009); Zhang Y. et al, 2015
collected 43 surface water samples from the Indus River, Ganges
Basins, and Yarlung Tsangpo (Brahmaputra) in 2012, the enrichment
factor of As was 30 in the Himalayas, indicating that the river water
was seriously affected by anthropogenic activities. Further, Lin et al.
(2021) analyzed the chemical composition of water in Lake Bangong
Co, and the results of PCA showed that As, Cu, and Cr were mainly
from natural resources, while Cd may be caused by
anthropogenic activities. Moreover, the dissolved As (Nickson
et al, 1998; Zhang J. W et al, 2021) and Hg (Sun et al, 2016)

decreased significantly in the downstream of the river due to the
adsorption and dilution process of metal elements, indicating that the
upstream was affected by anthropogenic activities. Therefore, the
surface water of the TP was not polluted except As and Hg.

3.4.2 Groundwater

The TP has active geological activities caused by the interaction of
the Eurasian Plate and Indian Ocean plate (Hodges, 2000), which
caused high geothermal flows and hydrothermal systems (Guo
et al, 2019). Many hot springs on the TP contain high As
concentrations, which are harmful to human health (Guo
et al.,, 2019). Furthermore, Zhang J.-W. et al. (2021) observed
extremely  high  concentrations of  dissolved  As
(1,130-9,760 ug L") in the hot springs in the upstream of the
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Yarlung Zangbo River. Therefore, As dissolves into groundwater
from rocks and sediments through the coupling of
biogeochemical and hydrological processes (Nickson et al,
1998; Fendorf et al,, 2010; Wang Y. et al., 2019).

3.5 Heavy Metals in Precipitation

3.5.1 Rain

The accumulation of HMs in alpine and high-altitude regions is
related to the precipitation process (Liu et al., 2016; Huang et al.,
2012¢; Huang et al,, 2015). HMs concentration in rainfall around
the TP showed that Nancuo Lake and Mount Everest had lower
HMs concentrations, and South Asia and urban areas (Lhasa,
Kathmandu, and Jomsom) had higher HMs concentration than
rural areas (Dhunche) (Supplementary Figure S2) (Cong et al,
2010b; Huang et al., 2013; Tripathee et al., 2014; Tripathee et al.,
2020; Dong et al., 2015; Guo et al., 2015). Specifically, Cong et al.
(2010b) collected 79 precipitation samples at the Nam Co and
found the concentrations of Cr, Zn, Co, Ni, Cd, Cu, and Pb in the
wetland soil were higher than those of the Tibetan soil, indicating
that the Nam Co may be affected by anthropogenic activities. In
addition, Cong et al. (2015) analyzed the HMs concentrations of
42 rain samples from Mount Everest (Himalayas), and Cd was the
most affected metal by anthropogenic activities. Further,
Tripathee et al. (2014), Tripathee et al. (2019), Tripathee et al.
(2020) measured the HMs concentrations in Kathmandu and
Jomsom of the Nepal Himalayan region and revealed the
concentrations of Hg were 0.019 and 0.022pgL™" in
Kathmandu and Jomsom, which were similar to Lhasa
(0.025ugL™") (Huang et al, 2013). Moreover, Cong et al.
(2015) inferred that the high concentrations of HMs might be
the deposition of HMs (aerosols) exposed to the atmosphere for a
long time after the precipitation. Therefore, HMs concentrations
in rainfall of the TP have apparent seasonal variation, which is
high in the pre-monsoon period (spring) and low in the monsoon
period (summer), reflecting the outbreak of brown clouds in
South Asia and the influence of rainfall removal factors in the
rainy season.

3.5.2 Snow

Snow events remove pollutants from the air to accumulate and
agglomerate into the snow (Wang et al, 2016). Numerous
studies (Kang et al., 2007; Lee et al, 2008; Huang et al.,
2012a; Huang et al.,, 2012b; Huang et al., 2013; Dong et al.,
2015; Li Y. et al, 2020; Jiao et al., 2021) analyzed HMs
concentrations in glacier snow samples from multiple
locations in the TP (Figure 4; Supplementary Figure S3).
Glacial snow samples were low concentrations of HMs (Jiao
etal., 2021). HMs concentrations ranged from 0.006 pug L™ (Hg)
to 25.680 ug L' (Cr) (Figure 6). In addition, concentrations of
HMs in snow in the central and southern TP were significantly
higher than that in the northern TP, and that in the central TP
was higher than that in the eastern TP. Dong et al. (2015)
proposed HMs concentrations decreased gradually from the
Himalayan region to the Tanggula Basin and Laohugou Basin,
indicating that the migration of HMs from South Asia has a
significant impact on the central TP. Li et al. (2020) considered
dust is the primary source of major HMs in glacial snow. In

Heavy Metals in the Tibetan Plateau

addition, Jiao et al. (2021) investigated atmospheric deposition
and HMs contamination in the glacial snow of the eastern TP
and pointed out that two transportation channels of air
pollutants: one was from east to west so that HMs
concentrations in remote glaciers such as Hailuogou and
Dagu far away from the urban areas were much lower, and
another was from south to north in the eastern TP. Similarly, the
spatial distribution condition of HMs concentrations in the
snow was associated with the atmospheric circulation patterns.

3.6 Heavy Metals in Ice Cores and

Sediments

3.6.1 Ice Cores

Ice cores drilled from glaciers provided an excellent record of
long-term changes in chemical composition, which could be
used to estimate the historical accumulation rate of HMs in the
TP (Kang et al., 2016b; Kang et al., 2019a; Kang et al., 2019b).
Thus, the aforementioned studies reported the historical
trends of HMs concentrations in ice cores (Figure 5;
Supplementary Table S3). Huo et al. (1999) measured the
Pb concentration in the ice core of the Dasuopu Glacier of the
TP from 1946 to 1996 and indicated that Pb concentration
showed an increasing trend. Hong et al. (2009) collected the
upper ice core in the East Rongbuk Glacier of the Qomolangma
Mountain, which clearly showed the migration and deposition
of As, Sb, Mo, and Sn in the atmosphere prevailing in the high-
altitude range of the central Himalayas. Kang et al. (2016b)
collected an ice core sample for the sequence of atmospheric
Hg deposition in the Himalayas; The deposition rate of Hg was
relatively low (1500s~the early 1800s), increasing during the
Industrial Revolution (1860s-1840s), then increasing sharply
after the World War II. Therefore, the effects of natural and
anthropogenic activities on HMs were found in the ice core of
the TP, suggesting that HMs were transmitted to the interior of
the TP through the atmosphere.

3.6.2 Sediments

The previous studies have shown HMs concentrations in
sediments of different rivers and lakes the TP
(Supplementary Table S4): HMs concentrations were lower
than low effect range (Long et al, 1995; Ramesh et al., 2000;
Dalai et al., 2004; Bing et al., 2016). Thus, chemical concentration
had no adverse effects on biota. For instance, Ramesh et al. (2000)
pointed out that the physical weathering process seemed to be a
chief controlling factor for distributing rare earth elements and
HMs in the sediments of the Himalayan rivers. Additionally, they
found Ni, Cd, Cu, Cr, and As concentrations of the sediments
exceed the low effect range, indicating that HMs may pose a
potential biological threat. In the sediments of the Yarlung
Tsangpo River and the Mekong River Delta, As had high
concentrations owing to weathering of the bedrock (Li et al,
2011). In addition, recent work in the Koshi River Basin of the
Himalayas showed that Ni, Cu, Cd, and Pb had low pollution,
which derived from both natural and anthropogenic sources
caused by atmospheric migration and traffic emissions (Li
et al., 2020).
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In addition, sediments have been studied to explore the
historical process and spatial distribution in the TP (Figure 5).
Huang et al. (2020b) analyzed Hg concentration of the
sediment at Gaoqiao Lake of the Himalayas and found that
the increased Hg accumulation was due to the aggravation of
cross-border pollution in South Asia (Kang et al., 2016b). Bing
et al. (2016) studied the changes of Pb, Cd, and Zn
concentrations in sediments from Gao Haizi Lake, an alpine
lake in the eastern TP, and indicated that Zn and Cd fluxes
were relatively constant until the 1980s, raised sharply from
the 1980s to the 1990s and then maintained stable. However,
the Pb flux increased significantly in the 1950s and increased
sharply in the 1980s, and peaked in the 1990s and then
decreased gradually. Huang et al. (2020b) proposed that the
downward trend of Pb accumulation in sediments was due to
the Pb decrease in gasoline and the decrease of anthropogenic
Pb emissions caused by the phasing out of Pb gasoline (Singh
and Singh, 2006). Therefore, the various trends of HMs in the
sediment  cores  reflected the different sources,
transport pathways, and geochemical circulation of HMs
around the TP.

3.7 Heavy Metals in Biota

3.7.1 Terrestrial Biota
More attention to pollutants in organisms has been paid due
to biomagnification and bioconcentration (Wu et al., 2016).
Thus, several researchers have studied HMs concentrations of
the terrestrial biota (Supplementary Table S5). For instance,
mosses and lichens have been widely used for biomonitoring
of trace metals in the atmosphere (Shao et al., 2016; Fabri
et al., 2018). Bing et al. (2014) analyzed the Pb of moss and
revealed that its concentration ranged from 20.0 to
62.1 mgkg " in the Hailuogou Glacier Foreland, eastern
TP, suggesting that the contribution of the anthropogenic
PDb to the mosses was 41.6%-65.9%. Shao et al. (2017) collected
moss and lichen, and THg concentration was 13.1-273.0 and
20.2-345.9 ng g, respectively. Moreover, Shao et al. (2017),
Shao et al. (2015) pointed out that the concentration of HMs
in mosses increased with the elevation, and the spatial
distribution of most HMs decreased from west to east and
from south to north in the TP.

In addition, HMs concentrations varied with species and
organs of vegetations (Nabulo et al., 2006; Zhang et al,
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FIGURE 5 | Historical trends of HMs concentrations or accumulation rate in ice core and sediment core from different glaciers and lakes (Bing et al., 2016; Grigholm
et al., 2016; Kang, et al., 2016b; Beaudon et al., 2017; Huang, et al., 2020b).

2016b). Jia et al. (2021) measured and analyzed Pb and Cd
concentrations in needles and twigs of fir and spruce collected
from 26 sites in the eastern TP, indicating concentrations of
Pb and Cd in twigs were higher than those in needles.
Furthermore, most HMs are still at the root (Eid et al,
2012; Bonanno, 2013), fine roots were able to adsorb Pb in
the soil humus horizon (Luo et al., 2015; Jia et al., 2021). In
addition, leaves absorbed and accumulated HMs particles
directly from the atmosphere (Grigholm et al., 2016). Cd,
Mn, Fe, and Zn fell to the surface of leaves and return to the
soil through the litter. Sun et al. (2020) measured the gaseous
Hg fluxes of alpine meadows in the central TP during the
whole vegetation period, suggesting that the alpine steppe
hindered the emission of Hg and provided a sink for total
gaseous Hg. Therefore, vegetation provides a sink for HMs
accumulation.

3.7.2 Aquatic Biota

HMs concentrations in fish were still of great significance for
understanding its impact on aquatic ecosystems in the TP (Xiong
etal., 2020). As, methylmercury (MeHg), and Pb were observed in
wild fish in many lakes and rivers of the TP (Figure 6;
Supplementary Table S6). As and Pb concentrations of wild
fish far exceeded the MAC (0.1 and 0.5 mg kg_l) of Chinese Food
Health Standard (MOH and SAC, 2017), and Pb concentrations
of all lakes and rivers were similar. Hg is easily converted to
MeHg, a neurotoxin that bioaccumulate in humans and wildlife
(Gilmour et al.,, 1992; Sun et al., 2021). The average concentration
of MeHg in most Tibetan fish was less than the MAC, but the
recent survey of wild fish in Niyang River and Lhasa River found
that the dry weights of MeHg concentrations were
276-1,158 ngg ', 281-1,331ngg ', exceeding MAC (Shao
et al, 2015). Overall, high MeHg concentration in wild fish
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might be related to low temperature, poor nutrition in the water
environment, and slow growth of fish (Zhang Q. et al., 2014; Shao
et al.,, 2015). Therefore, attention should be paid to the high
concentrations of As, MeHg and Pb in wild fish in the TP.

4 DISCUSSION

4.1 Sources of Heavy Metals

The results of PCA and cluster analysis indicated that Cu, Cr, Ni,
and As may be generated from similar sources, and Cd, Pb, and
Zn are enriched by another category. Sheng et al. (2012) pointed
out that weathering products of the basic bedrocks might be the
chief origins of most HMs in Tibetan soils. For instance, As-
enriched rocks, such as shales, are widely distributed in the QTP
(Lietal, 2011). Besides, previous studies pointed out that Tibetan
soils developed from ultramafic rocks are usually enriched in Ni,
Co, and others (Yin and Harrison, 2003). In addition, researchers
revealed transportation (Zhang H et al., 2015; Wang et al., 2017),
mining and smelting (Bing et al., 2016; Zhang et al., 2019) are the
primary anthropogenic sources of elevated Cd, Pb, Zn, and Hg in
the TP. Meanwhile, previous reports have demonstrated that Hg
accumulation in soils is determined by the formation of organic
complex and dissolution processes after precipitation (Huang
et al., 2012¢; Tripathee et al., 2019; Tripathee et al., 2020), so
atmospheric transport and deposition may be the sources of Hg
deposited in topsoil. Therefore, HMs may be derived from
geogenic/pedogenic associations (Cu, Cr, Ni, As, and Co) and
anthropogenic emissions (Cd, Pb, Zn, and Hg) of local or long-
distance atmospheric transmission.

4.2 Atmospheric Transport of Heavy Metals
Although the Himalayas in the southern TP hinder atmospheric
transport, the transport of pollutants cannot be completely

blocked (Wang et al, 2016). For instance, mountain peak-
valley wind patterns might promote the trans-Himalayan
transportation of contamination (Cong et al, 2015; Liithi
et al.,, 2015). Additionally, the atmospheric circulation pattern
is dominated by the Indian summer monsoons from May to
September and the westerlies from October to April in the TP
(Figure 7). Atmospheric circulation patterns affect remote
plateau regions. For instance, Cong et al. (2007) pointed out
that South Asia may be the source region of HMs contaminants in
TSP of Nam Co. In addition, Zhang N. et al. (2014) evaluated
HMs in TSP and PM, 5 samples of Qinghai Lake and proposed
that Pb and Zn were affected by the wind migration in eastern
China. Therefore, the Indian and East Asian monsoons during
the monsoon period and southern branch of westerly winds may
have a significant impact on the long-distance cross-border
migration of HMs in southwestern China, South Asia, and
Southeast Asia.

4.3 Local Anthropogenic Heavy Metals

Sources

In recent decades, the social economy of the TP has been
accelerated, especially the remarkable growth of the
transportation industry. Transportation brings many
benefits, but it is one of the most essential sources of HMs
around the TP (Zhang Y. et al.,, 2015; Liu et al., 2019). In
addition, biomass combustion (yak dung) is a local source of
HMs for the TP. The yak dung combustion releases aerosols
rich in HMs into the atmosphere (Chen et al., 2015; Ye et al,,
2020). Besides, urban living garbage (Wang et al., 2020) and
religious rituals (Duo et al., 2015; Cui et al., 2018) may be the
main sources of anthropogenic HMs in the TP. Therefore,

anthropogenic activities are one of the criminal sources of
HMs around the TP.
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4.4 Impact of Climate Change on Heavy

Metals Emissions

The TP is a vital cryosphere in the middle and low altitude regions
(Qiu, 2008; Yao et al,, 2012), which has experienced tremendous
climate change (Kang et al., 2010; You et al,, 2016; Keyimu et al,
2021a). Since 1960, the average temperature has increased by 0.36°C
per decade (Wang et al., 2008). In addition, 82% of plateau glaciers
have degraded over the past half-century (Qiu, 2008), snow cover has
decreased by 5.7%, and 10% of permafrost has degraded from 1997
to 2012 in the TP (Qiu, 2012; Qiu, 2014). Therefore, changes in the
cryosphere around the TP affect the geophysical, biological and
geochemical interactions of environmental pollutants.

The cryosphere is a temporary repository of pollutants (Kang
et al., 2019a). However, with global change, pollutants stored in the
cryosphere would be released into the different environmental media
(Potapowicz et al., 2019; Zhu et al., 2020). Zhu et al. (2020) analyzed
the historical trend of contaminants in lake sediments of the
southern TP and concluded that the rate of contaminants
released by glacial meltwater is 40%-61%, corresponding to the
warmer climate. In addition, permafrost contains more extensive
chemical storage, and its degradation accelerated the emission of
HMs (Yu et al,, 2019; Ci et al,, 2020; Mu et al,, 2020; Zhang S. et al.,
2021). Therefore, climate change causes the cryosphere to melt,
releasing HMs, which may increase the accumulation of pollutants
and affect the global environment in the future.

4.5 Limitations and Outlooks

The following limitations are put forward to study HMs around the
TP: 1) Similar to the Arctic and Antarctica, the TP is also a core
region for studying climate change and pollution. For instance,
anthropogenic activities cause long-distance transport of pollutants
to sink in glaciers and permafrost range; climate warming may
promote the secondary release of pollutants from glaciers and

permafrost to the atmosphere, discharge with meltwater, and
other processes. 2) In terms of pollution source analysis, many
studies are carried out by the occurrence frequency of reverse air
mass trajectories. Despite providing a potential source, its
identification accuracy needs to be improved, especially in the
quantitative assessment of transmission flux. Experiments using
multiple means such as particle lidar, satellite remote sensing,
and isotope tracer methods are needed to combine ground
monitoring data with big data models to quantify sources and
characteristics of pollutants in TP. 3) In the lakes and rivers of
the TP, wild fish with high concentrations of As, Hg, and Pb were
found. However, so far, no data have been reported on HMs in the
terrestrial food chain, and the impact of HMs on other organisms
and humans is still lacking in the TP. 4) Soil, water, snow, glacier,
sediment, and biota are essential sinks of atmospheric HMs.
However, the specific relationship between HMs in different
environmental media is still unclear.

In the future, the following points should be focused on: 1) It is
necessary to study the accumulation, distribution, and transformation
of HMs and other pollutants in glacial and permafrost degradation
regions around the TP. 2) Using particle lidar, satellite remote sensing,
isotope tracing, and other means to conduct experiments, and
combining ground monitoring data with big data models to
quantify the sources and characteristics of pollutants in the TP. 3)
The relationship between bioaccumulation of HMs and human health
needs to be further studied in the TP. 4) Conducting a coordinated
sampling and measurement of various environmental media samples
to quantify the pollution status of the TP comprehensively.

5 CONCLUSION

The inorganic pollution in different environmental media was
summarized around the TP. The results showed that 1) HMs
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in the TP may be generated from geogenic/pedogenic
associations (Cu, Cr, Ni, As, and Co) and anthropogenic
activities of local or long-distance atmospheric
transmission (Cd, Pb, Zn, and Hg). 2) The atmospheric
transport emission sources of HMs are mainly from the
surrounding heavily-polluted regions by the Indian and
East Asian monsoons during the monsoon period and
southern branch of westerly winds. 3) Soil, water, glacier,
and vegetation are critical reservoirs of HMs. 4) Significant
bioaccumulation of As, Pb, and MeHg has been found in
terrestrial and aquatic biota chains. 5) The enhancement of
anthropogenic activities, climate change, glacial retreat and
permafrost degradation had potential effects on the behaviors,
fates, and distribution of HMs around the TP. Therefore, we
hope that the ecological risks of the TP should be of increasing
concern and systematically studied, calling for effective
ecological safety strategies to reduce the adverse effects of
environmental pollutants in the TP.
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The Mongolian Plateau is located in the permafrost transitional zone between high-
altitudinal and high-latitudinal permafrost regions in the Northern Hemisphere. Current
knowledge of the thermal state and changes in the permafrost on the Mongolian Plateau is
limited. This study adopted an improved calculation method of the Mongolian Plateau air
freezing and thawing index using the monthly air temperature reanalysis dataset from the
Climate Research Unit (CRU). The spatial and temporal variation characteristics from 1901
to 2019 were further assessed by the Mann—-Kendall (M-K) test and spatial interpolation
methods. The results indicate that the spatial distributions of the freezing and thawing
index show clear latitudinal zonality. Over the study period, the air freezing index decreased
by 4.1°C.d/yr, and the air thawing index increased by 2.3°C-d/yr. The change point in the air
thawing index appeared in 1995 (p < 0.05) based on the M-K method, in contrast to the
so-called hiatus in global warming. Our results reveal rapid warming on the Mongolian
Plateau, especially in the permafrost region, and are useful for studying permafrost
changes on the Mongolian Plateau.

Keywords: freezing and thawing index, permafrost, CRU, Mongolian plateau, change-point

INTRODUCTION

Currently, the global climate is warming rapidly, especially in high-latitude and high-altitude regions
(Juricka et al., 2020). As an essential component of the cryosphere, permafrost is experiencing
significant warming and thawing trends due to climate warming (Vaughan et al., 2014), which are
mainly reflected in increasing ground temperature, a thicker active layer, earlier active layer melting
time, and later freezing time (Cheng and Wu., 2007; Biskaborn et al., 2019; Cheng et al., 2019; Qi
etal,, 2021). Permafrost degradation triggers a series of ecological and environmental effects, such as
the decomposition of soil organic carbon stored in permafrost and the release of carbon-based
greenhouse gases, which can further increase the atmospheric CO, concentration and accelerate
climate warming through positive feedback processes (Knoblauch et al., 2018; Zhang et al., 2020;
Adiya et al., 2021). Along with permafrost degradation, extreme drought events show gradually
increasing trends, and such events can cause local pasture and forest fires (Ni et al., 2019; Holloway
etal., 2020; Li et al., 2020). Permafrost warming causes the melting of ground ice, leading to ground
subsidence and related disaster events, such as thermokarst settlement and thaw slumps. These
disasters pose a great threat to the local ecological environment, infrastructure, and property safety
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(Sharkhuu, 2003; Dagvadorj et al., 2009; Yao et al., 2013; Hao
et al, 2020; Sjoberg et al, 2020). In addition, permafrost
degradation also significant impacts on local
hydrological processes (Qin et al., 2014; Colombo et al., 2018),
vegetation, and ecosystems (Qian, 2013; Guo et al,, 2018; Peng
et al., 2020a). Therefore, the analysis of long-term permafrost
dynamics and the associated influential factors can improve the
accuracy of risk assessment and early warning predictions of the
effects caused by permafrost degradation.

The variation in air and ground temperatures affects the stability
and distribution of permafrost and is therefore important for
quantifying the permafrost variation over long time periods
(Frauenfeld et al, 2007). Permafrost thermal conditions are
usually monitored by borehole data or analyzed by experience
and a semiempirical method. The input parameters are
numerous and difficult to acquire (Gao et al, 2022). The
environmental conditions in regions with the frozen ground are
harsh. The distribution of existing boreholes is sparse, and thus, the
input parameters for the models are always limited. In contrast, the
frost number model requires fewer parameters and constructs more
straightforward, and the freezing and thawing index have been
widely used in permafrost environment studies (Lv et al, 2008;
Wu et al, 2011; Harris et al., 2014; Ran et al,, 2015). The freezing and
thawing index can be divided into two categories. The first includes
the surface freezing and thawing index, which reflect the
accumulation of ground surface temperatures below or above 0°C
during the freezing or thawing period, respectively. The other
includes the air freezing and thawing index, which are specifically
based on air temperature. However, the study of the continuous
freezing and thawing index at the regional scale is constrained by
short time series and the uneven spatial distribution of measured
ground surface temperature data. These shortcomings are partly
because permafrost is mainly distributed in remote cold regions with
complex topography (Wu et al.,, 2011).

The freezing and thawing index are widely used to reflect
climate change and to represent permafrost distribution (Chen
et al,, 2021; Hu et al., 2021). For example, in the Qinghai-Tibet
Plateau and its surroundings, the freezing and thawing index
show significant feedback with climate warming, the increase in
ground surface temperature accelerates permafrost degradation
and affects the ecology, hydrology, and environment of
permafrost regions (Jiang et al, 2008; Cao et al, 2015; Jiang
et al,, 2015; Wu et al,, 2018; Liu and Luo, 2019). Although the
meteorological station data are of high quality, the sparse and
uneven distribution of stations means that observational data are
rare and short in length. The application of the variations in large-
scale and long-term series is limited. In contrast, reanalysis data
have notable advantages, such as long-term series and global scale
records, in climate studies. For example, Qin et al. (2021) used
five different reanalysis databases (ERA, MERRA2, GLDAS, CFS,
and CMFD) to compare and analyze the changes in the freezing
and thawing index on the Qinghai-Tibet Plateau from 1981 to
2017. The results showed that the MERRA2 reanalysis data have
better applicability on the Qinghai-Tibet Plateau than the other
reanalysis databases. As an effective indicator, the air freezing
index can reflect the current permafrost status in the central and
northeastern regions of the Qinghai-Tibet Plateau. Shi et al.

causes

Freezing/Thawing Index in Mongolian Plateau

(2019) calculated the spatial and temporal variations in the air
freezing and thawing index in the circumpolar region from 1901
to 2019 based on Climate Research Unit (CRU) and National
Centers for Environmental Prediction (NCEP) reanalysis data
and estimated the change in the area of permafrost. That study
showed that overall, the freezing index decreased significantly
after 1988 and that the thawing index increased since 2015. In
summary, from previous studies, to calculate the freezing and
thawing index, the daily temperature is used in regions where
meteorological stations are uniform and abundant, and the
reanalysis of monthly temperature is an optional dataset for
the areas without observation data.

The Mongolian Plateau is located in the transitional zone
between high-altitudinal and high-latitudinal permafrost regions
in the Northern Hemisphere (Zorigt et al., 2020). Most areas in
this region lie on the southern boundary of the continuous
permafrost zone and feature unstable thermal conditions. The
permafrost in this region is sensitive to climate change (Sharkhuu
etal., 2008; Heggem et al., 2006; Munkhjargal et al., 2020). Therefore,
this area provides a good opportunity to investigate permafrost
degradation influenced by air temperature change (Kynicky et al,
2009; Munkhjargal et al., 2020; Wu et al,, 2011). Previous studies
have mainly been conducted at a local scale (Wu et al, 2011;
Munkhjargal et al, 2020; Dashtseren et al, 2021; Ran et al,
2021) or over a short time period. Temperature data from
borehole monitoring are sparse, and the existing studies have
mainly focused on the regions with field observations. Therefore,
our current knowledge is insufficient to understand the spatial and
temporal changes in the permafrost environment at the
regional scale.

Compared with the field observational data, the CRU
reanalysis data have the advantages of long-term series and
comprehensive spatial coverage (Simmons et al., 2004; Zhao
and Fu, 2006; Harris et al, 2014). The CRU reanalysis data
are based on the integration of multiple meteorological
datasets and produce a dataset with complete spatial coverage.
This study selected the CRU monthly air temperature dataset
with a 0.5 x 0.5 spatial resolution. We checked the quality with
meteorological station data and calculated the air freezing and
thawing index, and analyzed the variations between spatial and
temporal on the Mongolian Plateau from 1901 to 2019.

STUDY AREA AND DATA

Climate of the Mongolian Plateau

The Mongolian Plateau is located in the interior of Asia. It covers
approximately 2.72 x 10°km?, including Mongolia, southern
Russia, the northern part of the Inner Mongolia Autonomous
Region in China, and parts of the Xinjiang Uygur Autonomous
Region (Li et al., 2020) (Figure 1). The elevation of the Mongolian
Plateau gradually decreases from northwest to southeast, with an
average elevation of 1,580 m above sea level (a.s.l.). The western
and northwestern regions are mainly mountainous with
elevations between 2000 and 4,000 m; the central and eastern
regions are mainly plains and hills, with elevations of
approximately = 800-1,500m; and the southern and
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FIGURE 1 | The location of the Mongolian Plateau in the permafrost region of the Northern Hemisphere (A) and the distribution of meteorological stations (B). The
permafrost distribution data in the Northern Hemisphere (A) are derived from Obu et al. (2019) via the data source https://apgc.awi.de/dataset/pex.
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southeastern regions are the Gobi Desert, with elevations of
approximately 1,000 m (Chen et al., 2020).

The Mongolian Plateau is located in the center of the Asian high-
pressure system, which is one of the origins of cold waves in the
winter monsoon climate zone (Chen et al.,, 2020). The climate type is
dominated by arid and semiarid climate characteristics with large
intra-annual variability in temperature and precipitation (Zhou et al,,
2012). Due to the influence of water vapor from the Arctic Ocean to
the north and the Pacific Ocean to the east, precipitation on the
Mongolian Plateau decreases spatially from southeast to northwest.
The mean annual precipitation is approximately 267 mm, and the
Selenge River basin in the north can reach an annual precipitation of
500 mm. The southwestern region has an annual precipitation of only
approximately 100mm (Wang et al, 2008). In addition,
evapotranspiration in Mongolia showed a gradual increasing trend
from 2001 to 2015. The maximum evapotranspiration values were
found in the continuous and discontinuous permafrost regions (Yu,
2017).

The permafrost distribution data in the Northern Hemisphere
(Figure 1A) are derived from Obu et al. (2019) via the data source
https://apgc.awi.de/dataset/pex.

Reanalysis and Observation Data

The monthly reanalysis data of air temperature were used to
analyze the spatiotemporal variations in the freezing and
thawing index on the Mongolian Plateau. These data were
obtained from the CRU time-series Version 4.05 (CRU TS
v4.05) datasets (https://crudata.uea.ac.uk/cru/data/hrg/), and
the time series is from 1901 to 2019 with a spatial resolution of
0.5 x 0.5. The CRU dataset combines centennial-scale climate
change grid data covering the global scale. The dataset is
integrated from several well-known datasets through
interpolation and other methods, which are widely used as
credible proxy data after comparison (Wen et al., 2006; Chen
et al., 2021). In addition, the CRU dataset is continuous in
space and time and can reflect long-term trends (Shi et al.,
2019). The observational records in most of the meteorological
sites are from the post-1980s period, thus limiting the study of
early climate and freezing and thawing index changes. The
long time series provided by these data can effectively support
the research in this study.

The applicability of the CRU data on the Mongolian Plateau
was examined and evaluated using observations from 106
meteorological stations in the study area obtained from the
National Oceanic and Atmospheric Administration (NOAA
https://www.climate.gov/maps-data). Since the time series
recorded at the selected meteorological stations were not
consistent, we selected temperature data from January 1975 to
December 2019 for the quality check of the CRU data.

METHODS

Quality Check of the CRU Reanalysis

Dataset

For the accuracy assessment of the CRU reanalysis dataset, four
indicators, namely, the mean deviation error (MBE), correlation
coefficient (R), normalized standard error (NSSE), and root mean
square error (RMSE) are used in this study and are calculated as
follows (Qin et al., 2021):

>M (CRUn - OBn)

MBE = W
M

M 2

RMSE = Izn:1 (CRUn - OBn) @)
M

M 2

NSSE = 2=t (CRUn = OBn) 6
\/ Y. (OBn)
M — JE—

RMSE = Y (CRUn - CRU)(OBn - OB) @

V22, (CRUn—CRU)'\ 3}, (OBn - OB)’

Where M is the total number of samples and CRUn and OBn (n =
1, 2, 3, M) represent the monthly air temperature corresponding
to the CRU and meteorological stations. CRU and OB represent
the monthly mean values corresponding to the years of the CRU
and meteorological stations, respectively.

Calculation of the Freezing and Thawing

Index
The air freezing (thawing) index is the cumulative sum of the air
temperatures corresponding to the number of days when the
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mean air temperature is equal to or below (above) 0°C during the
freezing (thawing) period (Eqn. 5). The freezing period is usually
defined as July 1 of each year to June 30 of the following year,
while the thawing period is defined as January 1 to December 31
of each year (Wu et al,, 2011; Luo et al., 2014; Shi et al., 2019).
t1
|Ti|dt, Ti < 0°C

3 )
FDD = J Tjdt, Tj > 0°C

2

TDDzj

MT
TDD = ) Tj,Tj>0°C

M (6)
FDD = ) |Ti|, Ti<0°C

i=1

Where Ti and T'j refer to the freezing and thawing periods when the
air temperature is greater than 0°C and less than 0°C, respectively. t0
and t1 represent the beginning and end times of the freezing period,
and 12 and ¢3 represent the beginning and end times of the thawing
period, respectively. Eqn. 5 can be simplified to Eqn. 6.
However, the acquisition of daily air temperatures on the
Mongolian Plateau during 1901-2019 is limited by many factors,
and thus the CRU TS V4.05 monthly dataset was used to
determine the freezing and thawing index in this study, so the
equation can be further written as Eqn. 7 (Shi et al,, 2019).

MT
TDD = Y Tj-Dj, Tj>0°C
j=1
o @)

FDD =) Ti- Di,Ti<0°C

-1

Where Ti and T represent the monthly mean values of the
freezing and thawing periods, respectively. Di and Dj represent
the number of days in the months corresponding to the freezing
and thawing periods, respectively.

M-K Test Method

The M-K method (Mann, 1945; Kendall, 1948) is a
nonparametric statistical test that has been widely used in
trend analysis of time series (You et al, 2010; Wu et al,
2011). In addition, the algorithm can obtain the year in which
the trend changes when the value of intersection points is within
the confidence intervals (Shi et al., 2019). In the M-K trend
analysis, the statistic S of the test is calculated based on the
relationship between the time series n and the corresponding
continuous values xj and xi, and is defined as follows:

n-1 n
Szz ZSgn(xj—xi)
=1 =il
1, xj—-xi>0
sgn(xj-xi)=4 0, xj—xi=0 (8)
-1, xj-xi<0

When sample number n > 10, the standard normal system
variables are given by Eqn. 9, and the variance in the sample,
Var(S) is calculated by Eqn. 10:

Freezing/Thawing Index in Mongolian Plateau
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FIGURE 2 | Air temperature correlation analysis of the CRU reanalysis
data and meteorological observations from 1901 to 2019 (A) and their
monthly comparison (B).
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Z = 0

S+1

\/Var(S)

Var(S)=n(n_ll)§2n+5) (10)
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In the bilateral trend test, the trend of the time series data can
be judged by the statistic Z at a given confidence level: it is
considered an upward trend when Z >0 and a downward trend
when Z <0. The magnitude of the Z value is used to determine
whether the trend is significant.

In the M-K mutation test, the statistic is defined under the
assumption that the time series are independent as follows:

k
Sk=YRi (k=2,3,.,n)
i=1
_ Sk —E(Sk) (11)

W (k = 1,2,..., l’l)

UBk =-UFk k=nn-1,..,1

UFk

Where Ri denotes the cumulative number of samples in which xi
>xj (1 <j<i) Whenk=1,UF1=0,and UB1 =0, E(Sk) and
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FIGURE 3 | Spatial distribution of four error indicators, including MBE (A), R (B), NSSE (C), and RMSE (D).

Var (Sk) represent the mean and variance, respectively, which
can be calculated as follows:

E(Sk)=n(n+1)/4 (12)
Var(Sk) =n(n-1)(2n+5)/72
If the two curves UFk and UBk intersect between the critical
lines, the change year is considered to correspond to the
intersection point.

RESULTS

Reliability Assessment of CRU Air

Temperature
Figure 2 shows the annual and monthly fitting results of the
meteorological station data and CRU reanalysis data from 1901 to
2019. According to the relevant impacts of different months
(Figure 2B), the CRU reanalysis data, compared with
meteorological observation data, underestimate the actual air
temperature on the Mongolian Plateau, especially in winter
(December-February) and spring (March-May). In contrast, the
results for both summer and autumn are similar, except for a slight
underestimation in July and September. The annual fitting result
from 1901 to 2019 (Figure 2A) shows a significant positive
correlation, with a Pearson’s correlation coefficient of 0.96 and an
explained variance of 0.92, indicating that the CRU dataset is credible
for studying air temperature correlation on the Mongolian Plateau.
The indicators for evaluating the applicability of monthly CRU
reanalysis data on the Mongolian Plateau were spatially visualized
via ArcMap spatial analysis (Figure 3). The monthly CRU data

underestimated the air temperature for 70% of stations, with the
mean MBE value being —0.77 and the variation ranging between
—7.38 and 2.47. The variation in MBE on the Mongolian Plateau was
mostly concentrated between —1 and 0°C. The spatial distribution of
the correlation between the CRU data and the meteorological
observations at site locations is greater than 0.95 for most sites,
with a range of 0.90-0.99. The mean value of NSSE is 0.68, and the
value is less than 0.6 for approximately 68% of the sites. The range of
RMSE was 0.13-6.78°C, with a mean value of 0.80°C, and
approximately 82% of the sites had RMSE values less than 2°C.
Based on the statistical results and spatial variations in the four
evaluation indices, the R values are high, and the MBE, RMSE, and
NSSE values are low. In terms of spatial distribution, most stations
show a positive relationship, but a few stations are in the western and
northern border areas. Therefore, the CRU reanalysis dataset has
good applicability to the Mongolian Plateau region and can be used
as a proxy for a long time series for the Mongolian Plateau region.

Spatiotemporal Variations in the Freezing

Index

Based on the multivariate statistical relationship (Eqn. 8) between
the grid data of the mean freezing index calculated from 1901 to
2019 and the longitude, latitude, and elevation of the corresponding
points, it can be seen that the spatial distribution of the freezing index
on the Mongolian Plateau is influenced by latitude and altitude. As
shown in Figure 4, the spatial distribution of the freezing index on
the Mongolian Plateau exhibits a significant latitudinal gradient. It
increases with latitude, with an average value ranging from 1,200 to
3,600°C-d. On the Mongolian Plateau, the highest freezing index
value occurs in northern regions, with a value of nearly 5,600°C-d,
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FIGURE 4 | Decadal spatial changes in the air freezing index on the Mongolian Plateau from 1901 to 2019. Labels like (A-L) represent the spatial variation of the air
freezing index for each decade from 1901 to 2019.

whereas in the southern Gobi Altai and surrounding regions, the  thawing index in the northern region varies from 450 to 2,658°C-d,
values are less than 600°C-d. The spatial distribution of the freezing ~ with a mean value of 1,596°C-d, while in the southern region, it varies
index also shows altitude differences, and the index decreases faster ~ from 2,000 to 4,000°C-d, with a mean value of 3,216°C-d. High values
in high-elevation regions, such as the northeast and northwest onthe ~ occur in the Gobi Altai region and the northern part of the Inner
Mongolian Plateau, than in low-elevation regions. Mongolia Autonomous Region of China. During the study period, the
region with high values exceeding 3,500°C-d gradually expanded to the
south and east. The lowest values appeared in the northern part of the

The overall freezing index of the Mongolian Plateau from 1901 Khuvsgl‘ﬂ Mountains, Kh@gai Mountains, @d Khentii Mountains in
to 2019 shows a downward trend of 4.10°C-d/yr. According to Mongolia, the Greater Khingan Range in China, and the southern part
of Russia. The thawing index varies greatly in the western part. In the
northern part of the Inner Mongolia Autonomous Region, the high

FDD = 0.18lon + 0.94lat + 0.49%le — 0.31 (R> = 0.93)  (13)

long-term changes (Figure 5A), the freezing index shows a
decreasing trend and changes at different rates. Various | '
characteristics of the freezing index are shown in Figure 5C.  value region gr'adua]ly eprind?d to the east over time. The lowest
A decreasing trend appeared in 1902-1903, and a brief increasing Yalue gadua]ly mcr'ease.d “flth time, and th? thawing mde?x showed an
trend appears in 1905-1924 and 1929-1930. A decreasing trend ~ increasing trend, with significant increases in the Khangai and Khentii
with a slow rate of 0.08°C-d/yr was observed from 1930 to 2019, ~ Mountain regions located in central Mongolia.

TDD = —0.10lon — 0.89lat — 0.76ele + 1.20 (R> = 0.89)  (14)

SPatiOtemporal Variations in the ThaWing The change in the thawing index on the Mongolian Plateau

Index from 1901 to 2019 is opposite that of the freezing index, with an
According to the spatial interpolation map of the thawing index  overall upward trend and a positive slope of 2.25°C.d/yr.
(Figure 6) and multivariate relationship (Eqn. 9), we found that According to the M-K mutation test (Figure 5D), the thawing
latitude is the main factor and that the thawing index increases  index began to increase abruptly after 1995 (based on the 0.05 and
gradually with decreasing latitude on the Mongolian Plateau. The 0.10 significance levels) (Figure 5B). The increasing trend from
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FIGURE 5 | Interannual variation in the freezing (A) and thawing (B) index and the change point of the freezing (C) and thawing (D) index from 1901 to 2019 on the
Mongolian Plateau.

1901 to 1995 had a flat slope of 0.44°C-d/yr, whereas the
increasing trend from 1995 to 2019 had a significantly steeper
slope of 6.19°C-d/yr.

DISCUSSION

Freezing and Thawing Index Variation

The permafrost on the Mongolian Plateau is mainly distributed in
the northern regions, especially in the northern alpine regions
(Figure 1A). Sen’s slope can reflect the interannual variation in
the freezing and thawing index. The slope change in the air
freezing index (Figure 7) shows that the largest freezing index
occurs in the northern alpine regions, and the permafrost
temperature increases rapidly in the Khuvsgul and Khangai
Mountain regions (Kynicky et al, 2009; Zhao et al, 2010;
Ishikawa et al, 2018; Munkhjargal et al, 2020; Dashtseren
et al., 2021).

The climate determines the air thawing index, and most
regions on the Mongolian Plateau exhibit trends consistent
with global warming (Munkhjargal et al., 2020; Peng et al,,
2020b). Although the change rates of regions listed in Table 1
are based on different time periods and data sources, the
thawing index values of the regions show increasing trends

(Wu et al,, 2011; Luo et al., 2014; Wang et al., 2019; Liao et al.,
2021). The influence of latitude on the thawing index in this
region is smaller than that in the Arctic Circle, which has
simple topographic conditions and is more sensitive to climate
warming (Johannessen et al., 2016) than the Mongolian
Plateau (Shi et al., 2019). The influence of latitude of the
thawing index on the Mongolian Plateau is greater than
that on the Qinghai-Tibetan Plateau, which has high
elevations and complex topographic conditions (Shi et al,
2019).

The spatial variation in the thawing index of the Mongolian
Plateau is also affected by both latitude and altitude (Dashtseren
et al, 2021), and the change in the thawing index in the low-
latitude region is greater than that in the high-latitude region
(Figure 8). The factors that may cause variations in the freezing
and thawing index are elevation and solar radiation. Air
temperature and solar radiation both gradually decrease with
increasing elevation. In addition, the content of water vapor in the
atmosphere may also be an influencing factor. For example, in the
low-latitude regions with low water vapor content and weak solar
radiation, the freezing index changes only slightly. The air
freezing and thawing index changes reflect climate warming,
which may accelerate permafrost degradation (Dashtseren
et al,, 2021).
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Uncertainty Analysis the meteorological stations and boreholes on the Mongolian Plateau

Climate change studies usually require long time series of  make research difficult. Thus, we selected the CRU reanalysis dataset
meteorological data, but the low number and scattered nature of  as the data source for analyzing the air freezing and thawing index.
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TABLE 1 | Result comparison of thawing index variation in different regions.

Freezing/Thawing Index in Mongolian Plateau

Region Thawing index Dataset Time series Change rate Literature
Qinghai-Tibet Plateau (QTP) STI ERA-Interim 1980-2013 3.75°C.d/yr Qin et al. (2016)
ATI MEERA-2 1981-2017 4.20°C-d/yr Qin et al. (2021)
ATl Observation data 1980-2013 9.3°C-d/yr Wu et al. (2018)
ATI CRUNCEP 1901-2015 0.98°C-d/yr Shi et al. (2019)
Northern Hemisphere ATI CRU, CIMP5 1950-2005 1.14°C.d/yr Peng et al. (2019)
Observation data 1980-2018 6.4°C-d/yr Hu et al. (2021)
Circum-Arctic ATI CRUNCEP 1901-1989 0.90°C-d/yr Shi et al. (2019)
1989-2015 7.19°C.d/yr
Mongolian Plateau ATI CRU reanalysis 1901-1994 0.44°C.d/yr This study
1995-2019 6.19°C-d/yr
1901-2019 2.55°C.d/yr
aSTI: surface thawing index. ATI: air thawing index.
85°E 90°E 95°E 100°E 105°E 110°E 115°E 120°E 125°E
T T T T T T T T T
zl 17
a a
-
Z Z
ST .I 1%
v wy
& &
n [ 10
=~ | Slope (°C-d/yr.) =
0-15
- 1.5-2.0 =
Sk 2.0-2.5 18
= 2.5-3.0 ¥
>3.0
1 1 1 1 1 1 1 1 1
85°E 90°E 95°E 100°E 105°E 110°E 115°E 120°E 125°E
FIGURE 8 | Sen’s slope of the thawing index on the Mongolian Plateau from 1901 to 2019.

However, we found that compared to the observed data, the CRU
reanalysis data underestimate the air temperature. This may be caused
by the fact that, first, the elevation of a grid cell in the CRU reanalysis is
higher than that of the meteorological station. This may result in a
difference because of the lapse rate of air temperature (Wang et al,,
2018; Shi et al,, 2019). Generally, the air temperature decreases with
elevation at a rate of 0.65°C/100 m, but there will be differences among
regions (Frauenfled et al., 2007; Wang et al., 2018). Second, the CRU
reanalysis data are produced by integrating data from meteorological
stations worldwide. The original uncertainty is present in the new
reanalysis dataset (Harris et al, 2014). Third, the CRU reanalysis
dataset still has shortcomings at a spatial resolution of 0.5 x 0.5, as each
grid corresponds to actual spatial coverage of approximately
3,000 km? (Frauenfled et al, 2007; Chen et al, 2021), and the
spatial representativeness is low. We checked the CRU quality
based on a single station, and the deviations were inevitable.

There are also uncertainties in calculating the air freezing and
thawing index (Frauenfeld et al., 2007; Chen et al., 2021). Since the
CRU reanalysis data based on calculations in this paper provide
monthly mean temperature data, the modification of the calculation

formula will further increase the uncertainty of the freezing and
thawing index results. Moreover, we use temperature data from
January 1975 to December 2019 to perform a quality check of the
CRU data using a dependence test due to a lack of comparable data,
and thus the CRU reanalysis has uncertainty. The underestimation
by the reanalysis data undoubtedly affects the air freezing and
thawing index results. The air freezing and thawing index are
very important for assessing the permafrost status on the
Mongolian Plateau (Wu et al,, 2011; Dashtseren et al., 2021; Gao
et al,, 2022). Therefore, improving data accuracy and reducing the
uncertainty of the analysis results are of great importance for
studying climate change and the permafrost environment
(Frauenfled et al., 2007; Harris et al., 2014; Ran et al,, 2015).

CONCLUSION

Based on CRU reanalysis data, we analyze the spatiotemporal
variation in the air freezing and thawing index on the Mongolian
Plateau from 1901 to 2019. We assess the reliability of CRU air
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temperatures with data from 106 meteorological stations on the
Mongolian Plateau. The correlation coefficient is 0.96, and the RMSE
is approximately 0.80°C. The variation magnitudes of the freezing
and thawing index on the Mongolian Plateau from 1901 to 2019
show a reversal in tendencies, and the long-term trends vary from
-1.76 to —5.24’C-d/yr and from 0.44 to 6.19°C.d/yr, respectively.
Notably, the thawing index experienced rapid increases after 1995.
The spatial distributions of the freezing and thawing index are
mainly affected by latitude and altitude. With increasing latitude, the
freezing index increases from 600°C-d to 5,600°C-d, and the thawing
index decreases from 4,500°C-d to 1,000°C-d. The northern alpine
regions where permafrost exists show greater changes than the
southern desert regions. Future studies are required to improve
the spatial and temporal resolution of the air temperature data and
their effects on the permafrost environment.
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The Qinghai-Tibet Plateau (QTP), also known as the Earth’s “third pole,” is sensitive to
climate change due to its extensive areas at high elevation, which are presently dominated
by snow and ice. Based on daily observations from 1960 to 2016 at 94 meteorological
stations, we quantified and compared changes in climate extremes on China’s QTP using
16 extreme temperature indices and 11 extreme precipitation indices, which calculated
using colder (1961-1990) and warmer (1988-2016) base periods, respectively. The study
showed that when a warmer base period is used, the trend magnitude of the cold
temperature indices is amplified, while the trend magnitude of the warm temperature
indices and the percentile-based precipitation indices are diminished. The regionally
averaged temperature index trends were consistent with global warming, namely
warmth indices such as the number of warm days, warm nights, summer days, and
tropical nights all showed significant increases. However, the cold indices, such as the
number of cool days, cool nights, ice days, and frost days, decreased significantly. The
number of frost days and ice days decreased the fastest (3.9 and 2.9 days/decade,
respectively), while the length of the growing season increased the fastest (2.9 days/
decade). The warming trend strengthened with increasing latitude, and the occurrences of
daytime extreme temperature events increased with increasing longitude. In addition, cold
temperature events increased in frequency and intensity at high elevations, while warm
temperature events decreased. We also found that average monthly maximum 1-day
precipitation and maximum consecutive 5-day precipitation increased by 0.1 and 0.3 mm
per decade, respectively. Extreme precipitation occurrences were more common in places
with low latitudes and high longitudes. The strengthening Subtropical High Area (SHA) and
Subtropical High Intensity (SHI), Westward movement of Subtropical High Western Ridge
Point (SHW) have contributed to the changes in climate extremes on the Qinghai-Tibet
Plateau. The study’s findings will provide a more comprehensive reference for predicting
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the occurrence of extreme events and improving the region’s disaster prevention

capability.

Keywords: climate extreme indices, precipitation, temperature, atmospheric circulation, ginghai-tibet plateau

1 INTRODUCTION

Global warming has become an indisputable fact. The sixth
assessment report released by the Intergovernmental Panel on
Climate Change (IPCC) stated that the global average surface air
temperature observed from 2010 to 2019 increased by 1.06°C
(with a range from 0.88 to 1.21°C) compared to the period from
1850 to 1900 (Eyring et al., 2021). It is generally believed that
changes in the frequency or intensity of extreme weather and
climate events would have greater impacts on both human society
and natural systems than changes in the mean climate variables
(Patz et al., 2005; McMichael et al., 2006; Thornton et al., 2014).
According to the IPCC (2022), human-induced climate change,
including more frequent and intense extreme events, has caused
widespread adverse impacts and related losses and damages to
nature and people, beyond natural climate variability. The rise in
weather and climate extremes has led to some irreversible impacts
as natural and human systems are pushed beyond their ability
to adapt.

To improve this understanding, increasing attention has
focused on the changes of temperature and precipitation
extremes around the world. On a global scale, it has been
confirmed that changes in climatic extremes impacted a
considerable amount of the global geographical area during
the second half of the 20th century (Frich et al, 2002). As a
result of the warming, during the 20th century, there were
widespread dramatic shifts in temperature extremes, especially
for indices derived from the daily minimum temperature.
Simultaneously, extreme precipitation changes revealed a
widespread and considerable rise, but they were less
geographically  consistent than temperature increases
(Alexander et al, 2006). In addition, changes in temperature
extremes differed between paired urban and non-urban sites at a
global scale, changes in extreme precipitation indices for matched
urban and non-urban stations indicated no substantial
distinction (Mishra et al., 2015).

Various regional research on temperature and precipitation
extreme indices have been carried out in various areas, including
the Central and South America (Aguilar et al., 2005; Haylock
et al., 2006; Skansi et al., 2013), Europe (Klein Tank and Koénnen,
2003), Asia-Pacific region (Griffiths et al., 2005), the Arabian
Peninsula (Alsarmi and Washington, 2014), Africa (New et al,,
2006; Dike et al., 2020), Central and South Asia (Klein Tank et al.,
2006), and Georgia (Keggenhoff et al., 2014). These findings
provide strong evidence that global warming is the primary factor
causing significant changes in temperature and precipitation
extremes, and the changes showed large regional variability
because the magnitude and characteristics of climate change
vary across geographically diverse regions. Extreme
precipitation indices, such as the intensity and frequency of
extreme precipitation events or the number of days with

extreme precipitation and heavy precipitation events, have
increased significantly in recent decades in the United States
(Karl et al., 1995; Karl et al., 1996; Griffiths and Bradley 2007;
Pryor et al,, 2009), central India (Goswami et al., 2006), Japan
(Iwashima and Yamamoto, 1993), southern Africa (Mason et al.,
1999), and Bulgaria (Bocheva et al., 2009). However, extreme
precipitation events have decreased in Germany (Tromel and
Schonwiese, 2007), Poland (Lupikasza, 2009), and the Iberian
Peninsula (Rodrigo, 2009). Thus, regional differences in
temperature and precipitation extremes have been observed,
implying an urgent need to improve regional studies of spatial
and temporal trends in extreme climate events based on field
observations.

In China, various regional studies on severe temperature
and precipitation indices have been undertaken, and the
results showed that global warming was generating major
changes in temperature and precipitation extremes. These
results generally showed that extreme cold indices, such as
the number of frost days, cold days, and cold nights, have
decreased in frequency and intensity, while warmth indices,
such as the number of summer days, warm days, and warm
nights, have increased, with varying magnitudes across China’s
diverse regions (Li et al., 2011; Zhen and Li, 2014; Guan et al,,
2015; Zhong et al., 2017). In northeastern, northwestern, and
central China, the numbers of extreme precipitation events
have declined, but have increased in northern, southwestern,
and southern China (Lu et al., 2014; Li et al., 2015; Sun et al.,
2016). All these variables showed regional disparities in
change, demonstrating the need and practicality of
researching the response to catastrophic climate events from
a regional viewpoint (You et al, 2011). Unfortunately, the
IPCC Assessment Report (Houghton et al., 2001) stated that
China is a data-poor region, making it difficult to describe
global precipitation trends from 1976 to 1999. As a result,
providing more regional analysis for climate extremes and
covering a longer period is becoming increasingly important.

The Qinghai-Tibet Plateau (QTP) is a giant Chinese
geomorphological unit, and lies at the highest elevation of
any plateau in the world. It has a unique natural environment
and high spatial differentiation. The tectonic uplift of the
plateau has profoundly affected the evolution of its natural
environment and of adjacent areas, and climate change on the
plateau is closely related to global environmental changes
(Zheng, 1999). Therefore, the QTP is a “global climatic
change’s driver and amplifier” (Pan and Li, 1996) and “the
best natural laboratory for unified research on global change
and Earth system science” (Bi, 1997). In recent years, a series of
studies have been carried out on the QTP, focusing on the
climate dynamic characteristics. For example, Liu and Chen
(2000) examined station surface air temperature records and
discovered that the majority of the QTP has warmed
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statistically since the mid-1950s. Wang et al. (2008) found that
surface air temperature on the QTP increased by about 1.8°C
during 1960-2007, or 0.36°C per decade. Li and Chi (2014)
evaluated the thermal comfort and its changes in the QTP over
the last 50years using the physiological equivalent
temperature, and revealed that annual cumulative number
of thermally favorable days has been increasing, and that of
cold stress has been reducing. Zhang et al. (2016) reported that
showed QTP shows warm wet climate change dominated by
temperature and humidity increase during 1971-2010. Wang
et al. (2017) found that annual temperature on the QTP
increased at a 0.42°C decade ' rate from 1979 to 2012, with
a 0.48°C decade™ increase in the winter. Warming has clearly
occurred over the QTP in recent decades, and the rate of
warming on the QTP exceeds the averages for the Northern
Hemisphere and the same latitudinal zone (Liu and Chen,
2000).

In comparison, extreme climate events on the QTP have not
been widely studied, especially in terms of the regional
variation of temperature and precipitation extremes and its
change mechanism across the entire study area. A few extreme
temperature studies have been conducted on the QTP, for
example, You et al. (2008) reported that during 1961-2005 in
the eastern and central QTP, the regional occurrence of
extreme warm days and nights has increased by 1.26 and
2.54 days decade™, and cold days and nights decreased by
~0.85 and —2.38 days decade ™", respectively. Cuo et al. (2013)
found that during 1957-2009 the mean minimum and
maximum temperatures in the northern part of the QTP
increased by 0.04 and 0.03°Cyear ', respectively. Wang
et al. (2013) confirmed that during 1973-2011 most warm-
related indices of temperature extremes increase while cold-
related indices show opposite trends over the western QTP.
Ding et al. (2018) investigated the spatiotemporal distributions
of 10 temperature extremes over the major river basins on the
QTP from 1963 to 2015, and discovered that the warming rates
of annual temperature extremes do not appear to be strongly
influenced by elevation on the QTP. These studies
concentrated on the QTP’s sub-regions, but because of the
different time periods and datasets used, it is difficult to infer
regional variations in temperature extremes from these
studies. Furthermore, research on the temporal and spatial
dynamics of precipitation extremes in this region is lacking.

The World Meteorological Organization Commission for
Climatology’s Expert Team on Climate Change Detection,
Monitoring, and Indicators, as well as the Climate
Variability and Predictability project, have developed a set
of indices (Peterson et al., 2001) that serve as a common
guideline for regional climate analysis. The aim of this
study is to use field-measured values of these indices to gain
a better knowledge of recent changes in climate severe event
variability, severity, frequency, and duration across the entire
QTP. To do so, we analyzed temperature and precipitation
extreme indices based on data from numerous meteorological
stations in the region. We hypothesized that both temperature
and precipitation extreme indices on the plateau would show
significant long-term trends, and that these trends would
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FIGURE 1 | Study area and the distribution of meteorological stations. A
total of 89 meteorological stations were located within the Qinghai-Tibet
Plateau, and 5 stations were in areas surrounding the plateau.

exhibit spatial variation related to variations in the plateau’s
geographic characteristics, and the temporal variations are
mainly associated with atmospheric circulation patterns.

2 DATA AND METHODS

2.1 Study Area

We defined the boundary of the QTP based on the system for
defining China’s physical and geographical regions (Zheng,
1996). The plateau is situated in southwestern China
(Figure 1), where it covers an area of 2,603,431 km?. The
elevation is generally greater than 4,000 m. The plateau is
surrounded by high and extensive mountain ranges
interlaced with valleys and basins. The northwest is
generally cold and dry, while the southeast is warm and
wet. Across the entire QTP, the annual average temperature
ranging from -5.6 to 17.6°C across the region, and the
temperature difference between day and night ranges from
14 to 17°C. The precipitation distribution is uneven, with
annual precipitation averaging more than 2000 mm in the
southeast and approximately 17.6 mm in the northwest
(Zhang et al., 2017). The annual average wind speed is
generally greater than 3.0 ms™' in the northwest, with more
than 50 gale days (i.e., a wind speed >17 ms™') annually (Li
et al., 2001).

2.2 Data and Quality Control

We collected quality-controlled meteorological data from 94
meteorological stations over the QTP, including daily
maximum and minimum temperatures, as well as daily
precipitation (Figure 1). The National Climate Center of
the China Meteorological Administration (http://data.cma.
cn) provided the data from 1960 to 2016 (the most recent
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TABLE 1 | List of the temperature and precipitation indices used in this study, which were defined by the Expert Team on Climate Change Detection and Indices (http://
etccdi.pacificclimate.org/list_27_indices.shtml).

Index Description Definition Unit
FD Frost days Annual count for days when the minimum temperature (TN) < 0°C Days
SuU Summer days Annual count for days when the maximum temperature (TX) > 25°C Days
D Ice days Annual count for days when TX < 0°C Days
TR Tropical nights Annual count for days when TN > 20°C Days
TXX Maximum TX Monthly maximum value of TX °C
TNx Maximum TN Monthly maximum value of TN °C
™n Min TX Monthly minimum value of TX °C
TNn Min TN Monthly minimum value of TN °C
TN10p Cool nights Percentage of days when TN < 10th percentile %
TX10p Cool days Percentage of days when TX < 10th percentile %
TNOOp Warm nights Percentage of days when TN > 90th percentile %
TX90p Warm days Percentage of days when TX > 90th percentile %
WSDI Warm spell duration indicator Annual count of the number of periods with at least 6 consecutive days when TX > 90th percentile Days
CSDI Cold spell duration indicator Annual count of the number of periods with at least 6 consecutive days when TN < 10th percentile Days
GSL Growing season length Annual count between first span after 1 January of at least 6 days with daily mean temperature (TM) > 5°C Days
and first span after 1 July of 6 days with TM < 5°C
DTR Diurnal temperature range Monthly mean difference between TX and TN °C
RX1day Maximum 1-day precipitation amount ~ Monthly maximum 1-day precipitation mm
Rx5day Maximum 5-day precipitation amount ~ Monthly maximum consecutive 5-day precipitation mm
SDII Simple daily intensity index Annual total precipitation divided by the number of wet days (defined as daily precipitation (PRCP)>1.0 mm) mm/
in the year day
R10mm Number of heavy precipitation days ~ Annual count of days when PRCP > 10 mm Days
R20mm Number of very heavy precipitation Annual count of days when PRCP > 20 mm Days
days
R50mm Number of days above 50 mm Annual count of days when PRCP > 50 mm Days
CDD Consecutive dry days Maximum number of consecutive days with daily rainfall < 1 mm Days
CWD Consecutive wet days Maximum number of consecutive days with daily rainfall > 1 mm Days
R95PTOT  Very wet days Annual total PRCP for days when daily rainfall > 95th percentile mm
RI9pTOT  Extremely wet days Annual total PRCP for days when daily rainfall > 99th percentile mm
PRCPTOT  Annual total wet-day precipitation Annual total PRCP in wet days (daily rainfall > 1 mm) mm

data available) was obtained. Due to strict quality control, it
includes: 1) Climatic limit value or allowable value check, 2)
station extreme value check, 3) internal consistency check
between timing value, daily average and daily extreme
value, 4) time consistency check, 5) space Consistency
check, 6) manual verification and correction, the quality
and integrity of the data set are greatly improved. To
further ensure data quality, 1) we replaced all missing
values with an internal format recognized by the R
statistical software (i.e., NA, for not available), and 2)
replaced all unreasonable values with NA. Unreasonable
values include 1) a daily rainfall that was less than 0 mm
and 2) a daily minimum temperature that was higher than the
daily maximum temperature. We also found outliers in daily
maximum and minimum temperatures, which we
characterized as daily values that were outside of a range
specified as n times the standard deviation (STD) of that
day’s value. In this study, we defined that threshold as the
mean plus or minus 5 STD based on the criteria used in
previous studies (Rusticucci and Barrucand, 2004; Haylock
et al., 2008; Croitoru and Piticar, 2013).

Non-climatic effects such as weather station relocation, land
use changes, instrument adjustments, and observational hours
can all have an impact on observed climate data (Peterson et al,,
1998; Aguilar et al., 2003). These effects cause inhomogeneity,

resulting in a shift in the mean of a time series, which can lead to
first order autoregressive errors. To detect and adjust first-order
autoregressive errors produced by shifts, we utilized version 4 of
the RHtests program created by Wang and Feng at the Climate
Research Branch of the Meteorological Service of Canada (http://
etcedi.pacificclimate.org/software.shtml). The penalized
maximum t test (Wang et al, 2007) and the penalized
maximal F test (Wang, 2008b) were used in the RHtests
package, which are incorporated in a recursive testing
algorithm that adjusts empirically for an autocorrelation with
a lag of -1 (if any) in the time series (Wang, 2008a). The default
parameters in RHtests packages were used to detect and adjust for
a whole data series in each station at the 0.05 significance level.
RHtests packages can detect possible single or multiple change-
points in a time series, and confirmed step changes can be
adjusted (Wang et al., 2013). Once a possible change has been
identified, the metadata (including documented station
relocation and instrument update) should be checked to
identify any potentially valid explanations. Notably, a
homogenous time series that is well correlated with the base
series may be used as a reference series. When a homogenous
reference series is not available, the RHtestsV4 package can detect
changepoints. However, the results are less reliable and require
further investigation. Data homogenization should not be
performed automatically without the use of a reference series
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(i.e., without intensive manual analysis of the statistical test
results). Furthermore, because the time series being tested may
have a zero trend or a linear trend over the entire period of record.
The problem of uneven distribution of false alarm rate and
detection power is also greatly alleviated by using empirical
penalty functions. As a result, RHtestsV4 (and RHtestsV3 and
RHtestsV2) outperforms RHtestsV0.95, which did not account
for autocorrelation and did not address the problem of uneven
distribution of false alarm rate and detection power (Wang et al.,
2007; Wang, 2008b).

2.3 Index Calculations

The climatic extreme indices were computed using the RClimDex
program created by Xuebin Zhang and Feng Yang of the
Canadian Meteorological Service (Zhang and Yang, 2004). To
investigate the problematic impact of using a different base period
(colder 1961-1990 vs. warmer 1988-2016) on the extreme
temperature and precipitation indices, as well as the
corresponding trend magnitude. The current study’s extreme
indices (16 temperature and 11 precipitation indices; Table 1)

were calculated using two different base periods for comparison.
The first base period was the 1961-1990 standard normal period
(WMO, 2017). The second base period lasted from 1988 to 2016.
The first base period represents a relatively cold period, whereas
the second base period represents a significantly warmer period
(Yosefetal,, 2021). In recent years, these indices have been widely
applied to assess variations in temperature and precipitation
extremes for different regions of the world (Croitoru et al,
2016; Filahi et al., 2016; Sun et al., 2016; Supari et al., 2017;
Gbode et al., 2019). Table 1 provides a brief description of each
index. Based on how the temperature indices are computed, they
can be further grouped into four categories (Croitoru and Piticar,
2013; Wang et al., 2018). The absolute indices are defined based
on a fixed threshold for the recorded temperature, and comprise
the number of summer days (SU), frost days (FD), ice days (ID),
and tropical nights (TR). The percentile-based threshold indices
comprise the number of cool nights (TN10p), cool days (TX10p),
warm nights (TN90p), warm days (TX90p), warm and cold spell
durations (WSDI and CSDI), which were identified using
percentile-based thresholds (with values of 10 and 90% for the
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Extreme Temperature and Precipitation Indices

lower and upper bounds, respectively). The extremal indices
comprise indices computed based on the absolute values
observed in the area without taking any thresholds into
account: the monthly maximum value of the daily maximum
temperature (TXx), monthly maximum value of daily minimum
temperature (TNx), monthly minimum value of the daily
maximum temperature (TXn), and monthly minimum value
of daily minimum temperature (TNn). The last category
extremes include the growing season length (GSL) and diurnal
temperature range (DTR). The precipitation indices are divided
into 2 percentile, 3 thresholds, 2 durations, 2 extremal values, and
2 additional indices, with 1 dry index and 10 wet indices (Powell
and Keim, 2015).

2.4 Atmospheric Circulation Patterns

The monthly Arctic Oscillation (AO), North Atlantic Oscillation
(NAO), Southern Oscillation Index (SOI), and Pacific Decadal
Oscillation (PDO) data from 1960 to 2016 were available from
the National Oceanic and Atmospheric Administration (http://
www.esrl.noaa.gov/psd/data/climateindices/list/). In addition,
the monthly West Pacific Subtropical High Index (WPSHI),
including the Subtropical High Area (SHA) index, Subtropical
High Intensity (SHI) index, Subtropical High Ridge Line (SHR)
index, and Subtropical High Western Ridge Point (SHW) index,
which obtained from the Climate Diagnostics and Prediction
Division, National Climate Center, China Meteorological
Administration (http://cmdp.ncc-cma.net/Monitoring/). SHW
and SHR indicate the location and direction of Western Ridge
Point and Ridge Line. When the Western Ridge Point is located
further east, the SHW will increase; and when the Subtropical
High Ridge Line is located further north, the SHR will increase.

2.5 Analytical Methods

Time series data is often influenced by previous observations.
When data is not random and influenced by autocorrelation,
modified Mann-Kendall (MMK) tests may be used for trend
detction studies. Hamed and Rao (1998) have proposed a
variance correction approach to address the issue of serial
correlation in trend analysis. Data are initially detrended and
the effective sample size is calculated using the ranks of
significant serial correlation coefficients which are then
used to correct the inflated (or deflated) variance of the
test statistic. Therefore, the MMK test was performed to
analyze the time series trends for the climate indices at
each meteorological station in this study, and the
magnitude of the trends was calculated using the Sen’s
slope estimator (Sen, 1968). A trend is considered
significant if it is statistically significant at the 5% level.
This trend analysis was conducted using Hamed and Rao
Modified MK Test in python package “pyMannKendall”
(Hussain and Mahmud, 2019). To characterize the spatial
pattern of trends in the climatic indices, we utilized the data
visualization in version 10.3 of the ArcMap software (http://
www.esri.com). We employed Spearman’s correlation
coefficient to find significant relationships among the
extremal variables. Partial correlation coefficient was used
to detect significant relationships between extreme climate
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events and geographic attributes (latitude, longitude, and
elevation). Furthermore, regional averages for each index
were computed to summarize the long-term changes
observed in QTP (1960-2016). The regional averaged
temperature and perception indices were calculated by
taking the unweighted mean of the indices at each station.

3 RESULTS AND DISCUSSION

3.1 Trends in Extreme Temperature Events
3.1.1 Temporal Trends for Temperature Extremes

On the QTP, the regionally averaged annual occurrence of cold
indices, including the numbers of cool days (TX10p), cool nights
(TN10p), ice days (ID), and frost days (FD) decreased

significantly (p < 0.001), at rates of 1.0, 1.5, 2.7, and 3.9 days
per decade, respectively (Figure 2), with the trend was strongest
for TN10p (Z = -7.39). In contrast, the numbers of warm days
(TX90p), warm nights (TN90p), summer days (SU), and tropical
nights (TR) grew significantly (p < 0.001) at rates of 1.1, 1.6, 1.4,
and 0.3 days per decade, respectively. The most significant
increase (Z = 6.64) was seen in TN9Op. Figure 2 shows the
changes in the regionally averaged annual occurrence of
temperature extremes when they are derived from the two
base periods, 1961-1990 (colder) versus 1988-2016 (warmer).
We found significant differences in the percentile-based
threshold indices (including TN10p, TX10p, TN90p, TX90p,
WSDI, and CSDI) calculated using two base periods, but no
differences in the other temperature extremes. Specially, the
indices defined by a threshold less than 10th percentile
(TX10p, TN10p, CSDI) were larger when a warmer base
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FIGURE 4 | Regionally averaged series for the extreme precipitation indices on the Qinghai-Tibet Plateau from 1960 to 2016. Table 1 shows the definitions of the
indices. The red and blue dashed lines represent the different base periods of which the percentiles were derived, 1988-2016 (warmer) and 1961-1990 (colder)
respectively. Solid red and blue lines denote the linear trends for both base periods.

period (1988-2016) was used rather than a colder base period
(1961-1990), whereas the 90th percentile indices were the
opposite. Furthermore, it was found that the trend magnitude
of the cold indices (TX10p, TN10p, CSDI) is amplified while the
trend magnitude of the warm indices (TX90p, TN90p) is
diminished when a warmer base period is used. For example,
the regional averaged trend for CSDI was 1.3 days per decade
versus 1.1 days per decade when warmer (1988-2016) and colder
(1961-1990) base periods were used, respectively. The change
rate of the TX90p was 0.9% per decade versus 1.1% per decade
based on warmer (1988-2016) and colder (1961-1990) periods.
Klein Tank et al. (2009) stated that when estimating the changes
in the indices over time, the choice of another normal period (e.g.,
1971-2000) has only a minor impact on the results. This claim is
consistent with the findings of Yosef et al. (2019), who found that
percentiles from the base periods 1961-1990 and 1971-2000 have
a similar impact on trend magnitude of order. This assertion,
however, does not hold in a rapidly changing (non-stationary
climate) world with a clear and continuing warming trend. Our
results showed that the choice of base period has a significant
effect on the magnitude of the slope, namely when a warmer base
period is used, the trend magnitude of the 10th percentile-based
indices is amplified, while the trend magnitude of the 90th
percentile-based indices is reduced. This mainly attributed to
the presence of continuous global warming, deriving percentiles
from a distribution shifted to the right results in higher thresholds
that must be met. As a result, when the 10th percentile was

derived from a recent warmer (e.g., 1988-2017) base period, the
threshold (absolute) values were higher than when the 10th
percentile was derived from a colder (1961-1990) base period,
resulting in a stronger (steeper) trend magnitude. This was
contrast to when the 10th percentiles were calculated using the
1961-1990 base period. In the last two decades, exceeding the
thresholds derived from that distribution has become quite rare.
As a result, the slope was more gentle in this case. The 90th
percentile, which was derived from a warmer base period, showed
the opposite trend. In this case, the threshold values were higher
than in the cooler past, reducing the frequency with which these
high thresholds were exceeded in the past and now (Yosef et al.,
2021).

From 1960 to 2016, the cold temperature indices in the QTP
generally exhibited significant decreasing trends, whereas the
warm temperature indices showed significant growing trends.
Similar findings have been seen in Europe (Klein Tank and
Koénnen, 2003), Central and South America (Aguilar et al,
2005), and Africa (New et al., 2006; Gbode et al.,, 2019). The
cold extremes (FD and ID) showed stronger trends (larger slope
and Z values) than the warm extremities (SU and TR), suggesting
unequal changes in the lower and upper tail extremities resulting
in temperature variation, which was inconsistent with studies in
Europe (Klein Tank and Kénnen, 2003; Moberg et al., 2006) and
Middle East countries (Zhang et al., 2005), but this finding was in
agreement with earlier studies in the Yellow River Basin (Wang
et al,, 2012), the Loess Plateau (Sun et al., 2016), and northern
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China (Wang et al,, 2018), demonstrating that warming since
1960 was caused by decreases of the cold extremes rather than
increases of the warm extremes. The warmest day (TXx), warmest
night (TNx), coldest day (TXn), and coldest night (TNn)
extremal indices all indicated substantial warming trends, at
rates of 0.30, 0.40, 0.30, and 0.50°C per decade (p < 0.001),
and the trend was strongest for TNn (Z = 8.30). Trends in the
night-time indices (TN10p, TN90p, TNx, and TNn) were
stronger (larger Z scores) than those of their corresponding
daytime indices (TX10p, TX90p, TXx and TXn),
demonstrating that nocturnal warming contributed more to
the overall warming process than daylight warming (Manton
et al., 2001; Peterson et al., 2002; Griffiths et al., 2005; Klein Tank
et al., 2006; Revadekar et al., 2013; Yan et al., 2014). In addition,
for the variability extremes, both the average the diurnal
temperature range (DTR) and the cold spell duration (CSDI)
demonstrated clear downward patterns. However, the growing
season length (GSL) and warm spell duration (WSDI) increased
significantly. The change rate of GSL in the QTP was lower than
the average value for the Yarlung Tsangpo River Basin (4.33 days/
decade; Liu et al., 2019) and Loess Plateau (3.16 days/decade; Sun
et al, 2016), but larger than those in northwestern China

Extreme Temperature and Precipitation Indices

(2.74 days/decade; Song et al., 2015), the Yangtze River Basin
(0.23 days/decade; Wang et al., 2014), and the Yunnan-Guizhou
Plateau (0.12 days/decade; Li et al., 2012a).

The main factors influencing extreme temperatures were
thought to be anthropogenic forcing and climatic natural
variability (Hegerl et al., 2004). According to Kiktev et al.
(2003), increasing greenhouse gas emissions played a
significant role in the climate model’s simulation of extreme
weather. By analyzing the trends of extremes in different
underlying surfaces, Zhou and Ren (2011) discovered that
urbanization had an impact on a series of extreme
temperature indices in north China. Urbanization accelerated
the downward trend in cold index series (frost days, cool nights,
and cool days) and the upward trend in warm indices related to
minimum temperature (summer days and warm nights). The
causes of warming in temperature extremes in QTP, on the other
hand, should be investigated further.

3.1.2 Spatial Trends for Temperature Extremes

To gain a better understanding of the spatial variation for
temperature extremes, we mapped the spatial patterns of the
annual trends based on the Sen’s slopes at each 94
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meteorological stations throughout and around the QTP
(Figure 3). These trends are significant at a 95% confidence
level (i.e., p < 0.05). During the period from 1961 to 2016, no
change in TR (93.62%) within the QTP was found (Sen’s slope
= 0), and only 5 stations on the northern edge showed a
significant increasing trend. The cold indices (FD, TN10p,
TX10p, ID, CSDI) showed significant (p < 0.05) decreasing
trends in the QTP, and the corresponding significantly
decreased stations accounted for 93.62, 92.55, 90.43, 67.02,
and 63.83%. However, the overall warming indices (TN90p,
TX90p, WSDI, SU) showed significant increase trends in the
whole study area, and the proportion of stations with
significant increase were 92.55, 72.34, 67.02, and 56.38%.
Similarly, the extremal indices (TNx, TNn, TXx, TXn)
showed significant increase trends in most areas of the
study area, and the proportions of stations with significant
increase were 100, 95.74, 94.68, and 90.43%. In addition, the
proportion of stations with significantly increased GSL and
DTR accounted for 70.21 and 52.13%, respectively.

3.1.3 Correlations Among the Temperature Indices
The relationships among the extreme-temperature indices are
illustrated in the correlation matrix (Table2), there were
significant correlations in numerous different temperature
indices. For the absolute indices (FD, ID, SU, TR) and
relative indices (TX10p, TX90p, TN10p, TN90p), significant
positive correlations were discovered between the warmth and
cold indices. Each warmth index, on the other hand, was
negatively associated with each cold index. This is in line
with the previous findings, which revealed that cold indices
were trending downwards while warmth indices were trending
upwards. Furthermore, significant negative correlations were
found between the cold absolute indices (FD and ID) and the
extremal indices (TXx, TXn, TNx, and TNn), but significant
positive correlations were found between the warmth absolute
indices (SU and TR) and the extremal indices (TXx, TXn, TNXx,
and TNn). GSL and WSDI had a large negative relationship
with FD and ID, but a significant positive relationship with SU
and TR, which was consistent with previous studies (Lin et al.,
2017; Wang et al., 2018).

3.2 Trends for Extreme Precipitation Events
3.2.1 Temporal Trends for Precipitation Extremes

As shown in Figure 4, the extreme precipitation indices
calculated using the warmer base period (1988-2016) were
all lower than those computed using the colder base period
(1961-1990), except for the CDD. For most extreme
precipitation indices, using a different base period (colder
or warmer) changed the intercept without influencing the
slope. However, our analyses showed that percentile-based
precipitation indices (e.g., days with daily rainfall >95th and
99th percentile) are particularly susceptible to the problematic
use of different base periods. The regional averaged trend for
R99pTOT increased by 0.5 days per decade versus 0.04 days
per decade when colder (1961-1990) and warmer (1988-2016)
base periods were used, respectively, indicating that the trend
magnitude of the percentile-based precipitation indices
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(R95pTOT and R99pTOT) is diminished when a warmer
base period is used.

The regionally averaged monthly maximum 1-day
precipitation (RX1lday) and maximum consecutive 5-day
precipitation (RX5day) increased significantly, at rates of
0.1 and 0.3 mm per decade, respectively. RX1day had the
strongest trend during the study period (Z = 5.09), but
PRCPTOT had the steepest slope (3.2 mm/decade). The rate
of change for RX5day (0.3 mm/decade) was higher than that in
the Yunnan-Guizhou plateau (0.03 mm/decade; Li et al,
2012a), northeastern China (0.13 mm/decade; Song et al,
2015), but lower than those in northwestern China
(0.85 mm/decade), for China as a whole (1.90 mm/decade;
You et al,, 2011), and at a global scale (0.55mm/decade;
Alexander et al., 2006). In addition, the rate of rise in
annual total precipitation (PRCPTOT) in this study
(3.2 mm/decade) was higher than those in northeastern
China (1.65 mm/decade; Song et al., 2015), China’s Loess
Plateau (1.50 mm/decade; Sun et al, 2016), and China’s
Yangtze River (1.90 mm/decade; Wang et al., 2014), but
lower than in the Guinea coast of Nigeria (8.03 mm/decade;
Gbode et al., 2019), Romania (4.14 mm/decade; Croitoru et al.,
2016), Georgia (7.9 mm/decade; Keggenhoff et al., 2014), and
on a global scale (10.59 mm/decade; Alexander et al., 2006).
Notably, PRCPTOT showed a negative trend in Indonesia
(—4.30 mm/decade; Supari et al., 2017), contrary to our
research trend.

3.2.2 Spatial Trends for Precipitation Extremes

In most regions of the QTP from 1960 to 2016, the extreme
precipitation indices exhibited increasing trends, as seen in
Figure 5. The significant increasing trend (p < 0.05) of
extreme precipitation index (R10mm, R50mm, RX5day,
RX1day, R95pTOT) was mainly distributed in the northeast
of QTP, and the stations accounted for 20.21, 20.21, 19.15,
18.09 and 15.96%, respectively. PRCPTOT showed a
significant increasing trend (p < 0.05), accounting for
23.4% of the total sites, mainly distributed in the northeast
and southwest of the QTP. In contrast, CDD decreased in
most areas, especially in the high-elevation area of the central
west, while CWD decreased significantly (p < 0.05) in the
eastern part of the QTP, accounting for 10.64% of the total
stations. At the same time, the extreme precipitation index
(R99pTOT, R20mm, CWD, R10mm, R50mm) of more than
50% stations remained unchanged (Sen’s slope = 0), with a
proportion of 93.62, 90.43, 81.91, 56.38 and 56.38%,
respectively.

3.2.3 Correlations Among the Precipitation Indices
As shown in Table3, we discovered strong positive

relationships between the annual total precipitation
(PRCPTOT, daily precipitation >1 mm) and all the other
extreme precipitation indices except R50mm (not

significant) and the consecutive dry days (CDD, r =
—-0.24). The Spearman’s correlation coefficients were
greater than 0.50 for the relationships between the
PRCPTOT and several of the extreme precipitation indices:
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TABLE 3| The correlation matrix (Spearman’s correlation coefficient) for the relationships among the extreme- precipitation indices in the Qinghai-Tibet Plateau from 1960 to

2016. Index names are defined in Table 1.

Indices

RX1day
RX5day
SDII
R10mm
R20mm
R50mm
CDD
CWD
RI5pTOT
RI9pTOT
PRCPTOT

RX1day

1
0.98™
0.51*
0.53*
0.48™
0.50"*
-0.24
-0.16
0.66™*
0.54*
0.59"

RX5day

1
0.49™
0.53*
0.48™
0.52*
-0.25
-0.15
0.66™
0.65™
0.58™

SDIl

1
0.68*
0.61™
0.46™
0.20
0.08
0.71*
0.46™
0.55™

R10mm

1
0.71*
0.1
-0.08
0.33*
0.76™
0.32*
0.93*

R20mm

1
0.35"
-0.02
0.19
0.84*
0.47*
0.68™

R50mm CcDD CWD RO5pTOT R99pTOT PRCPTOT
1
-0.02 1
-0.10 -0.06 1
0.48™ -0.05 0.17 1
0.57* 0.04 -0.08 0.65™ 1
0.15 -0.24 0.40 0.72= 0.30" 1

Note: ** and * represent significance at p < 0.01 and p < 0.05, respectively. All other values are not significant.

TABLE 4 | Partial correlation coefficient between the temperature extremes from
1960 to 2016 and the latitude, longitude, and elevation of the measurement

sites in the Qinghai-Tibet Plateau. Index names are defined in Table 1.

Indices

FD

SuU

D

TR
TXX
™n
TNx
TNn
TX10p
TX90p
TN10p
TN9Op
WSDI
CSDI
DTR
GSL

Latitude

0.89"
-0.28"
0.81*
0.10
-0.72**
-0.83"
-0.86"*
-0.91
-0.20
-0.23*
0.12
-0.35"
0.20
0.33"
0.38™
-0.41*

Longitude

0.13
-0.62**
-0.10
-0.65
-0.13
-0.44**
-0.42**
-0.38"
0.30"
0.63*
0.06
-0.02
-0.38"*
—0.33**
0.00
-0.17

Elevation

0.94*
-0.87**
0.77*
-0.63"
-0.92
-0.89"
-0.95"
-0.94**
-0.15
-0.19
0.23*
-0.19
0.25*
-0.63"*
0.21*
-0.65"

Note: ** and * represent significance at p < 0.01 and p < 0.05, respectively. All other
values are not significant.

TABLE 5 | Partial correlation coefficient between precipitation extremes from
1960 to 2016 and the latitude, longitude, and elevation of the measurement

sites in the Qinghai-Tibet Plateau. Index names are defined in Table 1.

Indices

RX1day
RX5day
SDII
R10mm
R20mm
R50mm
CDD
CWD
RI5pTOT
R99pTOT
PRCPTOT

Latitude

-0.73"
-0.74*
-0.73"
-0.73*
-0.70™
-0.65"
0.46™
-0.74*
-0.71*
-0.71*
-0.71*

Longitude

0.75™
0.75
0.67*
0.68™
0.49™
0.42*
-0.70™
0.64™
0.71*
0.73*
0.71*

Elevation

-0.28"
-0.27
-0.16
-0.37
-0.62**
-0.57**
-0.11
0.19
-0.26*
-0.23*
-0.21*

Note: ** represents significance at p < 0.01. All other values are not significant.

the monthly maximum 1-day precipitation
maximum consecutive 5-day precipitation (RX5day), heavy

(RX1day),

precipitation (R10mm), very heavy precipitation (R20mm),
simple daily intensity index (SDII), and annual precipitation
on very wet days (R95pTOT). Most of the extreme
precipitation indices had substantial positive associations,
although there were negative correlations between
consecutive dry days (CDD) and the precipitation indices.
This confirmed our previous research results for China as a
whole (Wang et al., 2020).

3.3 Relationships Between Extreme
Temperature Events and Geographic
Factors

The temperature extremes showed a lot of variety across
space. We looked at the relationships between extreme
temperature events and the latitude, longitude, and
elevation of each meteorological station to figure out what
was causing the varied trends in different regions (Table 4).
The sun incidence angle is affected by latitude, and the
distribution of energy across the Earth’s surface is
influenced as a result. In general, Higher latitude places get
less heat due to a lower sun incidence angle, resulting in
colder temperatures. In contrast, lower latitudes have greater
temperatures because more solar energy is intercepted.
Warming trends are particularly visible in the northern
hemisphere at high latitudes (Serreze et al., 2000). In the
present study, the absolute indices (FD, ID, SU, TR) showed a
substantial positive relationship with latitude, whereas the
extremal indices for the warmest day (TXn, TNn) revealed
negative correlations with latitude, showing that the
magnitude of daily extreme temperature incidents would
diminish with increasing latitude. The relative warmth
indices (TX10p and TN10p) showed positive correlations
with latitude, although the correlation was only significant
for TX10p, whereas the relative cold indices (TX90p and
TN90p) both showed significant negative correlations. This
suggests that as latitude increased, the warming trend grew
more pronounced, which is consistent with prior study in the
Yangtze River Basin (Guan et al., 2015) and the Chinese
Hengduan Mountains (Li et al., 2012a; Li et al., 2012b).
Furthermore, two of the variability extremes (CSDI and
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TABLE 6 | Correlations (Pearson’s r) between temperature extremes and atmospheric circulation patterns.

Indices SHA SHI SHR
TX10p -0.546™ -0.518" 0.080
TX90p 0.654™ 0.542* 0.062
TN10p -0.626™ -0.587 0.038
TN9Op 0.672* 0.653™ 0.008
FD -0.664** -0.656** -0.008
SsuU 0.504 0.500™ 0.134
D -0.619" -0.598 0.078
TR 0.550™ 0.558* -0.008
TXx 0.691™ 0.677* 0.116
TXn 0.607* 0.605™ 0.036
TNx 0.590™ 0.577* 0.067
TNn 0.416™ 0.390* -0.133
GSL 0.575™ 0.568™ 0.099
WSDI 0.592* 0.604* 0.053
DTR -0.021 0.001 0.136
CSDI -0.516™ -0.482** 0.004

DTR) showed significant positive correlations with latitude,
whereas GSL was not significantly correlated with latitude.

Longitude influences regional climate change through impacting
water and energy transfer between coastal regions (including
southwestern areas such as the Indian Ocean and northern areas
such as the Arctic Ocean) and China’s inland areas (Zhong et al,
2017). In current study, two of the absolute indices (SU and TR) and
two of the variability extremes (WSDI and CSDI) showed significant
negative correlations with longjtude, whereas two of the relative warmth
indices (TX10p and TX90p) were significantly positively correlated with
longitude, indicating that the occurrence of daytime extreme temperature
events would become more common as longitude increased.

Elevation influences regional climate change by determining the
vertical distribution of energy and water. In current study, only one of
the cold indices (FD) showed a significant (p < 0.01) positive
correlation with elevation, whereas both warmth indices (SU and
TR) showed significant negative correlations with elevation (p < 0.05).
This meant that cold temperature episodes became more frequent and
intense at higher elevations, whereas warm temperature events
became less frequent and intense. The indices for the warmest day
(TXx), warmest night (TNx), coldest day (TXn), and coldest night
(TNn) all had significant negative associations with elevation (p <
0.05), indicating that the frequency of daily extreme temperature
events would decrease as elevation was increased. In addition, the
warm spell duration (WSDI) increased significantly with increasing
elevation, whereas the cold spell duration (CSDI) and growing season
length (GSL) both decreased with increasing elevation.

3.4 Relationships Between Extreme
Precipitation Events and Geographic

Factors

We also looked at the links between extreme precipitation events and
latitude, longitude, and elevation (Table5). There were strong
negative associations between latitude and all the precipitation
metrics, with the exception of a substantial positive association
for the number of dry days in a row (CDD). This suggests that
extreme precipitation events were more common at low latitudes,

0.581*
-0.544*
0.693*

0.651*

0.643™
-0.516"
-0.601**
-0.570"*
-0.689"
—0.463"

-0.560""
0.084
0.608™*

SHW AO NAO PDO sol
0.112 0.148 -0.107 -0.027
0.115 -0.063 -0.072 0.043
-0.167 -0.052 ~0.211 0.035
~0.683" 0.021 -0.178 0.024 0.098
-0.033 0.134 -0.020 -0.217
~0.478" 0.081 -0.066 -0.106 0.079
0.076 0.120 -0.177 0.019
0.000 -0.220 -0.094 0.175
0.003 ~0.065 0.041 0.090
-0.020 -0.187 -0.002 0.138
0.234 -0.003 0.120 0.096
-0.125 -0.045 0.107 -0.059
~0.570* 0.101 0.008 -0.025 0.156
0.032 -0.067 0.111 -0.014
0.180 -0.020 -0.035 0.116
-0.093 -0.077 -0.221 0.087

probably owing mainly to the greater precipitation due to the
proximity of low-latitude areas to moist coastal areas in eastern
China and orographic effects created by the southern mountains.
Longitude showed the opposite effect on extreme precipitation
events, with strong positive correlations between all precipitation
indices and longitude, except for CDD (with a significant negative
correlation) and R50mm showing a nonsignificant correlation
(Table 5). It is possible that this is because locations with a
greater longitude are closer to the coast, where the moisture
supply is much greater than in dry regions farther to the west.
This also confirmed our previous research results across China
(Wang et al, 2020). We found no significant correlations
between the precipitation indexes and elevation, possibly because
of the negative interaction between elevation and proximity to
moisture sources.

3.5 Relationships Between Temperature
Extremes and Atmospheric Circulation

Patterns

As an important component of East Asian monsoon, the West
Pacific Subtropical High (WPSH) has a significant impact on
temperature and precipitation in China (Zhao and Wang, 2017).
Zhong et al. (2017) found that the Northern Hemisphere Subtropical
High area and intensity indices showed positive correlations with the
warm indices and extreme indices, while showed the reverse
relationship with the cold indices. Sun et al. (2016) also found
that the SHI strongly influences warm/cold extremes and contributes
significantly to climate changes in the Loess Plateau. Table 6 shows
the correlations between temperature extremes and atmospheric
circulation patterns. The warming trends in the temperature
extremes on the QTP were closely related with the WPSHI,
which represents a large-scale anticyclonic circulation identified
as one of the dominant components of the East Asian summer
monsoon climate system, accounting for roughly one-quarter of the
Northern Hemisphere surface in summer (Huang et al.,, 2014). The
Subtropical High Intensity (SHI) and Subtropical High Area (SHA)
showed significant positive correlations with warmth indices
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TABLE 7 | Correlations (Pearson’s r) between precipitation extremes and atmospheric circulation patterns.

Indices SHA SHI SHR
RX1day 0.534* 0.517* 0.131
RX5day 0.632** 0.5613 0.107
SDII 0.5624* 0.531* 0.088
R10mm 0.431™ 0.445* 0.172
R20mm 0.339* 0.368** 0.132
R50mm 0.327~ 0.315* -0.006
CDD -0.280" -0.216 0.150
CWD 0.010 0.026 -0.005
R95pTOT 0.416™ 0.440* 0.190
R99pTOT 0.422* 0.454* 0.133
PRCPTOT 0.408* 0.419* 0.148

(TX90p, TN90p, SU, TR, WSDI), extremal indices (TXx, TXn, TNXx,
TNn) and the growing season length, whereas SHI and SHA showed
significant negative correlations with cold indices (TX10p, TN10p,
ED, ID, CSDI). The correlations between the Subtropical High
Western Ridge Point (SHW) and temperature extremes showed
the opposite responses. When the SHW moves northward, the cold
events were likely to increase significantly, whereas the warming
events were likely to decrease significantly on the Qinghai-Tibet
Plateau. Furthermore, the WPSH is linked to the warming trend by
extending the length of the growing season. These findings suggest
that the WPSH has a strong influence on warm/cold extremes and
contributes significantly to QTP climate change.

The Arctic Oscillation (AO) is a major controlling factor in Northern
Hemisphere climate variability, as well as the strength of the East Asian
winter monsoon and the Siberian higher-pressure system (You et al,
2013). In this study, the AO was shown to be less sensitive to changes in
climate extremes on the QTP. Similar findings were discovered on
China’s Loess Plateau (Sun et al., 2016). One possible explanation for this
correlation is a decrease in the intensity of the Asian winter monsoon.

3.6 Relationships Between Precipitation
Extremes and Atmospheric Circulation

Patterns

As shown in Table 7, SHI and SHA had positive correlations with all
the extreme precipitation indices, except for the reverse relationship
with CDD, indicating that the frequency and intensity of extreme
precipitation events increased with increasing intensity and area of
the West Pacific Subtropical High. On the contrary, SHW had
negative correlations with all the extreme precipitation indices,
except for positive correlations with CWD and CDD. This
indicates that when the SHW moves westward, extreme
precipitation events are likely to increase significantly, whereas the
extreme precipitation events would decrease if SHW moves eastward.

4 CONCLUSION

In this study, we quantified and compared changes in climate
extremes on China’s QTP from 1960 to 2016 using 16 extreme
temperature indices and 11 extreme precipitation indices, which
calculated using colder (1961-1990) and warmer (1988-2016) base

-0.565"
-0.561**
-0.455"
-0.395"
-0.300"
-0.321*
0.362**

-0.349"
-0.345"
-0.397*

SHW AO NAO PDO sol
0.153 -0.013 0.065 0.218
0.163 0.001 0.081 0.220
-0.093 -0.116 0.090 0.248
-0.045 -0.124 0.054 0.256
-0.104 -0.102 0.086 0.183
-0.018 -0.121 0.144 0.029
-0.281* -0.064 -0.199 0.066

0.001 -0.212 -0.092 0.042 0.117
-0.023 -0.088 0.034 0.283*
-0.083 -0.153 0.022 0.255
-0.039 -0.195 0.021 0.317*

periods, respectively. When a warmer base period is used, the trend
magnitude of the cold temperature indices is amplified while the trend
magnitude of the warm temperature indices and the percentile-based
precipitation indices are diminished. As a result, using a recent
warmer base period may lead to the incorrect conclusion,
misrepresenting the actual changes to global climate.

The temperature indices’ regionally averaged trends were
consistent with the consequences of global warming. During the
study period, the warmth indices, which included the numbers of
warm days, warm nights, summer days, and tropical nights, showed
considerably increasing trends. In contrast, the cold indices, such as
the numbers of cool days, cool nights, ice days, and frost days,
declined dramatically. Furthermore, within the same time period, the
extreme daily indices, such as the warmest day, warmest night,
coldest day, and coldest night, all showed substantial upward trends.
The relative warmth indices tended to show positive correlations
with latitude, whereas the relative cold indices tended to show
negative correlations, suggesting that the warming trend became
more pronounced as latitude increased. The relative daytime indices
were significantly positively correlated with longitude, indicating that
the occurrences of daytime extreme temperature events would
increase with increasing longitude. In addition, at high elevations,
the frequency and intensity of cold temperature occurrences
increased, while warm temperature events showed the opposite
tendency. The total annual precipitation and extreme
precipitation events showed increasing trends from 1960 to 2016,
except for the numbers of consecutive dry and wet days.
Furthermore, the extreme precipitation events were more
frequent at lower latitudes and higher longitudes, but there was
no relationship with elevation. These results confirmed our
hypotheses that monitoring of temperatures and precipitation on
the QTP would show trends consistent with global warming, and
would reveal significant spatial variation in these trends. The West
Pacific Subtropical High Index (WPSHI), such as the Subtropical
High Area (SHA), Subtropical High Intensity (SHI), and Subtropical
High Western Ridge Point (SHW) strongly influence temperature
and precipitation extremes. The strengthening SHA and SHI,
Westward movement of SHW have contributed to the changes
in climate extremes on the Qinghai-Tibet Plateau.

Despite the large number of monitoring stations, coverage of the
study area was not optimal, particularly for the large gap in coverage
in the northwestern plateau. Adding stations in this region or finding
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ways to use satellite data to monitor these remote areas would
mitigate this problem. Furthermore, due to the atmospheric
circulation change is an important mechanism effecting the heat
and moisture transportation in this region, The current study mainly
focuses on the impact mechanism of atmospheric circulation
patterns on extreme climate change. Other factors, such as cloud
amount, surface coverage, human-induced urbanization may also
impact the climate extremes. Therefore, more detailed studies are
still needed to understand the internal regime of change in extreme
climate events on the QTP.
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Soil carbon (C) in permafrost peatlands is vulnerable to decomposition with thaw under a
warming climate. The amount and form of C loss likely depends on the site hydrology
following permafrost thaw, but antecedent conditions during peat accumulation are also
likely important. We test the role of differing hydrologic conditions on rates of peat
accumulation, permafrost formation, and response to warming at an Arctic tundra fen
using a process-based model of peatland dynamics in wet and dry landscape settings that
persist from peat initiation in the mid-Holocene through future simulations to 2100 CE and
2300 CE. Climate conditions for both the wet and dry landscape settings are driven by the
same downscaled TraCE-21ka transient paleoclimate simulations and CCSM4 RCP8.5
climate drivers. The landscape setting controlled the rates of peat accumulation,
permafrost formation and the response to climatic warming and permafrost thaw. The
dry landscape scenario had high rates of initial peat accumulation (11.7 =+
3.4 mmdecade™") and rapid permafrost aggradation but similar total C stocks as the
wet landscape scenario. The wet landscape scenario was more resilient to 21st century
warming temperatures than the dry landscape scenario and showed 60% smaller C losses
and 70% more new net peat C additions by 2100 CE. Differences in the modeled
responses indicate the largest effect is related to the landscape setting and basin
hydrology due to permafrost controls on decomposition, suggesting an important
sensitivity to changing runoff patterns. These subtle hydrological effects will be difficult
to capture at circumpolar scales but are important for the carbon balance of permafrost
peatlands under future climate warming.

Keywords: permafrost, peatlands and wetlands, tundra, peat accumulation, Holocene, ecological modeling

1 INTRODUCTION

Soils in the permafrost region store large amounts of soil carbon (C), an estimated 1,015-1,035 Pg C
(Hugelius et al., 2014; Mishra et al., 2021). Nearly 20% of this soil C can be found in permafrost
peatlands, wetlands with thick organic soils and high organic matter concentration, which store
185 + 70 Pg C (Hugelius et al., 2020). These peatlands have accumulated thick organic soils over
millennia due to higher rates of vegetation productivity than decomposition. The formation and
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presence of permafrost in peatlands, or ground that has remained
frozen for more than 2 years (Brown et al., 2001, revised 2001),
effectively stops decomposition of organic material frozen in the
permafrost peat. In some regions, particularly in regions with
continuous permafrost, permafrost aggradation and peat
accumulation can go hand in hand, limiting decomposition
before peat is incorporated into permafrost. These relatively
undecomposed peat profiles can indicate syngenetic
permafrost formation along with distinct ice structures within
the permafrost peat (Kanevskiy et al, 2014), while in more
southern sites, epigenetic permafrost formed substantially after
peat deposition (Treat and Jones, 2018). The formation of
epigenetic permafrost in peatlands is controlled by climate at
the time of permafrost formation (Zoltai, 1995), while the spatial
distribution of permafrost in peatlands with discontinuous,
isolated, and sporadic permafrost is likely related to the
hydrology. A case study from Western Canada found that the
spatial distribution of permafrost in peatlands was likely
controlled by regional hydrologic patterns, including runoff
within wetlands and their watersheds (Quinton et al., 2009).
Thus, both climate and hydrology are key drivers of the spatial
and temporal distribution of permafrost.

Exactly what factors contribute to the differences in peat
accumulation rates under permafrost conditions during the
Holocene is unclear. In an earlier large synthesis of peat
accumulation rates, both the difference in the timing of
permafrost aggradation (i.e., epigenetic or syngenetic) and the
spatial distribution of permafrost affected the apparent peat
accumulation rates (Treat et al., 2016a). In tundra sites within
the continuous permafrost zone, apparent peat accumulation
rates varied widely after permafrost aggradation (25%-75%
quantile range: 14.9-111.0g C m™> yr"). In sites with warmer,
epigenetic permafrost within the discontinuous permafrost zone,
the apparent peat accumulation rates since permafrost
aggradation were not as variable as in tundra but were
20%-40% lower than comparable permafrost-free fens and
bogs. Some northern peat cores also showed very high rates of
peat accumulation in the early to mid-Holocene during their
initial phase of peat accumulation (Lavoie and Richard, 2000;
Jones and Yu, 2010). These high rates of peat accumulation were
hypothesized to be driven by enhanced productivity due to high
seasonality and solar insolation during the early Holocene (Jones
and Yu, 2010). Given the wide range and high rates of peat
accumulation found in tundra sites, we hypothesized that
syngenetic permafrost formation could be another mechanism
for high rates of peat accumulation due to the limited
decomposition that occurs with rapid incorporation into the
permafrost, as has been suggested in boreal sites (Jones et al.,
2017; Manies et al., 2021). However, the conditions that cause this
the rapid incorporation of peat into permafrost are unclear.

The rates and amount of carbon that could potentially be
released with permafrost thaw are highly uncertain (Schuur et al.,
2015; McGuire et al., 2018). Field studies in thawed permafrost
peatlands in Southwestern Alaska show that C losses following
permafrost thaw can be large, as much as 30% of old peat C stocks
(Jones et al., 2017). However, earlier modeling of permafrost
peatlands in Western Canada showed that permafrost peatland C

Rapid Peat Accumulation in Permafrost

was relatively resilient to 21st century warming, with C losses
<5% of the old C in peat (Treat et al., 2021). One hypothesis to
explain the difference between the outcomes is related to
permafrost history, where sites with syngenetic permafrost
have relatively undecomposed organic matter that is
vulnerable to decomposition when the peat is thawed whereas
sites with epigenetic permafrost have undergone more
decomposition and the peat is less vulnerable when it thaws
(Treat et al., 2014; Manies et al., 2021).

Given that the spatial distribution of permafrost can be
controlled by regional hydrology (Quinton et al, 2009) and
that we observed a strong sensitivity of the peat profile at a
high Arctic site to the model parameterization representing the
regional hydrology in our earlier work (Treat et al., 2021), we also
hypothesized that the rapid rates of peat accumulation in
permafrost could be driven by the site hydrology and whether
the peatland was relatively dry or wet. The objective of this study
was to test the effects of hydrology on rates and timing of peat
accumulation and vulnerability to permafrost thaw. Specifically,
we tested the parameter representing the relative amount of water
a peatland retains, the balance between the water inputs from the
surrounding watershed and the runoff to downstream areas,
which can differ across the landscape due to watershed
characteristics and regional hydrology (Woo and Young,
2006). We used a process-based model to simulate peatland
development in a permafrost peatland in the Canadian Arctic.
Simulations ran from peatland initiation at the site in 6,620 BP to
present day and projections for 21st century climate warming.
We used two contrasting water table scenarios that were driven by
the model parameterization representing the regional hydrology,
including the water inputs from the surrounding watershed and
the runoff to downstream areas. Note that precipitation in both
scenarios was the same. Finally, we compared the resulting
differences in peat accumulation, permafrost aggradation, and
the response to climatic warming between the two scenarios and
as well as to field observations.

2 MATERIALS AND METHODS
2.1 Site Description

Thelon-Kazan Peatland (TKP) was selected as a site for an earlier
modeling study using a climatic gradient through Western-
Central Canada (Treat et al, 2021). In that study, we
discovered divergent peat profiles at TKP depending on the
parameterization for the hydrological landscape setting. Here,
we are exploring those different patterns to develop a more
general hypothesis or possible explanation about peat/
permafrost dynamics contrasting  hydrological and
landscape settings, rather than trying to recreate the C
accumulation dynamics at TKP. TKP is located in the
Canadian Arctic, approximately 400 km north of treeline in
the continuous permafrost zone (66° 27.07' N, 104° 50.08' W),
where the mean annual air temperature was —11.3°C and mean
annual precipitation was 272mm (Station Baker Lake A
1980-2010; https://climate.weather.gc.ca/climate_normals/;
accessed 12 December 2019). The TKP peatland is a fen with
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high-centered polygonal features and an active layer thickness of
30-40 cm, where peat cores were described by Vardy et al. (2005);
Vardy et al. (2000). The manually digitized data from TKP were
included in an earlier synthesis (Treat et al., 2016a) and used in an
earlier modeling effort (Treat et al., 2021). Three cores were taken
at TKP using monolith extraction in the surface soil and motor-
driven CRREL Permafrost augers at some point prior to 1998; the
exact timing of core collection is unknown. Here we focus on core
TK1P2 (also called TKP-2). The TK1P2 core was collected from
the center of a high-center polygon and accumulated 193 cm of
peat since 6,620 cal. BP (basal age: 5820 + 70 14C BP; WAT-3066).
The peat core (TK1P2) was mainly composed of Cyperaceae with
mosses, lichens, and dwarf shrubs in the surface 35 cm (Vardy
etal, 2000; Vardy et al., 2005). Data available from the TKP cores
includes bulk density, carbon or organic matter content,
radiocarbon dates, and plant macrofossil analysis. The data
from TKP are available for download (doi: 10.1594/
PANGAEA.863697; Treat et al, 2016b); the dataset key
(Variable: Auth. Site.CoreID) for TKP is VAR-TKP-01.

2.2 Model Description

We used HPM-Arctic (Treat et al,, 2021), which couples a
carbon-hydrologic model for peatlands (Frolking et al., 2010)
with the Geophysical Institute Permafrost Lab soil thermal model
GIPL2 (Marchenko et al, 2008). HPM-Arctic simulates peat
formation since initiation to present and into the future, also
generating time series of active layer thickness and age of the peat
at the bottom of the active layer. HPM-Arctic has been tested and
implemented for a transect of peatland sites across western
Canada, including TKP (Treat et al, 2021). The model code,
parameters, and climate driver data are available from: https://
doi.org/10.5281/zenodo.4647666; derivation of parameters and
climate drivers is described below.

Briefly, HPM simulates the development of a peat profile over
millennia, from initiation, using an annual litter cohort approach
with three major plant types (shrubs, herbaceous taxa, and
mosses). In HPM-Arctic, the changes in vegetation and NPP
are driven primarily by changes in water table depth, following
the original HPM formulation (Frolking et al., 2010). Changes in
water table can be driven either by external climate forcings
(precipitation vs. ET), or by internal peat dynamics, including
peat accumulation. NPP temperature sensitivity was modeled as a
Qo function, with a Qi value of 1.8, based on an empirical
relationship between mean annual air temperatures and above-
ground net primary productivity for mosses, vascular plants, and
trees that was developed for a transect of peatland sites in boreal
Manitoba, Canada (Camill et al., 2001). CO, concentration
impacts on productivity are not accounted for in HPM.

Each year’s annual litter input is aggregated into a litter
cohort and tracked as it becomes buried and decomposed
through the millennia of the simulation. HPM tracks the
fraction of total plant litter inputs (above- and below-
ground) remaining in annual peat cohorts through the entire
profile. This fraction modifies the initial peat litter quality, so
that under the same environmental conditions, peat that has lost
half its mass to decomposition will decompose at half the rate of
fresh peat (Clymo, 1992; Frolking et al., 2001). Decomposition
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rates are dynamic and dependent on plant litter types (e.g.,
species-specific decomposition rates), water table or water
content, and soil temperature. HPM simulates the water-filled
pore space of the unsaturated peat water filled pore space, based
on peat bulk density and distance above the water table. In that
zone, there is an optimum WFPS for decomposition, with rates
falling for drier and wetter peat. Full anoxia occurs some
distance below the simulated water table for several reasons:
the actual water table is more dynamic than monthly time step
simulations, oxygen and other terminal electron acceptors can
be delivered to the peat in groundwater flow (much greater for
fen than bog), and precipitation water, and also diffuse into the
deeper peat from the underlying subsoil or the atmosphere.
HPM simplifies these complex phenomena by specifying an
exponential decline in the anoxia multiplier on decomposition
from its value at the water table to a minimum value, following
the original HPM formulation (Frolking et al., 2010). This
decline is parameterized to happen much more abruptly in
bog than fen conditions.

When decomposing peat becomes frozen into permafrost, it
stops decomposing until permafrost thaw, preserving the quality
of the peat at freeze-up, which affects the rate of decomposition at
thaw. Active layer thickness, updated annually, is determined by
identifying the soil depth immediately above where the
temperature remains below 0°C for 2years continuously, in
accordance to the definition of permafrost (Harris et al,
1988). HPM-Arctic uses a simple “old-new” carbon tracking
algorithm, whereby after a specified year all moss, sedge, and
shrub plant litter gets labeled as “new,” so that its accumulation as
peat and loss through decomposition can be tracked separately
from the older peat derived from plant litter inputs prior to the
specified year. The year 2015 C.E. is defined in the model as both
present-day and the boundary between new (future) and old
(past) carbon inputs.

2.3 Model Optimization and Evaluation

Some site-specific calibrations were done for several model
parameters to capture variability (often not quantified) related
to individual watershed and site characteristics (Table 1). Peat
initiation often occurs in a local topographic low, receiving run-
on from the surrounding watershed; as the peat accumulates and
the peat surface rises, it can shift to a local topographic high point,
and shed water (run off) rather than receive it (Charman, 2002).
The site-specific model parameters include the accumulating peat
height at which this shift from run-on to run-off occurred (H,,,_
onoff) along with a constant scaling factor, and the peat height
when initial fen-type vegetation transitioned to bog-type
vegetation (Hppr). When the peat height exceeds the site-
specific Hgpy, the peatland transitions from a fen to a bog,
which involves a decrease in annual NPP to a varying degree
(Rydin and Jeglum, 2006) modeled with a site specific fractional
parameter (Fnpp.bog). With greater lateral hydrological inflow,
and therefore a shorter water residence time in the saturated zone,
fen conditions are assigned a longer scale length (persistence of
partial anoxia below the water table) to a full anoxia impact on
decomposition rate. This is modeled with an anoxia scale length
parameter (Frolking et al., 2010), which controls how far/quickly
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TABLE 1 | Model parameterization used in HPM-Arctic for the wet and dry landscape scenarios at Thelon-Kazan Peatland (TKP).

Parameter Description Wet Dry
Time of peat initiation (BP) 6,620 6,620
Hiun-onvoff Height run-on/off (m) 4.5% 0.5
HrgT Height of fen-bog transition (m) 2.1 2.1
FNpP-bog NPP multiplier at Hegr 0.48 0.48
AnoxiaScale-fen anoxia scale length in fen when height < Hegt (M) 3.0 3.0
AnoxiaScale.gog anoxia scale length in bog when height > Hegr (M) 1.2 1.2
Max NPP Maximum annual NPP under ideal conditions (kg m=y™") 1.1 1.1
RMSE Root mean square error, model vs. observed age-depth profile (Figure 2A) 21 92

*The age of the peat surface was assumed to be the same as the year of sampling and included in the age-depth model.
A value deeper than the peat height indicates that the peat will continues to receive run-off until the threshold is reached.

reduced electron acceptors are replenished below the water table.
This affects peat decomposition rates below the water table.
Frozen peat decomposition rates are set to zero (also for
seasonal winter frost), while decomposition persists in the
seasonally-thawed surface active layer.

Site-specific parameter values were determined from a
combination of observations and/or optimization routines
(Table 1; Treat et al,, 2021). The parameter Hrpy was determined
by trial and error from the final peat height and observations of the
height of the fen-to-bog transitions (Hgpr) in the site core profile; the
model parameter Hgpr generally was higher than in the observations.
Hiun-onjoff Was determined by trial and error when the difference
between the final modeled peat height and observed peat height
reached <10 cm, as well as the macrofossil composition compared
with the dominant modeled PFTs, which indicated relative water
table position over time (e.g., dry or wet). The other three parameters
(Fnpp-bog and anoxia scale lengths for fen and bog) were determined
from minimizing the root mean squared error between the observed
and modeled age-depth profiles, where the age of the peat surface was
assumed to be the year of sampling. At TKP, the parameterization
used results from earlier model runs at Ennadai Lake, a polygonal
permafrost peatland site in NW Territories (c.f. Treat etal., 2021) and
generalized parameters for temperate and boreal peatlands (Frolking
et al,, 2010) due to the limited number of radiocarbon dates (e.g.,
Figure 2), which limited the number of tunable model parameters
(under constraint problem). However, the study goal was not to find
the closest agreement to a particular peat core at TKP, but to test a
hypothesis about how local hydrology (wet/dry) in a permafrost
setting can impact peat accumulation rates and carbon loss
upon thaw.

For calculating organic matter stocks and C stocks, model
output (mass of peat) was multiplied by mean values determined
from a synthesis of over 10,000 peat layers spanning the pan-
Arctic permafrost region (Treat et al., 2016a). The conversion
factor from model peat mass to organic matter (OM) was 0.924 g
OM g' peat. The conversion factor from organic matter to
carbon was 0.495¢C g~' OM. While this assumption does
introduce some uncertainty into the model results for
predictions of future carbon losses, these are likely not the
major sources of uncertainty in predicting future C loss as
other processes, including changes in landscape hydrology in
permafrost regions, are less well known and have larger impacts
(Quinton et al., 2010).

2.4 Model Scenarios
The two landscape scenarios at TKP used identical climate

drivers, initiation times, vegetation parameters, and most site-
specific model parameters (Table 1). We created two model
scenarios, dry and wet landscape position, by varying a single
site-specific model parameter, H,u,_on/ofr (Table 1), which is the
height of the peat when it begins to shed water, exerting a strong
control on the water table level and soil moisture. The dry
landscape scenario used H,yn-on/off = 0.5 m, which meant that
the peat height quickly crossed the threshold to generate runoff,
i.e., peat accumulation caused the site to become a local high
point in the landscape, and so the peat profile became relatively
dry. The wet landscape scenario used Hyyy on/off = 4.5 m, a peat
height that was not reached during the simulation, ensuring a
relatively wet peat profile throughout the simulation. While
HPM-Arctic does not simulate a surface energy balance, both
scenarios are driven by identical climate forcings and modeled
active layer depths are consistent with recent meta-analysis
results (Clayton et al., 2021). Secondly, an earlier study
showed relatively small differences in net radiation among
different tundra sites without standing water, relative to sites
with standing water, within the same region (Rouse et al., 2000);
mean annual water table in these two landscape scenarios is below
the peat surface, meaning that there is no standing water and that
the net radiation absorbed by the sites is similar.

2.5 Model Climate Drivers

We utilize the TraCE-21ka transient paleoclimate simulations
(Liu et al., 2009: https: //www. earthsystemgrid. org/project/trace.
html) to drive HPM-Arctic with monthly temperature and
precipitation from 8,000 B.P. to 1990 CE (8 Kyr timeseries).
The continuous TraCE-21ka simulations include time-
dependent changes in atmospheric greenhouse gases,
insolation, and paleogeography as sea level rises from the
melting of the large northern hemisphere ice sheets. Monthly
temperature and precipitation time series for TKP were extracted
from the 3.75° x ~3.75° climate model grid by bilinear
interpolation and then bias-corrected using contemporary
regional climate data. To obtain timeseries of temperature for
input to HPM-Arctic, we computed anomalies of the 8 Kyr time
series to the TraCE-21ka 1950-1990 CE mean and applied the
anomalies additively to a modern observed gridded data set (CRU
TS v3.32; Harris et al, 2014) using the same base period. The
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8 kyr precipitation timeseries was derived by applying the ratio of
the 8 Kyr precipitation to the 1950-1990 CE mean as a scaler to
the CRU data. As with the TraCE-21ka data, the CRU grid (0.5° x
0.5°) was interpolated to our site locations.

To continue the 8 Kyr timeseries into the future, we adopt the
CCSM4 RCP8.5 simulation from the Coupled Model
Intercomparison Project Phase 5 (CMIP5; Taylor et al,, 2012).
The RCP8.5 scenario was chosen as an end-member or upper
bound to capture the greatest projected changes in temperature.
CCSM4 (Gent et al.,, 2011) is the successor to the CCSM3 model
used in the TraCE-21ka simulations, and so was chosen for model
consistency. While focusing on one model projection is a
limitation, CCSM4 also has an transient climate response (the
response to a 1% yr~' doubling of atmospheric CO,) of 1.8°C,
which is the same as the CMIP5 ensemble multi-model mean of
1.8°C (Flato et al., 2013), giving us confidence the projected
temperature changes at our sites are not unreasonable relative
to the full CMIP5 ensemble. To extract projected time series at the
peatland site locations, we use the same process of bilinear
interpolation from the CCSM4 grid (0.9° x 1.25°) and applying
CRU bias correction using the 1950-1990 CE climatology period.
In our analysis and results below, HPM-Arctic is driven by
TraCE-21ka output prior to 1990 CE and CCSM4 afterwards.
The RCP8.5 simulations span 2005 through 2100 CE. To capture
the effects of new equilibrium climate conditions at 2100 on the
relatively slow processes of peat accumulation and loss, we
extended RCP8.5 from 2100 for an additional 200 years by
randomly sampling full years from the final 25years of the
simulation (2076-2100 CE) using the R command “sample”
(replace = T). The modeled climate drivers are shown in
Supplementary Figure S1.

2.6 Statistical Analysis and Data Analysis
All statistical analyses were conducted using R statistical software
(Team, 2008). Errors represent standard deviation. In order to
compare modeled C losses with observations, we used the peat C
stock in 2015 CE, and the results from old/new C tracker in 2100
CE and 2300 CE. Net C loss (or gain) was calculated from the
difference in total C stocks in 2015 and 2100 CE or 2300 CE; new
C additions and old C losses were calculated relative to the stocks
in 2015.

3 RESULTS AND DISCUSSION

3.1 Peat Accumulation, Permafrost

Formation From 7000 BP to 0 BP

The model of peat development for TKP under wet and dry
landscape settings produced divergent peat water table and active
layer depths (Figure 1), and vegetation species composition
(Table 2) despite using the same climatic drivers
(Supplementary Figure S1). Simulated peat depths between
the wet and dry scenarios in the present day show that 1.9 m
accumulated in the wet scenario and 2.8 m in the dry scenario
(Figure 1; Table 2). The water table in the wet scenario remained
near the surface (mean: 3 + 2cm depth) throughout the
simulation (Figure 1A), while the water table in the dry
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scenario was deeper (mean: 31 + 9 cm depth, Figure 1B). The
timing of peat and permafrost development also differed between
the wet and dry scenarios. Modeled active layer depths in the
present day were <50 cm in the dry scenario and >80 cm in the
wet scenario (Table 2). Present-day vegetation differed between
the two scenarios, with shrubs having the highest NPP in the dry
scenario and herbaceous species (e.g., sedges) having the highest
NPP in the wet scenario (Table 2).

3.1.1 Wet Landscape Setting Scenario

In the wet landscape scenario, permafrost aggraded in the peat
profile after 5900 BP, about 700 years into the simulation (prior to
that time, permafrost was present in the underlying mineral soil).
Peat deposited after 3100 BP remained in the active layer
throughout the simulation (Supplementary Figure S2).
Modeled, decadal-smoothed rates of peat accumulation for the
wet scenario ranged from -8.7-11.5 mm decade™ (Figure 1C).
The peat accumulation rates differed dramatically before (4.3 +
3.5 mmdecade™’) and after (<0 mm decade™) the fen-bog
transition at 2150 BP (Figure 1C) due to declining vegetation
(litter) productivity.

3.1.2 Dry Landscape Setting Scenario

In the dry landscape scenario, the modeled water table dropped
well below the surface after the initial period of peat initiation and
remained deeper throughout the simulation (Figure 1B).
Permafrost aggraded in the peat profile approximately
200 years later in the dry scenario than the wet scenario, after
5700 BP. Subsequently, both peat and peat in the permafrost
aggraded rapidly, with more than 1 m of peat added in the next
1,150 years (Figure 1B). Mean peat accumulation rates were
11.7 £ 3.4 mm per decade during this period (5700 BP-4550
BP), and the residence time of the peat in the active layer was
<200 years before being incorporated into the rapidly aggrading
permafrost in the peat profile (Supplementary Figure S2).
During this period of rapid peat and permafrost aggradation,
mean NPP in the dry landscape scenario was 54 g Cm >y, while
in the wet scenario it was 84 g Cm >y . The more rapid rates of
incorporation of peat into the permafrost resulted in relatively
little decomposition with, a mean of 52% of the original peat mass
remaining in the permafrost peat (Figure 1). The active layer
remained comparatively shallow throughout (Figure 1B). After
the modeled fen-bog transition at 4550 BP, the peat accumulation
decreased to a mean rate of 1.4 + 2.1 mm decade " (Figure 1D)
and the residence time in the active layer increased.

3.1.3 Age-Depth Differences

Differences in peat depth between the dry and wet landscape
scenarios at TKP (Figures 1A,B) resulted in age-depth profiles
that differed between these two landscape settings (Figure 2A).
The age-depth profile for the wet scenario was a better fit to the
observations at TKP than the dry scenario (Figure 2A; RMSE =
21 for wet vs. 92 for dry), as was the organic matter density below
0.5 m depth (Figure 2B), suggesting that the wet scenario more
accurately reflects the development at TKP. The difference in peat
thickness between the two scenarios (1.9 m in the wet scenario vs.
2.8 m in the dry scenario) reflects the significant difference in the
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FIGURE 1| Time series of peat profiles at TKP with two different values of model parameter for the peat height when run-on switches to run-off (Hun-on/of): (A) Hrun-

onvoff = 4.5 results in a wetter peat profile with a water table (blue line) near the peat surface; (B) Hyun-on/otf = 0.5 results in a drier peat profile and an unsaturated (dry) active
layer (white line); m/mO represents the peat litter cohort mass remaining, high values indicating relatively undecomposed peat; (C) Modeled peat accumulation rates for
the wet landscape scenario (black circles), as well as smoothed rates using decadal (red) and centennial (gray) filters; (D) Modeled peat accumulation rates for the

dry landscape scenario (black circles), as well as smoothed rates using decadal (red) and centennial (gray) smoothing. All other parameters and climate drivers were the
same between the two simulations.
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TABLE 2 | Field observations and model results for present day (2015: means of 2006-2015 CE) and future scenarios, including 2100 (means of 2091-2100 CE) and 2300
(means of 2291-2300 CE) for peat height, peat organic matter (OM) stocks, water table depth, maximum annual active layer thickness, and dominant vegetation types,
both by productivity (e.g., mean decadal NPP of surface vegetation) and the dominant type preserved in the peat core record.

Year/
scenario

1993/4

2015—Wet
2100—Wet
2300—Wet
2015—Dry
2100—Dry
2300—Dry

organic matter densities of the two simulated profiles (Figures 1,
2B). However, neither modeling scenario captures the high
density of organic matter observed in the surface 0-0.5m of
the peat core, though the wet scenario does have higher bulk

Landscape Peat
Scenario height (m)

Observed 1.93
Wet 1.90
Wet 1.85
Wet 1.77
Dry 2.77
Dry 2.63
Dry 2.31

Peat OM (kg OM m™3)

220
195
190
180
200
190
170

Water Active Dominant Dominant
table depth layer vegetation—NPP vegetation—Peat
(m below  thickness (m)

surf)

(0.40) 0.40 Shrub Sedge/Shrub
0.03 0.87 Sedge Moss
0.15 0.79 Sedge Moss
0.17 0.81 Shrub Moss
0.33 0.48 Shrub Moss
0.44 0.78 Shrub Moss
0.50 0.66 Shrub Moss

density around 0.5 m than deeper in the profile (Figure 2B). The
combined effect of the differences in thickness and the difference
in organic matter density between the wet and dry scenarios
resulted in relatively small differences (3%) in organic matter
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FIGURE 2 | Depth profiles for TKP for modeled scenarios (wet, dry landscapes) and observations (Obs.). (A) Modeled age-depth profiles (light pink and dark pink)
are continuous with circles corresponding to the ages of the observations, while the green line connecting the observations is a linear interpolation between the three
observed points. (B) Modeled and observed organic matter density with depth.

stocks (wet: 195 kg OM m ™2, dry: 200 kg OM m ™). Therefore,
in permafrost peats, the peat height or peat depth should not be
used to predict C stocks (Table 2). This result points to the
challenge of predicting peat carbon or organic matter stocks in
permafrost soils using peat depth (Hugelius et al., 2020) as
both results from this study (Table 2) and that study show little
correlation between peat depth and C stock. Similarly, gap-
filling carbon density for determination of peatland C stocks in
permafrost peatlands (i.e., Nichols and Peteet, 2019) is also
problematic (Figure 2B; Table 2), which is also compounded
by the relatively high variability in bulk density found across
tundra permafrost peats (coefficient of variation = 130%; Treat
et al., 2016a).

3.2 Future Projections of Peat, Permafrost,

and C Balance

The RCP 8.5 driven HPM-Arctic simulations at TKP under wet
and dry landscape settings for the future resulted in substantially
different outcomes at 2100 CE for peat temperatures and
permafrost, hydrology, vegetation, and carbon cycle, despite
having the same climatic drivers. By 2100 CE, transient
warming projected under RCP 8.5 increased mean annual air
temperature from —11.3°C to —4.4°C. Despite the strong warming,
permafrost remained in the peat profile (Figure 3). Warmer
temperatures increased evapotranspiration, which combined
with gradual thawing of permafrost increased the depths to
the perched water table (Table 2). The changes in water table
shifted the modeled species composition, while the warmer air
temperature increased modeled NPP (Figure 4). Along with
warming temperatures, the changes in water table, active layer
thickness, increased decomposition as well as net primary
productivity altered the peat profiles and C balance by 2100
(Figures 5, 6).

Under the assumption that 21st century warming stabilized
between 2100 and 2300 CE, the peat temperatures at TKP differed
little between 2100 and 2300 CE in the two scenarios, and were
still cold enough to maintain permafrost (Figure 3B). However,
active layer thickness decreased by roughly 10 cm between 2100
and 2300 in both scenarios (Table 2), as the decrease in peat
height (5-30 cm) due to net peat loss (decomposition) exceeded
the gradual thawing at the top of the permafrost peat (Figure 5).
Still, an additional ~10 cm of permafrost peat thawed in both
scenarios between 2100 and 2300. Net C losses by 2300 were
larger than in 2100 as the increase in NPP and net peat
accumulation were smaller than the decomposition of the old
carbon (Figure 6). These Closses represented a small to moderate
fraction of total peat C stocks which is in rough agreement with
other high Arctic cold and wet sites (Elberling et al., 2013).
Opverall, these findings agree with earlier studies that projected
larger permafrost C losses at 2300 than 2100, and show that these
net losses are dependent on both new C sequestration in the soil
and old permafrost C losses (Figure 6).

3.2.1 Wet Landscape Setting Scenario

By 2100, warmer soil temperatures resulted in increased peat
decomposition as well as thawing of the top permafrost. The peat
loss resulted in lower total peat height, which actually decreased
the modeled active layer thickness from 0.9 to 0.8 m (Figure 5).
Changes in the active layer thickness, along with increased
evapotranspiration, resulted in a ~12cm deeper water table
(Table 2). NPP increased 70% by 2100 relative to 2015, with
the shrub share of productivity increasing from <10% to 30%
(Figure 4A). In both 2015 and 2100, NPP was ~50% larger in the
wet than the dry scenario due to productivity of mosses and
herbaceous species. Despite a decrease in the total peat height,
only a small net loss of peat from the active layer was indicated by
the relatively constant value of m/m0 at a particular peat
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height above the active layer (Figure 5A). New peat C
accumulations from net primary productivity offset more than
60% of old C loss (defined as peat C accumulated before 2015),
resulting in a net C loss in the wet scenario of —1.6 kg Cm™> by
2100 (Figure 6).

The relatively stable forcing air temperature between
2100 CE and 2300 CE resulted in no significant change in
NPP in the wet scenario. Decomposition of old peat in the
active layer continued due to warmer temperatures,
resulting in projected net C losses of —5kg Cm™> by 2300
CE (Figure 6). Little C was lost from the permafrost in the
wet scenario (<0.4kg Cm™?). The total old C losses

represented a small fraction (5%) of total peat C stocks
by 2300 CE.

3.2.2 Dry Landscape Setting Scenario

Between 2015 and 2100, peats below 0.3 m warmed more in
the dry than the wet landscape scenario (Figure 3). The
modeled active layer thickness increased from 0.5 to 0.8 m
by 2100 (Figure 5) and the water table depth increased by
~12 cm. NPP increased by 80% and was primarily driven by
increased NPP in shrubs, while NPP of mosses and
herbaceous species declined (Figure 4B). Modeled peat
loss occurred in the active layer over a longer time period
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between 2000 and 2300 (Figure 5B), but subsidence was not
strong enough to result in an increase in the water table level
relative to the surface (Table 2; Figure 5). 21st century
warming and drying related to lower water table resulted
in most of the active layer peat further decomposing
(darkening of active layer peat in Figure 5B). This
resulted in a net decrease in peat height of >0.1m
(Figure 5B) as the increased decomposition resulted in
both net peat loss and an increase in bulk density of the
remaining peat in the active layer (2015 mean: 75 kg OM m™?;
2100 mean: 90 kg OM m>). Despite thawing of more than
40 cm of permafrost peat (Figure 5B), only —0.5 kg Cm ™ was
lost from newly thawed permafrost peat by 2100,
representing 15% of net C loss (Figure 6). The smaller
NPP (Figure 4B) along with enhanced decomposition due
to warmer, drier conditions (Figure 5B), led to smaller net
accumulation of new peat, which offset only 35% of the
already larger losses of old C (Figure 6). The projected net
C loss in the dry scenario was —3.0 kg Cm™? by 2100, nearly
double the losses in the wet scenario.

The relatively stable forcing air temperature between 2100 CE
and 2300 CE resulted in a 20% decrease in NPP in the dry
scenario as the water table continued to drop (Figures 4, 5;
Table 2). Projected net C losses were —13 kg Cm ™2 by 2300, which
represents 15% of the total peat C stock. Strong net losses of old
permafrost C (=6 kg Cm™?) represented ~40% of the net C loss
by 2300.

3.3 Drivers of Permafrost Formation and

Peat C Accumulation

In this modeling study, an important result was that
permafrost formation and stability was strongly influenced
by the parameter that represents the regional hydrology and
the wetland connectivity to the watershed, H,un on/off
(Figure 1). Specifically, H yn on/ofr represents the height of
the peat when the peatland stops receiving run-on from the
surrounding landscape and begins to shed water via run-off,
as occurs in domed bogs (Charman, 2002). While the H,y,_on/
off parameter was important for maintaining a shallow water
table level, for example representing wetlands that are still
connected to the surrounding watershed (Woo and Young,
2006), it also controlled rates of peat accumulation through
feedbacks between the water table position and the peat
thermal properties, which influenced the thickness of the
active layer and ultimately decomposition rates. Peat
accumulation results from rates of productivity exceeding
rates of decomposition. During the period of exceptional high
peat accumulation rates between peat initiation in 5700 BP to
4550 BP (Figure 1D), NPP in the wet landscape was on
average 50% greater than the dry landscape NPP (Figures
4A,C), yet Figure 1D shows that peat accumulation rates are
>2.5 times larger for this dry landscape scenario. Since the
differences in peat accumulation that can be attributed to
differences in productivity would favor the wet scenario, the
observed difference must be due to slower rates of
decomposition.

Rapid Peat Accumulation in Permafrost

In peatlands, hydrology controls the decomposition rates
through two mechanisms: oxygen availability (the standard
peat situation of saturation and slow decomposition) and peat
thermodynamics. Peat thermodynamics controls soil
temperature and therefore, permafrost formation and
active layer thickness. Permafrost formation and active
layer thickness, in turn, controls decomposition rates,
which are very low to negligible in permafrost (Schédel
et al., 2016). In the dry landscape scenario during rapid
peat accumulation, these effects on thermodynamics
(i-e., shallower active layer) are stronger than the effects of
substantially higher aerobic decomposition rates occurring in
the peat acrotelm.

In this study, vertical peat accumulation was ultimately
governed by the residence time of peat in the active layer, or
the length of time when peat can be decomposed before it is
frozen into the permafrost (Figure 1). In these permafrost
systems, the active layer depth rather than acrotelm controlled
decomposition in dry peats so that decomposition was limited not
by the normal (in peatlands) anaerobic conditions but rather
temperature limited by permafrost presence. The duration of time
for decomposition (e.g., number of years with unfrozen
conditions) in the active layer controlled the degree of peat
decomposition, which has both a direct effect (loss of mass/
material) and an indirect effect (increasing bulk density with
increased humification). This effect is illustrated by contrasting
patterns of peat accumulation and permafrost formation, with a
higher degree of decomposition prior to permafrost preservation
(Figure 1) and lower carbon loss with subsequent thaw in wetter
conditions (Figure 6).

The higher degree of decomposition in the wet landscape
scenario is related to the shallow water table, which results in a
larger thermal mass, enhanced heat transfer to deeper peat and
subsequently a deeper active layer (Figures 1, 5). In an analysis
of active layer depth and soil water content data from sites
across Alaska, Clayton et al. (2021) found that while active
layer depth generally increased with increasing active layer soil
water content, as water content in the top 12 cm of the soil
increased the active layer also increased, and active layers also
tended to be deeper as soils became saturated. These
exceptions reflect the conditions of the TKP wet scenario.
With this deeper active layer, the residence time for a peat
cohort within the active layer (transit time from the peat
surface to the permafrost surface) was about 1,000 *
100 years or more (Supplementary Figure S2). By then the
peat was highly decomposed, had lost most of its original litter
mass (mean: ~73% mass loss), and the organic matter density
was near the maximum, resulting in less peat thickness per unit
mass of peat and a shallower peat profile (Figure 2B), and
relatively rates of peat accumulation (overall:
2.9 mm decade™'; Figure 1C).

In contrast, when the peatland began to shed water earlier in
its development, the drier peat, deeper water table, and
resultingly shallow active layer led ultimately to deeper peat
with lower organic matter density (Figures 1, 2). These results
show that higher peat accumulation and preservation can occur
with a deep water table and dry peat surface, which are usually

low
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associated with low rates of peat accumulation such as those
found in permafrost palsas and bogs (Treat et al, 2016a).
Notably, the rapid peat accumulation rates simulated during
¢.5700-4550 BP were not due to years of very high accumulation
(e, >2mmy "' or 20 mm decade™"), but rather no years of
decomposition that exceeded litter input. In contrast, negative
accumulation years were common during other periods during
the dry scenario and the entire wet scenario (Figures 1C,D).
These results illustrate an important role for the decomposition
of older peat (roughly 200-800 years in this case) found in the
deeper active layer and overall C balance of the peatlands more
generally.

Contrasts between wet and dry landscape scenarios
(Figure 1) present a possible explanation for how rapid rates
of peat accumulation could occur as a result of shallow and
relatively rapid permafrost formation in dry peat. This rapid
permafrost aggradation coupled with a shallow active layer
provides an alternative, or additional, explanation to the
hypothesis that high rates of peat accumulation are driven
primarily by enhanced seasonality attributed to solar
insolation in the early Holocene (Lavoie and Richard, 2000;
Jones and Yu, 2010). In a core, the rapid peat accumulation in
permafrost would appear as well-preserved, relatively
undecomposed peat at depth; unfortunately, the profile
description from TKP is not detailed enough to determine
whether this is observed in-situ but this seems unlikely given
the relatively good agreement between the TKP core and the wet
scenario (Figure 2; Table 1). Future work could focus on testing
this hypothesis.

Other Arctic peat deposits support the hypothesis for rapid
peat accumulation under dry permafrost conditions. Peat cores
collected in a polar desert (1980-2010 MAAT: -17.1°C;
Canadian Climate Normals, Environment Canada, Alert
Station) on Northern Ellesmere Island, Canada at southern
Piper Pass show extensive (>3 m thick) peat deposits that
formed on the edges of steep banks during the mid-Holocene
(LaFarge-England et al., 1991). High peat accumulation rates of
12-38 mm decade ' are associated with well-preserved plant
macrofossils, indicating the rapid incorporation of peat into
permafrost before it decomposes (syngenetic permafrost). The
species assemblage indicates periods of dominant xeric moss
species followed by soligeneous fen mosses and vascular plant
species. These dry, well-drained conditions supported peat
formation primarily through snowmelt water inputs, which
enabled vegetation and moss growth, and the rapid
incorporation of this material into permafrost prior to
decomposition, similar to the dry model scenario (Figures
1B, 5B).

3.4 Permafrost C Vulnerability and

Resilience in Peatlands

Permafrost C vulnerability and resilience to warming in these
simulations was determined by both the water table position
(related to the landscape setting and regional hydrology) and the
legacy of the peat profiles themselves. In the future scenario in the
dry landscape setting, warming soil temperatures (Figure 3)

Rapid Peat Accumulation in Permafrost

released the temperature control on decomposition rates,
which were multiplied by aerobic conditions in the peat
acrotelm (Figure 5). The legacy effect of previous
decomposition also affected the vulnerability: the lower degree
of decomposition in peat currently residing at the top of the
permafrost in the dry landscape setting (Figure 5), when
combined with a strong increase in peat temperature
(Figure 3), increases the peat vulnerability to decomposition
with permafrost thaw (Figure 6). Similar results have been
shown in incubations of permafrost peat, where poorly
decomposed peat in the permafrost is decomposed at similar
rates to peats from the active layer (Treat et al., 2014). The dry
conditions also decrease the resilience of these peatlands through
lower rates of productivity (Figure 4), which are unable to offset
losses of peat C (Figure 6), ultimately leading to substantially
higher predicted net C loss, e.g., higher C vulnerability with
permafrost thaw than in the wet landscape scenario (Figure 6).
Therefore, while soil temperatures also warmed, anaerobic
conditions associated with hydrology (Figure 5, high WT) and
higher NPP (Figure 4; driven by less drought stress) led to lower
net C losses (Figure 6).

Under wetter conditions, more humified peat accumulated
more slowly due to a longer residence time in the active layer
(Figure 1, Supplementary Figure S2), but then was more
resilient against C loss in future scenarios (Figure 6). This was
due to increases in vegetation productivity enabled by sufficient
moisture (Figure 4) and smaller decomposition peat losses
(Figure 5).

We note that the model simulations presented here have some
limitations to assessing permafrost vulnerability: they currently
do not include abrupt permafrost thaw, which will likely affect
ice-rich permafrost peatlands (Olefeldt et al., 2016) and strongly
alter ecosystem function and C exchange (Turetsky et al., 2020). If
abrupt thaw results in a water table closer to the surface, this
could potentially enhance vegetation productivity similar to the
outcome in the wet landscape scenario (e.g., Camill et al., 2001:
Figure 4) which might offset more of the peat C losses (Figure 6).
Changes to the regional hydrology in the future due to permafrost
thaw have a key role in the future vulnerability but are very
difficult to predict (Quinton et al., 2010).

Some field studies in Alaska have shown substantial
differences in the observed peat C dynamics after permafrost
thaw that could be explained by timing of permafrost aggradation
and peat accumulation demonstrated by the modeling scenarios.
In Southwestern Alaska, permafrost peatland sites at Innoko and
Koyukuk showed evidence of syngenetic permafrost aggradation
within the peat (Jones et al., 2017; O’Donnell et al., 2012). At the
APEX Bog site in interior Alaska, permafrost aggraded millennia
after peat accumulation (e.g., epigenetic permafrost; Manies et al.,
2021). Following permafrost thaw, substantially less carbon was
lost from the epigenetic permafrost site than the syngenetic sites
that accumulated peat and permafrost simultaneously (Jones
et al., 2017; Manies et al, 2021). In the modeled scenarios,
rapid permafrost accumulation in the dry scenario (e.g.,
syngenetic formation) showed carbon losses with warming
that were nearly twice that of the wet scenario (Figure 6),
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where the longer residence time in a non-frozen state allowed for
greater decomposition and a less labile carbon source upon thaw
(Figure 5). While the context differs from the modeled scenario
presented here both in terms of permafrost history (significantly
longer permafrost-free conditions at the epigenetic site in the
chronosequence) and permafrost thaw (abrupt thaw instead of
active layer deepening), these model results provide a plausible
explanation for these differing vulnerabilities of these permafrost
peatlands.

3.5 Implications for Modeling Peat and

Permafrost Carbon

The main result shown here is that wet and dry landscape settings
can result in different peat accumulation histories and peat
qualities, even in the same climate setting (Figure 1). If the
active layer depth is shallow (dry landscape scenario), peat is
less degraded before freezing into the permafrost and so is
more susceptible to enhanced decomposition upon permafrost
thaw. Because the wet scenario experienced greater decomposition
prior to making it into the permafrost, less of it decomposes
following thaw. Both peat accumulation history and peat quality
have implications for peat C loss in future warming scenarios
(Figures 5, 6) due to both permafrost thaw and also legacy effects.
To simulate this in a model requires permafrost dynamics
(common to many models) and peat stratigraphy, i.e., resolving
the peat quality (degree of humification or decomposition) down
the peat profile into the permafrost. This probably does not
necessarily require annual litter cohorts as used in HPM-Arctic,
but a single or just a few peat pools would probably not characterize
the peat quality accurately enough.

Very few models simulate peat accumulation over millennia in
the permafrost zone. This is a complex task for most earth system
models as only a few incorporate peatlands into their land surface
schemes (Kleinen et al., 2012; Largeron et al., 2018; Qiu et al., 2018;
Chaudhary et al., 2020), and millennial length earth system model
simulations are computationally costly. Often, the peatlands are
initialized using datasets for timing and peatland extent. Here, we
show that key parameters for determining carbon vulnerability and
feedbacks, such as peat thickness, bulk density, and humification,
must be considered and may vary depending on permafrost
history. Some of these important uncertainty factors may be
quantifiable from the global peat core databases (Loisel et al.,
2014; Treat et al., 2016a; Treat et al., 2016b), but this may require
details that many researchers may not have included their analyses.
A first step would be to determine whether the hypothesis
presented here (dry landscape setting, presence of permafrost,
and shallow active-layer depth coincident with rapid peat
accumulation) can be evaluated with existing peat core data,
and if so, to determine whether these conditions can be
associated with landscape topography and climate conditions in
a way that provides some predictive power for peat initialization.

Furthermore, it is important to keep in mind that future peat
vulnerability to climate change is related to several factors: thaw
rate, subsequent water table dynamics, and nature of thawing peat
(i.e., susceptibility to further decomposition, which may depend

Rapid Peat Accumulation in Permafrost

on both the inherent tissue lability of the plants comprising the
peat and the degree of humification upon freezing into the
permafrost. While this study only addresses this final point,
we show that decomposition processes (i.e, degree of
decomposition and litter quality) are quite important for both
peat accumulation rates and post-thaw carbon losses.

Ultimately, the differences in past C accumulation rates and
future C losses between these wet and dry landscape setting
scenarios were driven by the model parameterization
representing the regional hydrology, including the water inputs
from the surrounding watershed and the runoff to downstream
areas. By demonstrating the differences in peat profiles between the
wet and dry scenarios using the same climate drivers, as well as an
inter-site comparison between two sites with contrasting hydrology
(TKP and southern Piper Pass), these results suggest that
permafrost behavior and peat profiles are strongly dependent
on landscape characteristics controlling hydrology (Woo and
Young, 2006). The regional hydrology and wetland basin
characteristics subsequently determined both peat accumulation
history and future changes in peat organic matter stocks with
permafrost thaw and on-going warming. These findings point to
the importance of considering regional hydrology and wetland
basin characteristics due to their controls on wetland hydrology,
which will likely be a major control on the response of permafrost
carbon in peatlands to warming and permafrost thaw. This study
highlights the limitations for accurately predicting changes in C
balance in response to permafrost thaw without careful hydrologic
assessments. This presents a significant challenge for global-scale
models and future emphasis would be better placed on improving
hydrologic assessments at local to regional scales.
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Permafrost in the NE European Russian Arctic is suffering from some of the highest
degradation rates in the world. The rising mean annual air temperature causes warming
permafrost, the increase in the active layer thickness (ALT), and the reduction of the
permafrost extent. These phenomena represent a serious risk for infrastructures and
human activities. ALT characterization is important to estimate the degree of permafrost
degradation. We used a multidisciplinary approach to investigate the ALT distribution in the
Khanovey railway station area (close to Vorkuta, Arctic Russia), where thaw subsidence
leads to railroad vertical deformations up to 2.5 cm/year. Geocryological surveys, including
vegetation analysis and underground temperature measurements, together with the faster
and less invasive electrical resistivity tomography (ERT) geophysical method, were used to
investigate the frozen/unfrozen ground settings between the railroad and the Vorkuta
River. Borehole stratigraphy and landscape microzonation indicated a massive prevalence
of clay and silty clay sediments at shallow depths in this area. The complex refractive index
method (CRIM) was used to integrate and quantitatively validate the results. The data
analysis showed landscape heterogeneity and maximum ALT and permafrost thickness
values of about 7 and 50 m, respectively. The active layer was characterized by resistivity
values ranging from about 30 to 100 Om, whereas the underlying permafrost resistivity
exceeded 200 Om, up to a maximum of about 10 kQm. In the active layer, there was a
coexistence of frozen and unfrozen unconsolidated sediments, where the ice content
estimated using the CRIM ranged from about 0.3 — 0.4 to 0.9. Moreover, the transition
zone between the active layer base and the permafrost table, whose resistivity values
ranged from 100 to 200 Qm for this kind of sediments, showed ice contents ranging from
0.9 to 1.0. Taliks were present in some depressions of the study area, characterized by
minimum resistivity values lower than 10 Om. This thermokarst activity was more active
close to the railroad because of the absence of insulating vegetation. This study
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contributes to better understanding of the spatial variability of cryological conditions, and
the result is helpful in addressing engineering solutions for the stability of the railway.

Keywords: electrical resistivity tomography (ERT), geocryology, permafrost degradation, rock physics, landscape
microzonation, active layer, climate change, Arctic tundra

1 INTRODUCTION

Permafrost is defined as ground with a temperature remaining
below 0°C for at least two consecutive years
(ACGR—Associate Committee on Geotechnical Research,
1988; Isaev et al., 2020). Perennial frozen ground occupies
around a quarter of the terrestrial surface in the Northern
Hemisphere (Zhang et al., 1999; Gruber, 2012; Wang et al,,
2019; Vasiliev et al., 2020) and more than 60% of the Russian
territory (Anisimov and Reneva, 2006). The percentage of
lateral continuity of permafrost can be classified into
continuous (90-100%), discontinuous (50-90%), sporadic
(10-50%), and isolated (<10%) (Brown et al., 1997; Brown
et al., 2002). This distribution is represented in Figure 1 for
the European Russian Arctic and Northwestern Siberia, a
region experiencing some of the highest rates of permafrost

degradation (Romanovsky et al., 2010; Streletskiy et al., 2015;
Romanovsky et al., 2018; Biskaborn et al., 2019).

The permafrost thermal state is highly sensitive to the
changing climatic conditions (ACGR—Associate Committee
on Geotechnical Research, 1988; Yershov, 1998; Harris et al,
2017; IPCC et al., 2017). The Arctic amplification, a proven
phenomenon for which the Arctic is warming about twice as
fast as the rest of the world, is altering the permafrost distribution
and leading to its degradation (IPCC et al., 2017; Biskaborn et al.,
2019; NOAA/NASA, 2020; NSIDC—National Snow and Ice Data
Center, 2020). Several studies in the Eurasian Arctic (e.g.,
Streletskiy et al, 2015; Buldovicz et al, 2018; Romanovsky
et al,, 2018; Abramov et al., 2019; Maslakov et al., 2019) have
already documented permafrost degradation induced by
warming mean annual air temperatures (from 0.05 to 0.07°C
yr ' since 1970; Vasiliev et al, 2020). In the Arctic Russia,
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FIGURE 1 | The top left map shows the location of the study area (Khanovey railway station, close to Vorkuta city) in the NE European Russian Arctic, along with the
percentage of permafrost lateral continuity in the region (according to the classification of Brown et al., 1997; Brown et al., 2002). The map at the center of the figure
shows the survey location area, with the position of boreholes and geophysical data used in this study. The profile positions of the geoelectric surveys performed in
2019 in Site 1A and Site 1B are highlighted in blow-ups on the right. Maps compiled using ArcGis® (Esri) software. Datum: WGS84; projection: UTM 41N. Satellite
base image (Giis layer “World Imagery”) and permafrost extent (Gis layer “North Hemisphere Permafrost_WFL1") were retrieved in 2019 from the ArcGis online database
resources.
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of the Ural Mountains.

FIGURE 2| Railroad deformation associated with permafrost degradation along the North Russian Railway close to the Knanovey field site at the western foothills

permafrost is warming relatively slower than the Arctic air and it
became about ~1.5°C-2.5°C warmer during the last half-century
(Biskaborn et al., 2019; Melnikov et al., 2022). As a consequence,
the top layer of permafrost, subject to seasonal thawing and
freezing (i.e., the active layer), increases its thickness (i.e., the
active layer thickness—ALT), causing a northward retreat of
permafrost extent and a widespread reduction in the capacity
of soil to carry loads (Yershov, 1998; Osterkamp and Burn, 2003).
Over the past 2 decades, ALT has increased at all Russian
European Circumpolar-Active Layer-Monitoring (CALM) sites,
showing strong positive trends varying from 0.3 to 3.0 cm per
year (Kaverin et al., 2021). As the ground thaws and freezes, it
contracts and expands, inducing subsidence (thaw settlement),
stress on foundations, and surface deformation of infrastructures
(Chen et al., 2014). This is due to the modification of the soil
mechanical properties by thermokarst processes, leading to
decreasing ground bearing effectiveness, which, in turn,
produces deformation and collapse of buildings, bridges, roads,
etc. (e.g., Hong et al,, 2014; You et al,, 2017).

These phenomena profoundly affect the natural Arctic
environment, as well as most of the socio-economic sectors of
northern communities (IPCC et al., 2017; Marohasy, 2017). More
than half of the Arctic inhabitants live in Russian territories
underlain by permafrost. Population density and socio-economic
development levels are highly variable across the Russian Arctic
(EEA—European Environment Agency, 2017; Hjort et al., 2022).
Ranging from the largest cities (e.g., Vorkuta, Yakutsk, and
Norilsk) to sparse and isolated villages, urbanized settlements
are of various sizes, which are often related to the availability of
basic resources for living and livelihood (Streletskiy and
Shiklomanov, 2016; Streletskiy et al, 2019). However, the
accessibility of these resources is becoming increasingly
problematic. The systematic loss in the continuity of
permafrost due to global warming presents serious problems

because of the high costs of construction and infrastructure
maintenance, limiting access to people and goods supply from
and to the Arctic regions (Marohasy, 2017; Allen et al., 2018).

Permafrost degradation leads to serious consequences for
ecosystems, hydrological systems, and infrastructure integrity.
The most important are the following: greenhouse gases release
(Yang et al, 2010; Streletskiy et al, 2015); slowly moving
landslides (frozen debris lobes); coastal erosion (Kasprzak
et al,, 2017; Maslakov et al., 2019; Isaev et al.,, 2020; Sinitsyn
et al., 2020); ground subsidence; and the decrease in bearing
capacity (Streletskiy et al., 2015; Voytenko and Sergeev, 2016;
Isaev et al, 2020). In particular, it causes damages to
infrastructure networks (e.g., Chen et al., 2014), resulting in
deformation and subsidence of railway line tracks (e.g.,
Figure 2). The presence of anomalous unfrozen ground zones
close to the railroads, related to groundwater circulation and
thermokarst processes, changes the thermal state of the ground
and plays a huge role to infrastructure damage (e.g., Drozdov
etal., 2015; Isaev et al., 2020; Hjort et al., 2022). This phenomenon
produces a strong impact on economic costs for infrastructure
maintenance (Voytenko et al., 2017; Streletskiy et al, 2019;
Melnikov et al., 2022), rising the vulnerability of people and
human activity.

Although climatic factors play major roles in explaining
permafrost thickness and active layer trends across large
regions, vegetation, soil properties (e.g., thermal capacity), and
land-use are also influencing factors (Wagner et al., 2018; Vasiliev
et al., 2020; Schneider von Deimling et al., 2021). Permafrost
warming can be locally amplified as a consequence of
construction  operations, embankment geometry, snow
accumulation on side slopes, or changes in material properties
(Zhang et al., 2004; Vasiliev et al., 2020). The warming effects can
worsen if inadequate construction methods and procedures are
adopted, such as soil compaction, removal of peat, and
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destruction of the vegetation cover (Drozdov et al, 2015).
Monitoring of the extension and thickness of permafrost and
active layer by employing different investigation methodologies is
fundamental for designing effective infrastructure consolidation
plans and targeted solutions (e.g., Schwamborn et al, 2008;
Voytenko and Sergeev, 2016; Gilbert et al., 2019; Tyurin et al,,
2019).

A variety of methods commonly used for ALT and permafrost
investigations can be found in the literature. Direct methods
include mechanical probing, soil temperature monitoring, and
visual observations (Hinkel and Nicholas, 1995; Brown et al.,
2000). These methods form the basis of the CALM program
(https://www2.gwu.edu/~calm/), started in 1991 to study the
impacts of climate change on permafrost environments
(Brown et al., 2000; Hinkel and Nelson, 2003; Kaverin et al.,
2021). Another direct method is the use of the annual thawing
index based on surface air temperature data (e.g., Peng et al,
2016). In turn, modeling approaches have been applied to
describe ALT variations at different spatial scales (Nelson
et al., 1997; Nelson et al., 1999; Hinzman et al, 1998; Oelke
et al., 2003; Sazonova and Romanovsky, 2003).

Regional active layer conditions are difficult to be determined
from direct ground surveys of permafrost features (e.g., digging,
core drilling, and temperature measurements in boreholes)
because of the large permafrost extent, high costs, and
inconsistent sampling (Duguay et al., 2005). As a consequence,
indirect methods for regional ALT estimation are often
employed, which provide near-surface indicators of underlying
ground conditions. These methods consist in remote sensing
observations (e.g., Yi and Kimball, 2020) incorporating different
global satellite data (radar, microwave, and infrared) of vegetation
cover, ground thermal (air and surface temperatures), and
hydrological (snow depth and soil moisture) parameters in
order to capture abrupt shifts in landscape properties between
predominantly frozen and unfrozen conditions (Kimball et al.,
2004; Kim et al., 2011; Park et al., 2016). Repeated observation at
representative sites over long periods is essential to evaluate
regional patterns and trends related to permafrost degradation.

Geophysical surveys, as ground-penetrating radar (GPR) and
electrical resistivity tomography (ERT), have been extensively
used to study active layer and permafrost features. However,
although the GPR technique performs well only for low clay
contents in the subsoil (e.g., Arcone and Delaney, 1982; Palacky,
1988; Delaney et al., 1990; Doolittle et al., 1990; Arcone et al.,
1998; Hinkel et al, 2001), the ERT method enables the
characterization of both the active layer and the underlying
permafrost for almost all soil textures (e.g., Kasprzak, 2015;
Seppi et al,, 2015; Kasprzak et al, 2017; Léger et al., 2017;
Picotti et al., 2017; Francese et al., 2019; Farzamian et al.,
20205 Isaev et al,, 2020). In addition, electromagnetic induction
methods have been successfully used to estimate the thickness of
permafrost (e.g., Isaev et al., 2020).

The purpose of this research is to integrate geophysical and
geocryological methods for permafrost and ALT investigations in
the northwestern European Arctic (Komi Republic). The target
zone is the Khanovey railway station area, close to Vorkuta city,
located on the west of the Ural Mountains (Figure 1). The study
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area, characterized by Quaternary sediments lying on Permian
coal shale bedrock, exhibits a continuous permafrost layer
(Tananaev et al, 2021). This region is crossed by the North
Russian Railway, which represents the only land connection
between Moscow city and the northern Arctic territories.
Several studies report that this important railroad
infrastructure is suffering from deformation reaching 2.5 cm
yr ' due to the thawing of permafrost (e.g., Voytenko and
Sergeev, 2016; Vasiliev et al, 2020). At the nearby Talnik
CALM site, the average ALT increased steadily in the
1998-2019 period from 76 to 152 cm, showing a site-averaged
trend of 4 cm yrf1 (Kaverin et al., 2021).

This research encompasses engineering/geocryological
surveys (borehole drilling and thermometry), geophysical
surveys (geoelectric), landscape microzonation, and digital
mapping. These investigation methods provided data with
different resolutions, which were combined together to
characterize the unfrozen and frozen ground thickness
distribution in the Khanovey field site. The complex refractive
index method (CRIM) rock-physics theory has also been applied
to enhance data integration and to quantitatively validate the
geophysical results. This research is useful to address engineering
solutions that ensure stability and operational performance to the
railway, e.g., railway line diversion or employment of the
thermosyphon and insulation cover technologies (e.g., Wagner,
2014; Isaev et al., 2016; Ulyanov, 2021).

2 AREA DESCRIPTION

The investigated area is located in the Bolshezemelskaya tundra,
about 60 km west of the foothills of the Ural Mountains. It has an
extension of approximately 1km? and it is delimited by the
Vorkuta riverbank on the eastern side and by the North Russian
Railway on the western side. It was subdivided into two parts: the
southern area (Site 1, delimited by the light blue line in the map of
Figure 1), the main target of this study, and the northern area
(Site 2, delimited by the red line in the map of Figure 1), where
geocryological data were collected in 2019 for future geophysical
investigations. In Site 1, the geological, cryological, and
geophysical data were collected in 2019 and previous years.

With respect to orography, the territory is an accumulative
plain, with an absolute surface at 70-200 m above sea level (a.s.l.)
and erosions within the plains, with depths of 20-40 m (Isaev V.
S. et al,, 2022). In landscape terms, the site is characterized by a
peaty-bumpy tundra, which is a system of microdepressions and
hollows interspersed by hillocks.

The Khanovey study area is part of the Timan-Pechora
sedimentary basin, which belongs to the submerged north-
eastern part of the European Platform. More into detail, the
site is settled over the tectonic unit of the Pre-Urals Foredeep
(Klimenko et al., 2011). The sedimentary sequence of the area
consists of Silurian siliceous shale deposits that originate at the
initial stage of formation of the young Timan-Pechora platform,
lying at a depth of approximately 250 m. These sediments are
covered by lower Carboniferous coal, dolomite, and limestone
(Vorgashorskaya Formation) emerging at a depth of about 50 m.
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Lower Permian sediments are constituted by about 15 m thick
alternation of sandstone, siltstone, and mudstone (Artinskian
Stage) and by about 4-20m coal layers (Kungurian Stage).
Quaternary sediments are represented by Middle Pleistocene
marine and ice-marine deposits (loam and silt of yellow-
brown color) and Upper Pleistocene and Holocene alluvial
sediments. The total thickness of the Quaternary sediments is
15-30 m, with an average of 20 m (USSR Engineering Geology,
1991; Isaev V. S. et al., 2022). These alluvial and moraine deposits
are the basement of the railway embankment throughout the
surveyed area (Vasiliev et al., 2020). They lie on the lower frozen
Carboniferous coal deposits of the Vorgashorskaya Formation
that crop out on the riverbanks of the Vorkuta River (Isaev V. S.
et al.,, 2022).

Regional climate has a Subarctic character: summer is short
and cool, and winter is long and cold, lasting over 8 months from
October to May. The total period without negative daily
temperatures is only 70 days in average per year, and the
mean annual daily temperature is —5.6°C (Tananaev et al,
2021). Total annual snow accumulation is increasing.
Precipitation is about 430 mm, of which from 50% to 70% fall
as snow (Tananaev et al, 2021). In tundra landscape, snow
accumulation increased by 1.8cm yr ' over the period
1998-2018 (Vasiliev et al., 2020).

The thickness of permafrost in this area was estimated to range
between 40 and 95m using the near-field transient
electromagnetic sounding method (Isaev et al., 2020). Railway
engineering service confirmed these values by means of seismic
data analysis and core drilling operations.

The maximum annual ground temperature ranges
between —0.5°C and -1.0°C at zero annual amplitude depth
(around 12 m, Tananaev et al.,, 2021). A residual thaw layer is
occurring annually between the base of the seasonally freezing
layer at 2-3 m depth and the top of the permafrost layer at 4-5 m
depth (Tananaev et al., 2021). Important cryogenic processes
occur, including thermokarst and fluvial thermal erosion. Frost
boils are also common cryogenic features, mostly occurring in a
narrow belt surrounding the water track valleys (Tananaev et al.,
2021).

Of particular interest is the diffuse presence of thermokarst
phenomena. Thermokarst is a permafrost degradation process
initially caused by a disruption of the ground thermal equilibrium
that increases the ALT (Jorgenson, 2022). The land surface
expression of this process is a thermokarst area generally
characterized by marshy hollows. The progressive permafrost
degradation can evolve in the development of a closed or an open
talik, i.e., an anomalous unfrozen ground enclosed in permafrost
or open to the surface, respectively. Further melting of ground ice
leads to complete degradation, with all permafrost thawed. In this
case, the thermokarst process degenerates to the development of a
deep (or through) talik, without permafrost either at the top or
the bottom (Jorgenson, 2022). The land surface expression of
taliks generally consists in shallow thermokarst lakes and rivers,
particularly in regions of continuous permafrost. In the case of
deep taliks, the presence of thermokarst lakes depends on the type
of soil. Often, both the surface water and the pore water in the
underneath sediments do not freeze in winter.

Active Layer and Permafrost Investigations

The Khanovey site is an example of a permafrost degradation
process at a metastable stage, referred to as “climate-driven,
ecosystem-protected permafrost” (Vasiliev al,  2020).
Melting of ground ice near the permafrost table produces
uneven thaw and thermokarst, affecting infrastructure and
engineering constructions. Here, permafrost degradation and
the gradual lowering of the permafrost table lead to vertical
deformation (up to 2.5cm yr ') of the North Russian Railway
roadbed (Figure 2), a process accelerated by the removal of peat
during the construction, with a consequent change of the local
thermal regime (Voytenko and Sergeev, 2016; Vasiliev et al,
2020).

et

3 METHODS AND DATASETS

Data were mostly acquired at the end of the warm season,
between 1 and 23 September 2019, during the international
educational course “Vorkuta Engineer-Geocryological Field
Work” held by Lomonosov Moscow State University-MSU in
collaboration with Norwegian University of Science and
Technology-NTNU. The late summer period guarantees the
collection of data on the maximum annual thickness of the
active layer. Several direct and indirect surveys were carried
out and integrated together for a detailed ALT mapping.

Geocryological and landscape surveys, in accordance with
Russian standards of permafrost investigations, encompassed
borehole coring, probing, and digital mapping. These
measurements allowed the subdivision of the area into zones
as a function of size relief, geomorphological characteristic, slope
exposition, vegetation cover, drainage condition, ALT direct
estimates, lithology, and cryogenic processes (e.g., thermokarst,
frost heaving, frost boil, and solifluction).

Since 2012, several boreholes have been drilled within the
study area, which provide useful lithological information.
Furthermore, thermometric sensors were installed in 2015, and
ground temperatures profiles were reconstructed using records
from 2015 to 2018. Information from three boreholes was used in
this study to calibrate the geophysical data.

Indirect geophysical investigations were carried out to
integrate the geocryological and landscape data. The
geoelectric method was used for frozen and unfrozen ground
characterization, which included the ice content estimation in the
active layer and the ALT mapping. Previous and new geoelectric
profiles (Figure 1) were combined with ground thermometry and
borehole data to get information about the frozen and unfrozen
ground distribution between the railway and the Vorkuta River.

Thermometric measurements in boreholes, core lithologies,
geophysical surveys, drilling, and probing have been carried out
in Site 1. Geophysical surveys consist in geoelectric
measurements, as an integration to the previous geoelectric
survey (September 2018), to map the distribution of
permafrost and of the active layer. New landscape zonation
and geophysical investigations were conducted during the
September 2019 field work to integrate the satellite images and
data of previous surveys (e.g, ground temperature
measurements, borehole information, and geoelectric data).
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Two areas were selected for the geoelectric acquisitions within
Site 1, both near the western Vorkuta riverbank: Site 1A to the
north and Site 1B to the south (Figure 1). Site 2 was an
unexplored area until September 2019, when only a landscape
survey was performed.

The combination of all methods employed in this study provided
investigations at different resolutions, allowing the characterization
of the unfrozen and frozen patterns and thickness distribution from
the surface up to tens of meters depth. Furthermore, it is essential to
distinguish between different types of taliks in thermokarst areas.
Taliks are bodies of unfrozen ground occurring in a permafrost area
due to a local anomaly in ground thermal conditions. They can be
closed, open, or deep (through), depending on whether the talik is
surrounded by permafrost, open at the top, or open both at the top
and the bottom. Geophysical methodologies are fundamental for
the detection and differentiation of these features and for defining
the rock-physical properties of the frozen soil. In this perspective,
the CRIM rock-physics theory can be very useful to link the
underground resistivity values to the petrophysical properties
(porosity, clay, and ice content) and to enhance integration
among the results from geophysical and other surveys (core
lithologies, thermometric data, and landscape zonation).

3.1 Geocryological Survey and Landscape

Microzonation

Satellite images (of year 2019) were interpreted to preliminarily
identify the main morphological elements such as the following:
water streams, depressions, hilltops with different vegetation,
river embankments, river terraces, anthropogenic structures
(such as buildings, railroads, and pits), lakes, channels, and
gully erosions. Correlations among landscape type, color and
tone, texture, shape, and size of areas were applied to perform this
analysis (according to Jensen, 2007).

Moreover, a geocryological field survey (Yershov, 1998)
encompassed direct sampling and observation at 73 and
14 points within Site 1 and Site 2, respectively. The following
types of information were identified and collected:

- relief surface characteristics. Mesorelief > 2 m height above
mean topography (a.m.t), which is about 85m asl;
microrelief < 2m height am.t., defined as flat or
moundy. When moundy, the height of the mounds is
reported;

- surface drainage type (swamp, stream, wet, moist, dry, and
very dry);

- vegetation type (lichen, moss, shrub, shrubbish, bush, and
grass), according to Goryachkin et al. (1994);

- surface soil sediment classification on a texture basis (clay,
silty clay, silty sand, sand, gravel, pebble, and cobble),
according to the Folk diagram (Folk, 1954);

- cryogenic processes, such as thermokarst phenomena, frost
heaving (i.e., upward or downward displacement of the
ground surface caused by freezing and thawing of water
in soil), and frost boil (i.e., nonsorted circles resulting from
deformation and mixing soils caused by frost heave during
freeze back of the active layer);
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- morphological elements/processes: river terraces, gully
erosion, and solifluction (i.e., slow downhill flow of
saturated soil).

Direct estimations of ALT were also performed by digging and
probing with a 2m long metallic probe, in accordance with
CALM methodology. Shovel excavations (until 1.50 m depth)
allowed us to analyze the cryolithology of seasonally thawing/
freezing sediments.

The collected morphological (both from preliminary analysis
of satellite image and from direct field survey) and geocryological
data (field survey), together with classified landscape microzones,
were caéaloged and digitalized as georeferenced layers using the
ArcGIS  (Esri) software to produce the geocryological and
landscape microzonation map.

3.2 Boreholes and Temperature

Measurements

Between 2012 and 2018, eight boreholes were drilled in the
Khanovey area. Five of these boreholes are of particular
interest for this study: K1, K2, K3, K7, and K8 (Figure 1).
K1 and K2 were drilled in 2014 down to depths of 4.85 and
4.80 m, respectively. Borehole K3 was drilled in 2015 down to a
depth of 5.80 m. Borehole K7 was executed in 2017 down to a
depth of 2.90 m, and K8 was executed in 2018 down to a depth of
4 m. Rotational or rotational-pressure drilling methods were
employed. Rotary core drilling was carried out with the help
of a motorized drill for a maximum investigation depth of each
borehole. Lithological and geocryological information are
available for all five boreholes, from the top to the bottom of
the holes (Voytenko et al., 2017).

To analyze the thermal conductivity of the shallower soil,
ground temperatures were recorded from October 2015 to
October 2018 wusing a thermistor set composed of
GeoPrecision  Logger Thermistor strings  (https://www.
thermistor-string.com/) and Hobo Thermistor strings (https://
www.onsetcomp.com/products/sensors/s-tmb-m0xx/) installed
in boreholes K1, K2, and K3.

3.3 Geophysical Surveys
Thawing permafrost is strongly linked to local scale changes in
the rock-physical properties of frozen soil, which can be
monitored using geophysical and geocryological methods. The
degree of freezing of interstitial water has a negligible effect on
density and magnetic permeability, precluding the use of
gravimetric and magnetic techniques. It is fortunate that
freezing has a marked effect on dielectric permittivity
(Thomson et al, 2012), conductivity (Palacky, 1988; Seppi
et al., 2015; Picotti et al, 2017; Francese et al., 2019), and
seismic wave velocities (Carcione and Seriani, 1998). Hence,
geoelectric, electromagnetic, and seismic methods constitute
the best approaches to quantify the thawing degree of ice in
sediments.

In this work, geophysical investigations were performed by
acquiring both geoelectric and GPR profiles. Although the study
area posed severe limits to the GPR technique due to the presence
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FIGURE 3 | Histograms of (A) potentials, (B) injected currents, and (C) apparent resistivities.

1400 |

1200

1000

800 |

Count

600 {

400 |

200

™
100 120 400

200

600
App. res. (Qm)

140 160 0 800 1000

of massive clay contents in the subsoil, the geoelectric method
enabled us to characterize both the shallow unfrozen and deep
frozen ground, as well as the ALT. The geoelectric method can
accurately distinguish between frozen and unfrozen soil based on
the spatial variations of resistivity. ERT has been proven to be the
most effective technique for monitoring ice content because upon
freezing, electrolytic conduction is suppressed, reducing ion
mobility and implying a marked increase in the resistivity of
the ground (Palacky, 1988; Petrenko and Whitworth, 2002).

3.3.1 Geoelectric Data Acquisition

An IRIS Syscal Pro electrical resistivity meter, an all-in-one
multinode resistivity system, was used for geoelectric field
acquisition. The combination of both the dipole-dipole and
pole-dipole configurations ensures high sensitivity to lateral
and vertical resistivity variations, as well as a good signal-to-
noise ratio and penetration. A total of six geoelectric profiles were
acquired from 7 to 15 September 2019 in Site 1A and Site 1B
(Figure 1). The interest in these two sites is due to the fact that a
wildfire occurred a few decades ago in the former and a new
borehole is planned in the latter. Four parallel 240 m long profiles
(ERT1, ERT2, ERT3, and ERT4) were recorded in Site 1A using a
5m electrode spacing. Two parallel 48 m long profiles (ERT1S
and ERT2S) were acquired in Site 1B using a 1m electrode
spacing. The lines were oriented in the NW-SE direction in
Site 1A and approximately in the N-S direction in Site 1B. In the
latter, only the dipole-dipole configuration was used for both
lines.

3.3.2 Geoelectric Data Processing and Electrical
Resistivity Tomography

The geoelectric data were processed and inverted by adopting
ERTLab™ —ViewLab3D™ (http://www.geostudiastier.it/) package.
Prior to the inversion procedure for the production of the resistivity
model (imaging), the dataset was subjected to quality control.
Overall, the dataset was of excellent quality, and for this reason,
only 1% of the total quadrupoles were removed. Data processing was

based on the following criteria (e.g., Seppi et al., 2015; Picotti et al,,
2017): elimination of measurements with instrumental standard
deviation (obtained through multiple measurement stacks) larger
than 10%, removal of the receiver potentials lower (in absolute value)
than 0.01 mV, and filtering of negative apparent resistivity values
(that have physical meaning only in 3D surveys).

Figure 3 shows the histograms of the statistical distribution of
the potentials, currents, and apparent resistivities after filtering.
The currents injected at the transmission electrodes had an
average value of about 72mA, and the average apparent
resistivity value was around 200 Qm.

The processed data were then inverted in order to perform
imaging and obtain a realistic distribution of subsoil resistivity.
The inversion parameters were the following:

- mesh size in the x and z directions equal to half of the
electrode spacing: 2.5 m in Site 1A and 0.5 m in Site 1B;

- initial homogeneous resistivity model equal to the average of
the apparent resistivity values;

- noise level of 3%, estimated via a statistical analysis of the
reciprocal measurements.

Tomographic inversion converged after a maximum of four
iterations for all considered datasets.

The ERT was carried out also using another software, the
Geotomo Res2dInv (https://www.geotomosoft.com/) package,
leading to very similar results. The resulting ERT sections
were then interpreted using the Kingdom™ (IHS Markit) and
ArcGIS” (Esri) packages to produce the ALT map and integrate
together the geocryological and geophysical results.

4 RESULTS

4.1 Landscape Zonation
On the basis of the morphological and geocryological
investigations, 12 different types of landscape microzones were
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FIGURE 4 | Landscape microzonation map resulting from the morphological analysis and geocryological survey in September 2019 in the Khanovey study area.
The position of boreholes and geophysical profiles used in this study are also shown. Silty clay deposits (brown dots) represent the major soil sediment texture type,
except for the riverbank and for the northern sector, where abundant sand deposits are present (yellow dots). The active layer thickness values (direct estimations) are
indicated by black triangles. Thermokarst phenomena, mainly located close to the railway embankments, is indicated by red dots; solifluction, inactive and active
frost boils, gully erosion, and river terrace are also displayed. The surveyed area can be subdivided into 12 different landscapes as indicated in the legend and in Table 1.
Map compiled using ArcGis” (Esri) software. Datum: WGS84; projection: UTM 41N. Satellite base image (Gis layer “World Imagery”) retrieved in 2019 from the ArcGis

online database resources.
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classified in both Site 1 and Site 2 (Figure 4). The 12 classified
microzones were the following: moundy hilltop, mixed hilltop,
even hilltop, bushy depression, swamp depression (Figures 5A,
B), even hillslope (Figure 5C), flat hilltop (Figure 5D), moundy
hillslope (Figure 5E), riverbank (Figure 5F) and riverbank
landslide, valley, and anthropogenic area (e.g., Figures 2, 5A).

The peculiar characteristics of each microzone are
summarized in Table 1, and Figure 4 displays the
geocryological features and the landscape microzonation map
performed for the surveyed area (both Site 1 and Site 2).

The land surface is characterized by large polygonal
features, with a diameter between about 10 and 150 m.
Mesorelief (>2m height a.m.t.) and microrelief (<2m
height a.m.t.) are typical of the area. The hill landscapes
(hilltop and hillslope) are classified on the basis of the shape and
slope pattern as follows: flat, moundy, even (uniform hill), and
mixed. The term “moundy” refers to a rugged and irregular hill with
mounds up to about 20-50 cm a.m.t. high. The main difference
between moundy and mixed hill is due to the vegetation pattern and
smaller mound height (up to 20 cm a.m.t.) in mixed hill. Depressions
are subdivided according to the vegetation type into the following:
bushy (characterized by tall shrubs and birches) and swamp/grass
depressions (characterized by moss and grass). Flat areas of flood
plain and a river terrace are present in the southern eastern sector of
Site 1, both covered by grass. The anthropogenic area, usually
characterized by sand and gravel, includes railroad, pathways, the
base camp set up during the field work, the coal pit, and the pump
station.

The study area is covered by unconsolidated fine-grained
sediments related to Quaternary glaciomarine deposits. Clay
and silty clay sediments are dominant, except for the
riverbank and the northern sector of Site 2, where sand and
silty sand deposits dominate the moundy, even, and flat hilltops.
At the toe of the even hillslope, occasional clasts of pebble to
cobble size can be found. Two interpretations can explain this:
uprising of the coarse grains due to the frost heave phenomena or
fluvial deposit associated with the adjacent valley.

Within the valley landscape (covered by clay and silty clay),
gullies erosion with U-shaped profiles are characterized by stream
surface drainage and small waterfalls that evidence a recent
development. The riverbank landslide consists of sand and
gravel. Along the Vorkuta River, riverbanks form an about 45
slope (Figure 5F). In the riverbank area, a shallow study section,
dug by shovel and less than 2 m deep, reveals that the uppermost
sediments are dominated by sandy loam, mainly massive, with
occasional clasts of pebble to cobble size and iron precipitations.
Striated clasts indicate that the sediment is evidently of glacial
origin. A deeper laminated coarse sand unit, with clasts of pebble
to cobble size, is present. Grain size rapidly declines away from
the riverbank, with sediments becoming finer.

Hilltops with <1° slope (e.g., even hilltop) are associated with
phenomena related to seasonal freeze-thaw, which saturates the
soil on the surface and induces solifluction movements along the
slope. Thermokarst phenomena (Figures 5A, B) and frost boils
are cryogenic processes associated with permafrost. Frost boils
are subdivided into active and inactive (covered by vegetation). In
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by patches of grass and, in this case, an isolated tree.

FIGURE 5 | (A) thermokarst phenomena close to the railway. (B) thermokarst phenomena, within bushy and swamp depressions, that mark the Arctic landscape at
the western foothills of the Ural Mountains. (C) even hillslope landscape characterized by small mounds (maximum 20 cm high) covered by lichen (e.g., reindeer lichens,
in white) and small shrubs (e.g., Vaccinium myrtillus or blueberry) vegetation. (D) flat hilltop landscape example, close to the railway, mainly characterized by lichen (e.g.,
reindeer lichen, in white), small shrub (e.g., Rhododendron tomentosum or Labrador tea), and few amount of moss vegetation. (E) moundy hillslope landscape with
massive mounds about 25-50 cm high covered by lichen, dwarf birch, moss, and grass. Wet intermound depressions are also abundant. (F) vorkuta riverbank covered

the latter, the interrupted frost heaving due to the increase in the
thaw layer allows plants to encroach the area. Thermokarst areas
usually develop close to the eastern side of the railroad (Figure 4)
because of the vegetation layer removal during the construction of
embankments.

The tundra vegetation of the study area is mainly constituted
by lichen, moss, grass, tall and small shrubs, and dwarf and tall
birches. There are no forest trees, except a few trees grown in the
valley. Moss (e.g., Myosotis asiatica and the Saxifraga and
Sphagnum genera) grows in wet areas typically characterizing
the swamp depression, moundy hillslope, but is lesser in flat
hilltop. Grass (e.g., Equisetum arvense or Carex) grows in wet
areas too, such as swamp depressions, valley, and moundy

hillslopes, and locally in the riverbank. Moreover, grass
outlines thermokarst areas, where the depressed land is soaked
in water (Figures 5A, B). Lichen (e.g., Cladonia rangiferina,
known also as reindeer lichen) dominates dry surfaces, such as
hilltops and the upper part of the even and moundy hillslopes.
Small shrubs (e.g., Rhododendron tomentosum or Labrador tea,
Salix arctica or Arctic willow, Vaccinium myrtillus or blackberry,
Vaccinium cyanococcus or blueberry, Vaccinium vitis-idaea or
lingonberry, Arctostaphylos uva-ursi or bearberry, and Empetrum
nigrum or crowberry) are adapted to live in both dry and wet
surface areas, like flat and even hilltops, even hillslope and the
valley, whereas tall shrubs are present only within wet
environments as troughs of mixed hilltop and bushy
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TABLE 1 | Characteristics of the 12 different types of landscape microzones identified in the Khanovey area (Site 1 and Site 2) by the geocryological survey. The main types of
surface relief, drainage, vegetation, surface sediment texture classification, and cryogenic processes are reported.

Color
legend

Landscape
microzone

Moundy hilltop

Even hilltop

Mixed hilltop

Valley

Bushy depression

Swamp/grass
depression

Riverbank

landslide

Riverbank

Moundy hillslope

Even hillslope

Flat hilltop

Anthropogenic

Relief surface
characteristics

Meso: even to small
relief

Micro: 20-50 cm high
mounds

Meso: even
Micro: even

Meso: even to small
relief

Micro: 0-20 cm high
mounds

Meso: U-shaped profile
Micro: even to small
bumps

Meso: depressed areas
in-between hilltops
Micro: even to small
bumps

Meso: in-between hilltop
Micro: moundy

Meso: more than 40 cm
high relief

Micro: even to small
bumps

Meso: less than 40 cm
high relief
Micro: small bumps

Meso: even
Micro: 20-50 cm high
mounds

Meso: even
Micro: even

Meso: flat
Micro: flat

Irrelevant

Surface
drainage
type

Dry

Dry

Dry

Moist to wet
with stream

Moist to wet

Moist to wet,
swamp

Very dry

Dry

Wet

Dry

Dry

Varying

Vegetation type

Lichen on mounds and tall
shrub in troughs

Lichen, locally small shrub

Lichen on mounds
(microrelief) and tall shrub in
troughs

Tall birch, small shrub, grass

Tall birch and tall shrub

Moss, grass

No vegetation or patches of
grass

No vegetation or patches of
grass

Upper slope: lichen. Middle-
lower slope: moss, grass,
dwarf birch

Lichen, small shrub

Lichen, small shrub, and few
amounts of moss

No vegetation or patches of
grass

Sediment texture
of upper
units

Sand or silty sand

Clay and silty clay (in Site 1 and
southern Site 2); sand and silty
sand (northern Site 2)

Silty clay

Clay or silty clay

Clay and silty clay (in Site 1 and
southern Site 2); sand and silty
sand (northern Site 2)

Clay and silty clay

Sand and gravel

Usually coarse (sand, pebble,
cobble)

Silty clay

Silty clay

Sand

Sand or gravel filing

Cryogenic processes

Frost heave

Frost heave and locally
solifluction

Gully erosion

Locally thermokarst and/
or frost boil

Frost heave, and locally
thermokarst and/or frost
boil

Locally river terraces

Frost heave and locally
frost boil

Locally frost boil at
the toe

depressions. Tall birches (Betula glandulosa) and dwarf birches
(Betula nana) grow in moist to wet landscapes, with the former in
valley and bushy depression and the latter in moundy middle-
lower slope.

ALT direct estimations showed an average value of about
1 m, with values ranging from 0.5 to 3.1m, but these
measurements are not reliable because ALT could be larger
than that directly estimated, due to the limits of the digging
and/or probing methods and/or the possible presence of
taliks. The geocryological features and the landscape

microzonation map performed for the surveyed area (both
Site 1 and Site 2) are displayed in Figure 4.

4.2 Ground Thermometry and Coring

Temperature data for at least two consecutive years (2016-2018)
are available only for boreholes K1, K2, and K3. The lithological
and vertical ground temperature profiles corresponding to these
boreholes are shown in Figures 6A, B, respectively. Figure 6B
shows the annual maximum, minimum, and mean temperature
curves together with the permafrost table depth (where
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FIGURE 6 | (A) lithological and geocryological core analysis of boreholes K1, K2, and K3 (data from Budantseva et al., 2015; Voytenko et al., 2017). (B) maximum,
minimum, and mean temperature curves of the year 2018, where the unfrozen ground bottom, the active layer bottom, and the permafrost table depth are indicated. (C)
interpretation of the ERT2018 resistivity section (modified from Tananaev et al., 2021), crossing boreholes K1, K2, and K3. The interpretation of the active layer and
unfrozen ground bottom (black dashed line), marked by the resistivity value of 100 Qm, is in agreement with the core analysis and with the temperature profiles at

K1 and K3. Wide temperature fluctuations occur in the active layer, characterized by low resistivity values (p < 100 Qm). A deep talik is present in the NW sector,
explaining the unusual trend in the temperature profile of the K2 borehole. Two taliks enclosed in the frozen ground are present beneath the swamp depression zone,

between K1 and K3 (p < 80 Qm), covered by a 3 m thick unfrozen ground layer. One of the two taliks is open to the surface.
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FIGURE 7 | ERT sections in (A) Site 1A (ERT1, ERT2, ERT3, and ERT4) and in (B) Site 1B (ERT1S and ERT2S). The positions of boreholes K7 and K8 are indicated

on the profiles ERT4 and ERT1S, respectively. The interpretation of the ERT profiles is based on the analyzed resistivity-cryological patterns. ERT sections exhibit a
continuous permafrost layer with resistivity values in the range 200 < p < 600 Om, underlying alow resistivity (p < 100 Qm) active layer. Red dots represent the electrodes
deployed along the topographic surface. (C) K7 and K8 borehole stratigraphy (data from Budantseva et al., 2015; Voytenko et al., 2017). The cryolithology
highlights the presence of silty clay frozen bodies with cryogenic structures in both boreholes, in agreement with the ERT results. Hence, the silty clay with an ataxitic
structure at about 2 m depth in K8 produces the resistivity decrease observed in the ERT1S and ERT2S profiles.

detectable), which corresponds to the surface where the  temperature fluctuations near the surface, where the thermal heat
temperature is always under 0°C. In general, the measurements  transfer is more intense. The permafrost table is clearly identified
show that in the active layer, the temperature reaches a maximum  only at the bottom of borehole K1, at about 4.8 m depth
value of about 18°C during summer and a minimum value down  (Figure 6B), where the temperature is always below 0°C and
to less than —5°C during winter. K1 and K3 boreholes show larger ~ massive cryogenic structures are present in the lithological profiles.
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FIGURE 8 | 3D representation of the ERT sections in Site 1A. According to the CRIM analysis and to the resistivity-cryological patterns, the interpretation of the
active layer and unfrozen ground bottom (white dashed line) is marked by a resistivity value of 100 Om. This interpretation, together with the topographic surface
(highlighted by red dots representing electrodes deployed during the acquisition), was used to build the ALT and UGT map shown in Figure 9. The talik, permafrost, and
frozen and unfrozen ground areas are also highlighted.

The active layer and unfrozen ground bottom are identified in ~ 4.3.1 Previous Surveys
boreholes K1 and K3, at depths of about 3.7 and 4.7 m, The resistivity (p) values of the previous geoelectric survey
respectively, and coincide with the presence of frozen sediments = ERT2018 (Figure 6C), acquired in September 2018, are
in the lithological profiles and temperatures around 0°C. The bottom ~ compared with the results obtained from the lithological
of the K3 borehole shows temperatures very close to 0°C, and the (Figure 6A) and thermometric (Figure 6B) data at K1, K2,
permafrost table cannot be clearly identified. On the other hand,  and K3 boreholes. As shown in Figure 1, this profile crosses
borehole K2 exhibits only positive temperatures. Here, the total ~ exactly all three considered boreholes.
absence of cryogenic structures (Figure 6A) confirms that a deep As evidenced in the previous section, massive cryostructure and
unfrozen ground (a talik) dominates the area. frozen sediments are present at the bottom of K1 and K3 boreholes,
Borehole stratigraphy shows that clay and silty clay sediments are ~ as a useful indicator of the permafrost table and of the base of the
dominant, confirming the results of landscape zonation. Core samples active layer and unfrozen ground. Comparing the borehole data with
often exhibit a layered cryostructure along boreholes K1 and K3. the resistivity values of ERT2018 section (Figures 6A-C), it is
possible to correlate the active layer base and the permafrost
. . table to resistivity values of approximately 100 and 200 Qm,
4.3 Electrical Resistivity Tomography respectively. As explained in detail in the Discussion section, the
Sections ranges of resistivity values for frozen and unfrozen ground strongly
The ERT profiles in the study sites are interpreted and integrated ~ depend on the type of soil. Because clay and silty clay are the
with the geocryological data, landscape zonation (Figure 4), and  dominant sediment type in the study area, these two resistivity
borehole data. Lithological data are available for boreholes K1, K2,  thresholds represent the characteristic resistivity values for the active
and K3 (Figure 6A), located along a previous geoelectric survey  layer base and the permafrost table in the whole area investigated by
(profile ERT2018, Figure 6C) acquired in September 2018 (Isaev  the geoelectric surveys (Figure 1). Therefore, we based our
et al, 2020), and for boreholes K7 and K8 (Figure 7C), located on  interpretation of the ERT sections on the following approximate
profiles ERT4 (Figure 7A) and ERT1S (Figure 7B), respectively. The ~ scale of resistivity values: lower than 100 Qm for the unfrozen
ERT2018 section was obtained using the Geotomo Res2dInv  ground, active layer, and taliks; ranging between 100 and about
package. The acquisition and processing of the ERT2018 profile 200 Qm for the frozen ground; and higher than about 200 Qm for
are described by Isaev et al. (2020) and Tananaev et al. (2021). the permafrost. We point out that this resistivity scale is no more
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valid for other types of soil, characterized by lower clay contents. A
similar scale of resistivity has been adopted in other works for this
kind of soils (e.g., Vanhala et al., 2010; Isaev V. et al., 2022).

On the basis of this resistivity scale, we interpreted the base of
the unfrozen ground and of the active layer along the
ERT2018 section (Figure 6C). According to the definition of
the active layer, in this interpretation, we indicated as active layer
only the parts of the thawed superficial ground underlain by
permafrost whereas the other parts were indicated as unfrozen
ground. Low-resistivity values are present at shallow depths along
the entire profile, in good agreement with the ALT and unfrozen
ground thickness (UGT) values in correspondence of boreholes
K1 and K3, respectively. The active layer is present in the central
and south-eastern parts of the section, it is about 3.5 m thick and
exhibits an average resistivity of 40-50 QOm. The unfrozen ground
layer is thicker (about 4.5-5.0 m) and exhibits a lower average
resistivity (approximately 20 Qm) in the south-eastern part of the
section, in correspondence of the swamp depression zone. These
evidences are in agreement with the temperatures and lithological
profile of K3, showing a lower ice content than that of KI.

High-resistivity zones in the ERT section at depths larger than
5 m, with resistivity values up to about 10 kQm, can be associated
with the presence of permafrost. This correlation is in agreement
with temperatures below zero and with the presence of massive
cryogenic structures at the bottom of the borehole KI. As
explained in the Discussion, if clay is predominant also in the
deeper parts of the section, the maximum thickness of the
permafrost layer should be about 25 m.

As displayed in Figure 6C, the profile shows that the borehole
K2 is located in correspondence of a wide and deep low-resistivity
body (10 Om < p < 70 Qm), showing a 1 m deep topographical
depression at the surface (bushy depression landscape microzone,
Figure 4). The unusual temperature trend and the lithological
profile of K2 indicate the presence of an extensive anomalous
unfrozen ground area. Considering the permafrost thickness in
this section, this low-resistivity area can be ascribed to a deep
talik. Furthermore, two other taliks are probably present between
K1 and K3 (p < 80 Qm), corresponding to a swamp depression
zone. One of the two taliks is enclosed in frozen ground, whereas
the second shows lower average resistivity values, and it is open to
the surface. On the basis of our interpretation, the medium
around the two taliks shows resistivity values between 100 and
200 Qm, typical of frozen ground (see also the Discussion) and,
most probably, there is no permafrost below them. Therefore, the
area including these two taliks can be considered an early-stage
deep talik.

This correlation of different types of data from previous
surveys enables a better interpretation of the resistivity-
cryological patterns on the four new ERT sections acquired
in 2019.

4.3.2 Site 1A

The four geoelectric profiles acquired in Site 1A in September
2019, namely, ERT1, ERT2, ERT3, and ERT4, are NW-SE
oriented and 30 m spaced to each other (Figure 1). They are
located at an average elevation of about 90 m a.s.l. The ground
surface topography is characterized by microdepressions of

Active Layer and Permafrost Investigations

extension ~1m?, interspersed with hillocks with an elevation
difference of about 1 m. On the basis of the resistivity scale
adopted for ERT2018, the resulting profiles show the presence
of a continuous high-resistivity permafrost layer (200 Qm < p <
600 Om) underneath a thin frozen ground layer (100 Om < p <
200 Qm) and a low-resistivity (p < 100 Qm) active layer (Figures
7A, 8). As conducted for the ERT2018 profile (see also the
Discussion), we interpreted the four sections by adopting a
value of 100 Qm as the characteristic resistivity value of the
active layer and unfrozen ground bottom in this area
(Figure 8). Also in this case, we indicated as active layer only
the parts of the thawed superficial ground underlain by
permafrost and as unfrozen ground the other parts. The
surveyed area is characterized by an ALT ranging from about
0.5 to 7 m, while the UGT can reach 9 m in some areas.

The southern part of line ERT1 exhibits a superficial resistive
body of about 100-300 Qm, which denotes discontinuous
permafrost and frozen ground. Likewise, the high-resistivity
feature at the southern edge of the line ERT2 is characterized
by resistivity values similar to those of the permafrost layer. This
feature, revealing a frozen ground and massive cryostructure, is
located on an even hillslope covered by lichens and small shrubs.
Moving northward along the profile, a local thicker (about 4-6 m)
low-resistivity active layer (30 Qm < p < 100 Qm) is present. In
the central-northern part of the ERT2, corresponding to a mixed
hilltop landscape, covered by lichen on mounds and tall shrubs in
the troughs, the ALT becomes thinner, varying between about
0.5 and 2 m.

Lines ERT3 and ERT4 are located on a fairly flat peat surface
with few small hollows (1-2m deep). They exhibit an ALT
ranging from 1 to 7m (an average thickness of about 4 m)
with resistivity values ranging from 30 to 100 Qm. The higher
ALT values are present in the NW part of the area, in
correspondence of a bushy depression covered by tall birches
and shrubs. Borehole K7 is located approximately 5 m on the west
with respect to the ERT4 profile. A silty clay frozen body with a
cryogenic structure is present at the bottom of this borehole, from
2.6 to 2.9 m depth (Figure 7C). This borehole is not deep enough
to reach the base of the active layer, which is about 7 m deep in
this position, as inferred from the interpretation of the
ERT4 section. However, this profile evidences a high-resistivity
(~100 Qm) thin lens (~1 m thick) embedded in the active layer, in
agreement with the borehole K7 geocryological core analysis. On
the basis of the interpretation of the ERT4 profile, the north-west
area shows an extensive low-resistivity unfrozen ground, which is
about 16 m thick, underlined by a deep frozen ground body where
the permafrost table cannot be detected. This area, characterized
by a marshland bushy depression landscape, can be associated
with the presence of a deep talik.

The interpretation of the ERT profiles (Figures 7A, 8) enabled
us to map the extension and thickness of the unfrozen ground and
active layer. However, they contain useful information also about
permafrost thickness. These sections show a gradual decrease in
the ground resistivity with depth. On the basis of our resistivity
scale, if the underground lithology does not vary significantly
with depth and clay is predominant (as shown by landscape
zonation and borehole stratigraphy), the maximum thickness of
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FIGURE 9 | (A) ALT and UGT map (contours every 0.5 m) performed from the interpretation of the ERT1, ERT2, ERT3, and ERT4 profiles acquired in Site 1A,
superimposed on the satellite image. The map highlights a gradual decrease in ALT by moving eastward to the Vorkuta River; the ALT ranges from 0 m (dark blue) in the
eastern side of the map to about 7 m (red) in the NW part. ALT values greater than 7 m represent unfrozen ground areas not underlined by permafrost or an area
occupied by atalik. The talik, located in the north-western side of ERT4, exhibits an unfrozen ground thickness up to about 16 m (highlighted in purple). The position

of borehole K7 is indicated (red circle). Surface lithology information collected during the geocryological survey is also shown, evidencing that silty clay deposits (brown
dots) represent the major soil texture type. (B) ALT isolines (every 0.5 m) superimposed to the landscape microzonation, morphological and cryogenic processes, and
vegetation type (2019 field survey). The hilltops are characterized by frozen ground, the hillslopes are characterized by frozen ground to thin/large ALT (1-7 m), and
depressions are marked by thick unfrozen ground (7-9 m) or a talik area (9—16 m thick thaw soil in the NW of the map). Local inactive frost boils (dark brown hexagons)
are located in correspondence of a 4-5 m ALT, within even hillslope and bushy depression microzone types. The anthropogenic zone (dark gray area) corresponds here
to unpaved pathways. Maps compiled using ArcGis” (Esri) software. Datum: WGS84; projection: UTM 41N. Satellite base image (Gis layer “World Imagery”) retrieved in
2019 from the ArcGis online database resources.

the permafrost layer should be about 30 m for ERT1, 40 m for ~ penetration depth of these two short profiles, this low-
ERT2 and ERT4, and 50 m for ERT3 (Figures 7A, 8). These  resistivity body is probably related to a deep talik area. The

values are quite in agreement with previous investigations (e.g., K8 borehole (Figure 7C) is located at the moundy hilltop, right
Isaev et al., 2020), reporting a permafrost thickness larger than ~ on the ERT1S line. Borehole stratigraphy shows a 1.1 m thick
40 m in this area. wet shallow layer overlying a 0.8 m thick layer with an internal

However, as explained in detail in the Discussion, note thatthe ~ cryostructure, matching quite well the resistivity distribution.
deepest parts of the ERT sections are unreliable because the  Silty clay sediments are predominant also in this area.
sensitivity of the geoelectric method decreases with depth. For ~ Permafrost is present below the southern moundy hilltop
this reason, in this case, the bottom of the permafrost layer cannot ~ area, at about 1.5m depth, and it consists in a 4 m thick

be well defined if its thickness exceeds 50 m. high-resistivity layer (200 < p < 600 Qm). In the southern
part of both lines, the 1 m thick low-resistivity thawed soil
4.3.3 Site 1B overlying the permafrost is associated with the active layer.

The two geoelectric profiles ERT1S and ERT2S (Figure 7B),  Close to the southern edges of profiles ERT1S and ERT2S,

acquired in September 2019, are parallel to each other and located ~  resistivity values lower than 100 Om indicate the presence of

about 30 m west to the Vorkuta River in Site 1B (Figure 1). The  unfrozen ground both in the upper and deeper parts,

landscape is characterized by a 2-2.5 m high (with respect to the ~ suggesting that this area could be ascribed to a deep talik

average surface elevation of about 81.5m a.sl.) moundy hilltop ~ as well.

located to the south (with lichens on mounds and tall shrubs in

troughs) and a bushy depression covered by tall birches and

shrubs located to the north. Rainwater flows south-eastward in 5§ DISCUSSION

the depression and within the valley landscape, draining the

surface to the Vorkuta River. In the context of accelerating global warming, construction of
The depression is characterized by low-resistivity (p <  foundation infrastructures on permafrost requires appropriate

100 Om, with very low-resistivity values down to about  methodologies for subsoil characterization (e.g., soil type and

3 Qm) sediments covered by a ~0.5m thick high-resistivity =~ petrophysical and mechanical properties). Although the

(100 < p < 600Qm) superficial layer. Despite the low  geoelectric technique has been proven an efficient
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FIGURE 10 | Permafrost volume obtained by a 3D interpolation of the resistivity values higher than 200 Qm over the four ERT sections of Site 1A. Permafrost
thickness substantially reduces and becomes discontinuous upon approaching the riverbank.

460 600

methodology for permafrost characterization, it shows some
limitations that can be resumed in these two main points:

e ERT surveys alone are not sufficient to infer the petrophysical
properties of the investigated subsoil, namely, the ice content
S;, porosity @, and clay content C. To this aim, it is necessary
to integrate ERT data with other geophysical methodologies,
for example, the active seismic or GPR methods (e.g., Bohm
etal, 2015). Nevertheless, in the absence of other geophysical
complementary data, it is possible to estimate some
properties using a suitable rock-physics theory and
geocryological data describing the type of soil. In the
following subsection, we propose a methodology based on
the CRIM to analyze how the ice content, clay content, and
porosity influence the resistivity of the investigated soils.

e As previously explained, the deepest parts of the ERT sections
are generally unreliable because the sensitivity of the geoelectric
method decreases with depth. For this reason, often the bottom
of the permafrost layer can hardly be resolved. For a
homogeneous subsoil, the maximum depth of investigation
Zmax 18 defined as the depth at which the normalized
sensitivity function, integrated with respect to depth, is equal
to 1/2 (Edwards, 1977; Szalai et al, 2009). It follows that
Zmax = L/6 where L is the total array length. In our case,
using both the dipole-dipole and pole-dipole arrays, in Site
1A, we have z,,,, = 70 m.

The results obtained from the ERT2018 profile (calibrated by
thermometric and core lithology data) and from the ERT data
acquired in 2019 (calibrated by core lithology data) allowed the
characterization of the permafrost, frozen ground, and active
layer distribution of the Khanovey area near the Vorkuta River.
The isopach map shown in Figure 9A has been obtained by
interpolating the interpreted ALT and UGT displayed in

Figure 8. As previously explained, we indicated as active layer
only the parts of the thawed superficial ground underlain by
permafrost, and as unfrozen ground the other parts. Figure 9A
highlights a gradual increase in ALT moving westward, from
ERT1 to ERT4, where it reaches a maximum value of about 7 m,
close to the talik. Then, there is an intermediate unfrozen ground
zone of thickness ranging from 7 to 9 m around the talik.

It is possible to correlate those results to geomorphological
setting, vegetation, geocryological processes, drainage condition,
and landscape zonation, which are strictly related to frozen
ground distribution. For instance, the ALT (and UGT)
increases in areas such as bushy depressions with tall birches
and tall shrubs, whereas hilltops covered by lichens and shrubs
are characterized by a shallower permafrost table (Figures 9A, B).
The ALT isolines, obtained from the four ERT 2019 profiles, are
also shown in Figure 9B, where they are superimposed to the
landscape microzonation and geocryological map. The map
evidences that silty clay deposits are the major soil type in Site
1A. Moreover, the hilltops are characterized by frozen ground,
the hillslopes are characterized by frozen ground to thin/medium
ALT (1-7m), and depressions are marked by thick unfrozen
ground (7-9 m) and a deep talik in the NW area. On the basis of
our interpretation, the talik is characterized by a 9-16 m thick
thawed soil overlying frozen ground. Local inactive frost boils are
located in correspondence of a 4-5 m thick active layer, where the
permafrost table depth starts increasing westward. Within even
hillslope and bushy depression microzone types, the interrupted
frost boil due to the increase in the thawed layer allows plants,
such as tall birches and tall shrubs, to encroach the area.

Our results showed that permafrost thickness substantially reduces
upon approaching the riverbank. A permafrost volume, obtained by a
3D interpolation of the resistivity values higher than 200 Qm over the
four ERT sections of Site 14, is displayed in Figure 10. This figure
clearly shows that the permafrost becomes thinner and discontinuous
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FIGURE 11 | Results of the CRIM petrophysical analysis. (A) resistivity of sediments fully saturated by water (S; = 0, violet surface) and ice (S; = 1, cyan surface),
computed using Eq. 1. Red and green isolines connect points of equal resistivity on the two surfaces. Cyan and violet surfaces correspond to permafrost and unfrozen
ground, respectively. (B) ice saturation S; computed using Eq. 2 for different sediment resistivity. Computation performed by adopting the MATLAB™ software package.

)= 0.03 KOm
/= 0.1 KOm

)= 0.25 KOm
Ep= 0.6 kKom
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TABLE 2 | Typical material electrical properties.

Material Conductivity (S/m) References
Sand/silt (quartzites) 0q =107 S/m Schén (1996)

Clay oc = 0.05S/m Schon (1996)

Groundwater oy =0.15S/m Schon (1996)

lce 0, =10°S/m Petrenko and Whitworth (2002)

going eastward. At the same time, Figure 9 shows that the ALT
gradually reduces upon approaching the riverbank. This phenomenon
is most probably due to the presence of the river. In fact, rivers in
permafrost regions can have very significant influence on the thermal
state of the nearby permafrost. The thermal impact of warm water and
insolation on the riverbank slopes affects the local thermal field and
increases the annual temperature of grounds. The difference between
the riverbank ground and the internal frozen ground reaches 1°C-2°C
for the Vorkuta River zone (Tananaev et al,, 2021). The impact area is
quite wide, and usually, boreholes are located at least 50 m from the
riverbank to avoid this warming effect.

The fact that the anthropogenic zone of Site 1 is an unpaved
footpath means that it does not affect the frozen conditions of the
ground, in contrast to the effects of the railway track along which
abundant thermokarst lakes are detected (Figures 4, 5A, B).

5.1 Complex Refractive Index Method

The CRIM formula for shaly sandstone with negligible
permittivity and partially saturated with groundwater and ice
can be expressed as

o= [(1-®)(1-C)o + (1 - D)Co? + BS;0] + D(1 -S|,
y=1/2
(1)

(e.g., Schon, 1996; Carcione et al., 2012), where o4, 0c, 0y, and
o; are the sand/silt grain (quartz), clay, groundwater, and ice

conductivities and o is the conductivity of the composite medium.
Generally, 0; depends on temperature and ice impurity content,
and o, depends on water salinity. Table 2 shows the typical
electrical properties of the different soil components. If y is a free
parameter, Eq. 1 is termed the Lichtnecker-Rother formula. It is
based on ray approximation. The travel time in each medium is
inversely proportional to the electromagnetic velocity, which, in
turn, is inversely proportional to the square root of the complex
dielectric constant. At low frequencies, displacement currents can
be neglected and the above equation is obtained. For a zero clay
content and by neglecting o, and o;, Eq. 1 is exactly Archie’s law
used in Hoversten et al. (2006).

In our case, under realistic assumptions, we can use Eq. 1 to
compute the ice content as a function of the porosity, the clay
content, and the measured resistivity:

(1-9)(1-C)a? + (1 -D)Co! + O’ — o
S = 1 < L y=1/2 (2)
o(cL— o)

Figure 11A shows the resistivity values corresponding to
permafrost and unfrozen ground, computed using Eq. 1 as a
function of porosity @ and clay content C. The two surfaces
represent the resistivity of sediments fully saturated by water (S; =
0, violet surface) and ice (S; = 1, cyan surface), respectively. Red and
green isolines connect points of equal resistivity on the two surfaces.
Moreover, the ice saturation S;, computed using Eq. 2 for different
sediment resistivity values, is displayed in Figure 11B. The
computation was performed using the MATLAB™ software package.

We highlight the following points:

1. The bottom of boreholes K1, K3, and K7 is characterized by
the presence of a massive cryostructure and silty clay frozen
sediments (Figures 6A, 7C). This means that clay is
predominant (C> 0.5) and S;= 1. Moreover, the
temperature profile evidences that the bottom of the
K1 and K3 boreholes corresponds to the permafrost table
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and to the unfrozen ground bottom, respectively. The
ERT2018 section shows that at the bottom of borehole K1
(Figure 6C), there is a sharp transition of the resistivity from
about 100 Qm (frozen soil) to 200Qm (massive
cryostructure). This evidence is in agreement with the cyan
surface of Figure 11A, where the 100 Qm isoline indicates the
presence of frozen soil with ice content S; very close to 1 when
C> 0.53 and @< 0.55. It is interesting to note that the same
isoline on the violet surface may indicate the presence of
unfrozen ground for very low clay content and porosity.
Therefore, because the results of the landscape zonation
showed that the characteristics of the shallow sediments are
invariable in correspondence of all ERT profiles (Figure 4),
our assumption to consider the resistivity of about 100 Qm as
a marker of the base of the active layer in this area is thus
justified.

. The transition zone from the base of the active layer (p
100 Om) and the permafrost table (p= 200Qm) is
characterized by very high ice saturations (Figure 11B). For
example, if we consider a sediment with @ = 0.47 and C =
0.58, the ice content can vary from about 0.85 (p = 100 Qm) to
1 (p = 200 Om).

. The maximum permafrost resistivity in the ERT sections of
Sites 1A and 1B is about 600 QOm, whereas in ERT2018, it
reaches values up to about 10 kQm (Figures 6C, 7A, B). The
cyan surface in Figure 11A shows that this large difference
mainly depends on the sediment clay content. In fact, when
®< 0.5, a resistivity of 600 Qm indicates the presence of
permafrost with moderate/high clay content (C> 0.3), and a
resistivity of 10 kQm indicates frozen sediments with low clay
content (C < 0.1), mainly composed of silt/sand. Therefore,
the sediments corresponding to the permafrost layer in the
ERT2018 profile probably have a lower clay content in
comparison to those of Sites 1A and 1B.

. Talik and unfrozen ground areas are characterized by
minimum resistivity values of 10 Qm in ERT2018, 30 Qm
in the ERT sections of Sites 1A, and 3 Qm in the ERT2S section
(Figures 6C, 7A, B). The green isolines in Figure 11A indicate
that these values strongly depend on the clay content and
porosity of unfrozen sediments. A resistivity of 10 Qm
indicates sediments mainly composed of clay with very
high porosity (@ = 0.5). This evidence is confirmed by the
K2 stratigraphy, which indicates a massive prevalence of clay
and silty clay in the talik. A resistivity of 30 Qm indicates
sediments with @ < 0.5 and C <0.7. Resistivity values lower
than 10 Om in the depression of Site 1B are probably due to
the presence of fluid (water) flow toward the Vorkuta River.

. Lithological and geocryological core analysis of boreholes
K1 and K7 show that in the active layer there is a
coexistence of frozen and unfrozen sediments (Figures 6A,
7C). This evidence produces a strong vertical and horizontal
variability of resistivity, from about 30 to 100 Qm. Ice content
Si strongly depends on @ and C. For example, Figure 11B
shows that for a sediment with p = 30 Qm and @ = 0.4, S; can
vary from 0.3 (C = 0.4) to about 0.7 (C= 1). K1 and
K7 borehole stratigraphy and landscape microzonation
(Figure 4; Table 1) exhibit a predominance of clay in

Active Layer and Permafrost Investigations

the active layer. If we consider a sediment with @ = 0.4 and
C = 0.7, the ice content can vary from 0.4 (p = 30 Qm) to
about 0.9 (p =100 Qm). If the clay content is lower, say C =
0.3, the ice content can vary from 0.1 (p = 30 Qm) to 0.6
(p = 100 Qm). Note that for @< 0.5, a sediment with low
clay content can be partially saturated with ice and
groundwater also when p > 600 Qm. For example, the
ice content of sand with @ = 0.4 can vary from 0.78 (p =
600 Om) to 0.98 (p = 10 kQm).

. The ERT sections in Site 1A show a gradual decrease in ground
resistivity with depth. As explained in the previous section, if the
underground lithology does not vary significantly with depth and
clay is predominant (as shown by landscape zonation and
borehole stratigraphy), permafrost should also be present in
the deeper parts of some sections. Instead, if the clay
content decreases significantly with depth, we no longer
have permafrost at a certain depth. For example, let us
consider profile ERT3, which exhibits an average resistivity
of about 250 Om at 40 m a.s.l. If ®= 0.4 and C> 0.35,
Figure 11B shows that the pore space is fully saturated by
ice and the medium is permafrost. If C < 0.35, there should
be also water in the pore space (e.g., with C = 0.2, we have
S; = 0.8) and the medium is no more permafrost.

This discussion shows that the results obtained from the
lithological and geocryological core analysis, ERT, landscape
microzonation, and ground thermometry are in agreement
with each other.

6 CONCLUSION

Permafrost retreat and degradation are some of the main concerns
related to Arctic amplification. Rising temperatures are leading to a
gradual deepening of the permafrost table, causing subsidence and
a consequent reduction of the ground capacity to carry loads,
which leads to the deformation of infrastructures. Investigation
and monitoring of permafrost distribution and degradation
dynamics are therefore crucial to assess the stability of
engineering infrastructures and prevent possible damages.

In this study, we employed geophysical and geocryological
methods to characterize the active layer close to a 1.5km long
segment of the Russian North Railway, in the Arctic area of the
Khanovey railway station (Komi Republic, Russia). Landscape
microzonation,  borehole  drilling, ground temperature
measurements, and geoelectric surveys were carried out. ERT was
adopted to invert the geoelectric data and to image the resistivity
distribution of the subsurface between the railway and the Vorkuta
River. Landscape mapping was performed by satellite image analysis
and by collecting field information on geomorphology, vegetation,
drainage, cryostructure and lithology, ALT, and soil temperature.

The analysis and integration of different type of data enabled
to assess the thawing condition of permafrost in the study area.
The correlation of ground temperature and lithological data from
three boreholes with a geoelectric profile enabled a better
interpretation of the resistivity-cryological patterns. The CRIM
was used to integrate and quantitatively validate the results.
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Borehole stratigraphy and landscape microzonation indicate a
massive prevalence of clay and silty clay at shallow depths. CRIM
suggests that the resistivity value of about 100 Qm can be
considered marker of the active layer bottom for this kind of
sediments. On the basis of this assumption, the active layer shows
a thickness ranging from 0.5 to 7 m and the average ALT is about
4 m. Moreover, in the active layer, there is a coexistence of frozen
and unfrozen unconsolidated sediments showing resistivity
values ranging from about 30 to 100 Qm. Here, the ice
content estimated using CRIM ranges between about 0.3-04 to
0.9. The underlying permafrost shows resistivity values higher
than 200 Qm. Very high-resistivity values exceeding 600 QOm and
up to 10kQm are typical of frozen sediments with massive
cryostructure and clay content lower than 30%.

If the underground lithology does not vary significantly with
depth and clay is predominant, the maximum thickness of the
permafrost layer in the surveyed area should be about 50 m. This
thickness, confirmed by previous investigations in this site, gradually
reduces and becomes discontinuous upon approaching the riverbank.

The area is characterized by the presence of diffuse
thermokarst processes. Open, closed, and deep taliks with
resistivity ranging between about 3 and 70 Qm are scattered in
the study area. Taliks are often located in bushy and swamp
depressions with birch, shrub, and grass, generally characterized
by warmer unfrozen ground. In general, shrubby hillslopes
exhibit higher ALT values, and the opposite situation happens
in moundy hills mostly covered by lichens.

Thermokarst phenomena develop mainly along the railroad
area as a consequence of the thermal regime variation effect due
to different factors, e.g., changes in the natural condition of the
soil, vegetation removal during railway construction, and the role
of railway embankment as a barrier to surface water run-off. Frost
heaving is a consequence of the seasonal freezing and thawing of
the ground. Thawing permafrost is dangerous because it can
trigger thermokarst processes with the consequent development
of taliks, which represent a serious hazard for railway
embankment stability.

The multidisciplinary approach used in this study, with
methods  providing  investigations at  different and
complementary resolutions, can also be applied to the western
area of Sites 1 and 2, closer to the railway. There, detailed
geocryological information and landscape zonation are now
available, and therefore, new geophysical acquisition can be
planned in order to further investigate the deeper characteristics
of the ground. For example, new surveys can be designed to
discriminate whether the mapped superficial swamp depressions
and thermokarst lakes are underlain by permafrost or represent a
shallower expression of a deep talik. This procedure of integration,
after an update of any change of landscape and cryological
conditions through time, is essential in such geocryologically
heterogeneous and complex environment. Moreover, a
repetition of the geophysical survey in the same places through
the years would enable us to monitor changing conditions in time-
lapse. Periodic geocryological and geophysical surveys are therefore
required to monitor the rapid evolution of permafrost conditions
and to deal with the extreme landscape variability, instability, and
heterogeneity of the field area. In this contest, the obtained results

Active Layer and Permafrost Investigations

will represent valuable information to address the design of
engineering solutions and to ensure the structural stability of
infrastructures, such as reinforcing the construction
foundations and maintaining the thermal balance of the
ground. For example, thermosyphons represent a well-
established technology, widely used in various Russian
permafrost areas to stabilize infrastructures. Another
solution could be the diversion of the railroad where the
active layer is thinner and the underlying permafrost is
thicker and stable.
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The transient electromagnetic method (TEM) is a geophysical method for
detecting underground geological bodies by following the principle of
electromagnetic induction, which has been widely used in permafrost
exploration. In the practical applications of the TEM to investigate
permafrost, it is found that in certain areas with shallow buried bedrock, the
electrical resistivity near the surface cannot be obtained, and both frozen soil
and underground bedrock exhibit a high electrical resistivity, so it is difficult to
determine the distribution characteristics of the permafrost thickness. Based on
this background, by analyzing measured data, it is considered that the reason for
this situation is that the noise superposition effect generated by the receiving
coil under the action of the primary field forms a shallow detection blind area.
This study uses equivalent anti-flux opposing coils to eliminate the
abovementioned blind area and realize measurement in the permafrost area
of Mahan Mountain in Lanzhou. The results showed that the opposing coils
transient electromagnetic method (OCTEM) can clearly detect low-resistivity
anomalies near the boundary and permafrost base in the Mahan Mountain area,
solve the problem of the shallow detection blind area of the conventional TEM,
effectively eliminate the interference caused by the primary field, and greatly
improve the horizontal and vertical resolutions.

KEYWORDS

permafrost, shallow bedrock, opposing coils transient electromagnetic method, TEM,
exploration

Introduction

Geophysical methods have been widely used in the study of permafrost and cold area
engineering in most cold areas worldwide. The transient electromagnetic method (TEM,
also known as the time-domain electromagnetic method) is a geophysical method that
uses grounded or ungrounded energized coils to launch a pulse field underground and
observe the secondary field during the shutdown process of the primary field to detect the
target (Nabighian and Macnae, 1991; Telford et al., 1991). Compared to other electrical
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measurement methods, such as resistivity sounding and electrical
resistivity tomography (ERT), used in frozen soil exploration, the
TEM provides many advantages, such as a large detection depth,
noncontact and nonintrusive conditions, and less environmental
interference (Nabighian, 1984; Szarka, 1988; Hauck and Miihll,
1999a; Danielsen et al., 2003; Christiansen et al., 2006; Barsukov
and Fainberg, 2013). The TEM has also been widely used in
permafrost exploration (Hoekstra, 1973; Harris, et al.,, 2001;
Hauck, 2001). The basis of TEM application in permafrost
detection is that water in permafrost exists in the form of
solid ice, and the resistivity of ice is much higher than that of
liquid water in non-permafrost areas (Henderson, 1980; King
et al., 1987; Harada et al., 2000; Hauck et al., 2001). When other
components of rock and soil remain unchanged, this difference
in resistivity is enough to cause obvious distinctions in the
secondary field to identify permafrost.

However, in permafrost areas with shallow bedrock
the of bedrock
components does not significantly differ from that of ice (the

distributions, because resistivity  value
resistivity values of most types of rocks are close to or higher than
those of ice), instruments must attain a higher accuracy to detect
and identify ice containing permafrost. According to actual
exploration campaigns (Harada et al, 2000; Harada et al,
2006; Wang et al., 2011a; Liu et al.,, 2015a; Yang et al., 2019)
and this study, it is found that in certain areas with shallow buried
bedrock, there are three problems in the detection process via the
conventional TEM: first, a low resistivity value and no change
along the transverse direction are observed within 15 m below
the surface; second, there is little difference between the
boundaries of permafrost and bedrock; third, there is no
obvious deviation between the apparent resistivity at the
permafrost base and that of the bedrock layer. Obviously,
although the TEM achieves a satisfactory application effect in
permafrost exploration (Hauck et al., 2001; Mihll et al., 2001;
Mihll et al, 2002), there are still unsolved problems in
distribution areas of shallow buried bedrock.

At present, the common receiving method of the TEM entails
the use of an induction coil to measure the change rate of the
magnetic field. Telford et al. (1991), Ji et al. (2006), Wang et al.
(2011b), and Xue et al. (2007) proposed that when the
transmitting current is turned off, the receiving coil itself
generates an induced electromotive force and superimposes
this force on the induced electromotive force generated by the
underground eddy current field, resulting in distortion of the
early signal of transient electromagnetic measurement and
formation of a shallow detection blind area. To eliminate the
induced electromotive force of the receiving coil itself, at present,
most instruments adopt separation designs of the transceiver
(McNeill, 1991), but the effect is not ideal. Smith and Balch
(2000) and Walker and Rudd (2009) obtained the underground
secondary field by observing the transient response and emission
current waveform throughout the entire process and then
eliminating the primary field from the measured total field
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through numerical calculation, but there was a notable
difference between theoretical calculation and practical values.
Kuzmin and Morrison (2014) proposed the use of a magnetic
cancellation coil to reduce the influence of the primary field,
which  has
electromagnetics. However, this technology requires that the

been widely used in aviation transient
transmitting coil, diamagnetic coil, and receiving coil be
coplanar and coaxial, the coil radius difference be large, and
these caused the spatial distribution of the shallow underground
primary field be complex. As such, Xi et al. (2016a); Xi et al.
(2016b) proposed the opposing coils transient electromagnetic
method (OCTEM) involving the application of a reverse current
to two parallel and vertically coaxial identical coils and indicated
that there is a plane with a zero primary field magnetic flux
between the two coils. Placing the receiving coil in the zero-
magnetic flux plane to receive the secondary field can eliminate
the primary field-induced interference to improve the detection
accuracy and transverse resolution (Xi et al., 2016a; Xi et al,
2016b).

To solve the abovementioned difficulties of permafrost
detection in shallow bedrock areas, the OCTEM is introduced
in this study. Detection experiments are performed by using the
traditional TEM and OCTEM, and the final detection results are
compared and analyzed. The distribution of permafrost in this
area is determined by combining the surface characteristics,
borehole temperature measurement results, and stratum
drilling results, and the thickness of permafrost in this area is
determined through geophysical exploration for the first time. At
the same time, it is considered that the OCTEM effectively solves
the shallow detection blind area problem of the traditional TEM
in permafrost exploration, improves the detection accuracy and
horizontal resolution, and is suitable for multiyear geophysical
exploration and investigation of permafrost in shallow bedrock
areas.

Materials and methods

The basic working principle of the TEM is shown in Figure 1
(choosing the central loop device as an example). A pulse current
I, of a certain frequency is applied to the transmitting coil TX
arranged at the surface to transmit a primary pulse magnetic field
H; underground. When H; encounters substances with good
underground conductivity, eddy current I, is generated
underground, and I, produces a changed secondary field H,.
H, induces a current in the receiving coil RX arranged at the
surface to generate an induced electromotive force (Figure 1A).
After recording these parameters, the distribution characteristics
of the secondary field can be obtained through inversion
calculation and finally converted into the resistivity property
distribution of underground materials to achieve detection. In
the use of the conventional TEM, it is believed that the receiving
coil only receives information on the secondary field and the
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FIGURE 1

Schematic diagram of the TEM working principle. (A) Central loop device and the electromagnetic induction process of TEM coils. (B) OCTEM
device diagram and magnetic field distribution in space after the reverse power supply. The receiving coil indicated by green is located at the zero-

flux surface.

primary field during the shutdown period is regarded as zero. In
fact, there is still a primary field in the space when the primary
field is deactivated, so the receiving coil measures the
superposition effect of the primary and secondary fields. This
causes challenges in practical detection applications. In view of
this situation, to eliminate the interference caused by the primary
field, the OCTEM designed two coaxial transmitting coils with an
equivalent reverse power supply (Xi et al., 2016a). Because the
power supply current I is equal but reverse between these two
coils (Figure 1B), their primary field is zero in a plane at the
middle between them (Xi et al., 2016a), and only the half-space
field generated by the lower part of the TX coil exists
underground. When the receiving coil is arranged at the zero-
flux surface, only the pure secondary field is received (Figure 1B).
Based on this arrangement, the OCTEM is introduced in this
study to solve the problem whereby the permafrost in the Mahan
Mountain area with shallow bedrock has not been clearly
detected by geophysical methods for a long time.

The nano-TEM involving a central loop device, as the
conventional TEM adopted in this study, is a shallow
detection method that is widely used. This device is a
simplification of TEM devices without reducing measurement
accuracy (Zonge International Inc., 2015). It is characterized by a
high resolution, small volume effect, and suitable coupling with
the target detector. The instrument used is the GDP-32II
electrical method workstation produced by Zonge Engineering
and Research Organization, Inc. (1992). The calculation
equations for the apparent resistivity and apparent depth are

(2/40N5ns)2/3 tig 1 o
5 V)

where p_ is the apparent resistivity (-m), g, = 47 x 1077 N/A?is

as follows:

_t
S d4nm

o

the permeability of vacuum, N is the number of transmitting coil
turns, S is the single-turn transmitting coil area (m?), n is the
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number of receiving coil turns, s is the single-turn receiving coil
area (m’”), t is the time (ms), I is the transmitting current (A), and
V (t) is the induced electromotive force generated in the receiving

coil (uV).
i t
= o] a
Hos,

where h; is the apparent depth (m), M, is the transmitting

3Mq

167V, (t)S, &)

magnetic moment (A - m?), q is the effective area of the receiving
coil (m?), V, () is the induced voltage value observed at time t
(uV), and S, is the longitudinal conductance (S/m).

The instrument used in this OCTEM study is the HPTEM-18
device produced by Hunan 5D Geophyson Co., Ltd. (http://www.
5dgeo.cn/). The calculation equation for the apparent resistivity
used to process OCTEM data is as follows:

I-Ag-Ar\? (1\"
pu=(—) <?) -6.3219E -3

Vv (©)

where I is the transmitting current (A), Ay is the receiving coil
area (m®), At is the transmitting coil area (m®), t is the time (ps),
and p, is the apparent resistivity ((2-m). The algorithm can
qualitatively analyze abnormal bodies at a horizontal position
along the direction of the survey line.

Overview of permafrost in the study
area

Permafrost in Mahan Mountain, Lanzhou, China, is the only
preserved permafrost found on the Loess Plateau of China (Xie
et al., 2013). It has the characteristics of small distribution area,
high temperature, and small thickness (Qiu et al., 1994).
Therefore, it is very sensitive to climate change and is known
as a living fossil of permafrost research on the Loess Plateau (Xie
etal., 2013). The peak of Mahan Mountain is 3,670.3 m above sea
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FIGURE 2

Location map of Mahan Mountain and the permafrost distribution. QTP indicates the Qinghai—Tibet Plateau; LP indicates the Loess Plateau.

level, while permafrost is distributed within the range of
3,500-3,650 m above sea level (Figure 2). The annual average
temperature is —2.3°C, the annual precipitation is 494 mm (Li,
1986), and the annual average surface temperature is
approximate —0.23°C (Xie et al, 2013). In 1985, permafrost
was discovered in Mahan Mountain for the first time, namely,
a 12-m-thick permafrost layer in the exposed stratum of a shady
slope artificial quarry at an altitude of 3,630 m. The thickness of
the active layer ranges from 2.5 to 3.0 m, in which water exists in
the form of bedrock fissure ice, and the thickness of the pure ice
layer reaches up to 5-10 cm (Li, 1986), which is very rare in the
high mountains of western China. In 1993, Li and Li (1993)
arranged boreholes in Xiaohutan, Doulingou, Honghagou, and
Tudixian for drilling investigation. According to survey data, the
area of permafrost in Xiaohutan is approximately 0.15km?
which is roughly consistent with the distribution of well-
the
thickness ranges from 5-30m, the active layer thickness

developed hummocks on surface. The permafrost
(ALT) is approximately 1.5 m, the ALT in the boundary area
is only 1.2m, and only more than 10 square meters and
approximately 3-m-thick permafrost in Honghagou is
retained. While there
Doulingou and Tudixian, certain areas contain permafrost,

while others do not. They proposed that the distribution of

is a notable difference between

permafrost in this area is very complex. From 2008 to 2009,
Xie et al. (2010, 2013) conducted a new survey in the area where
Liand Li (1993) had previously arranged boreholes. According to
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their results, permafrost was found only in Xiaohutan. It was
speculated that the permafrost in other areas may have been
completely degraded (Xie et al, 2013). According to the
distribution of hummocks on the surface, it was considered
that the area of permafrost was reduced from 0.15 to 0.13 km?
(Xie et al,, 2013). In recent years, researchers have applied the
TEM, ground-penetrating radar (GPR), borehole temperature
measurement, model analysis