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Athermokarst lake is generally defined as a lake that occupies a closed basin and
is created by the massive melting of ground ice in ice-rich permafrost regions,
which has a great impact on regional hydro-ecological equilibrium and
permafrost-engineering infrastructure facilities. Global warming and
increasing human activities have been accompanied by permafrost
degradation and glacier retreat in the Qinghai-Tibet Plateau (QTP). The
QTP, source of many international rivers in Asia, is known as the “Asian
Water Tower.” The number and area of lakes in the QTP have increased in
the past 40 years; however, lakes with areas of less than 1km? have been
overlooked when calculating the water storage. To address the evolution of
thermokarst lakes in the QTP, visual interpretation and the Modified Normalized
Difference Water Index were applied to extract the water area based on Landsat
data from the 1980s to 2020. The results indicate that thermokarst lake area was
reduced from 932.5 km? to 799.25 km? from the 1980s to 1990. From 1990 to
2020, the number and area of lakes grew substantially, with the number
increasing from 66506 to 120374 and the area increasing by 113.14%
(932.5 km? in 1980s and 1703.56 km? in 2020). As heat carriers, thermokarst
lakes transfer heat vertically and horizontally. The temperature of the
surrounding permafrost rises as the number and area of lakes increase and
when permafrost is extensively degraded. Longtime carbon stocks are also
released into atmosphere during lake formation, which affects the regional
carbon cycle.

KEYWORDS

thermokarst lakes, permafrost, MNDWI, Qinghai—Tibet Plateau, climate warming

Introduction

Thermokarst lakes are formed in permafrost areas due to surface subsidence and
depression caused by the melting of ice-rich permafrost or the thawing of massive ice (van
Everdingen, 2005; Niu et al, 2011; Streletskiy et al,, 2015). Thermokarst lakes, a
characteristic landscape element, are widely distributed in ice-rich permafrost in some
Arctic and sub-Arctic regions such as Richards Island (Burn, 2002), northwestern Alaska
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TABLE 1 Dynamics of thermokarst lakes in the QTP, 1980s-2020.

Year Number Lake area (km?)
1980s 60834 9325

1990 66506 799.25

2000 116365 1023.59

2010 123053 1871.94

2015 117066 1511.12

2020 120374 1703.56

(Jones et al., 2011; Farquharson et al., 2016), northeastern Siberia
(Grosse et al., 2005; Bryksina and Polishchuk, 2014; Veremeeva
et al,, 2021), northern Eurasia (Smith et al., 2005), and the
Tuktoyaktuk Peninsula (Plug et al, 2008). Yoshikawa and
(2003) that lakes in
discontinuous permafrost have drained and shrunk during the

Hinzman found thermokarst
past 50-100 years. The area of thermokarst lakes in Alaska has
declined from 31% to 4% during the years 1950-2002 (Riordan
et al,, 2006; Ingmar et al., 2020). Veremeeva et al. (2021) observed
that the area of thermokarst lakes in the Kolyma Lowland
Yedoma region and northeastern Siberia exhibited an upward

trend between the years 1999 and 2018, due to the influence of

10.3389/fenvs.2022.1051086

geomorphological and climatic factors. Polishchuk and Sharonov
(2014) noted that thermokarst lakes increased by 31% during
1993-2010 in Gorny Altai. Saruulzaya et al. (2016) used Landsat
imagery from 1999 to 2007 to monitor thermokarst lake changes
in Mongolia, concluding that the total number of lakes increased
from 347 to 420 and that the area of the lakes expanded from
36.80 km? to 39.69 km”.

The Qinghai-Tibet Plateau (QTP), known as the Third Pole,
has a permafrost area of 115.02 x 10" km? accounting for nearly
46% of its total area (Ran et al, 2020). Global warming in recent
decades has been most pronounced at high altitude and has
accelerated permafrost degradation (Li et al., 2012; Ke and Ding,
2017; Luo et al, 2018; Luo et al., 2019). It was estimated that the
permafrost area might decline by 25% + 1% in the case of a 2°C rise
in air temperature (Guo and Wang, 2017). Scholars have
demonstrated that thermokarst lakes are sensitive indicators of
climate change and permafrost degradation (Kirpotin et al., 2008;
Morgenstern et al., 2011; Grosse et al., 2013; Arp et al., 2018; Nitze
etal, 2018). Recently, permafrost degradation at the global scale has
attracted  wide
environmental effects. Infrastructure stability, food security, water

attention resulting from its remarkable

supply, and hydrological and habitat functions may be extensively
influenced when a major area of permafrost becomes degraded
(Streletskiy et al, 2015; Istomin and Habeck, 2016). Similarly,
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FIGURE 1
Thermokarst lakes in 1980s.
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FIGURE 2
Thermokarst lakes in 2000.

numerous studies have documented changes in thermokarst lakes in
the QTP using geological mapping and remote sensing data
combined with field surveys (Luo et al, 2022). Pan et al. (2017)
suggested that supra-permafrost is distributed with a mean ratio of
more than 170% of precipitation in ice-free seasons in the
northeastern QTP. Luo et al. (2015) stated that in the Beiluhe
River Basin, the total number and area of thermokarst lakes
increased by about 534 and 4.10km® , respectively, between
1967 and 2010. Climate change and increased human activities
are the decisive factors. Ni et al. (2021) used Landsat sensor images
to extract thermokarst lakes from the Beiluhe River Basin from
2000 to 2016; the results illustrated that the area of the lakes
increased year by year. Based on a high-resolution dataset, Chen
et al. (2021) have determined that the number and area of
thermokarst lakes in QTP were 121151 and 1730.34 km?
respectively.

Many studies have detected the number and area of lakes on
the QTP with areas of over 1km? and thermokarst lake
dynamics have been reported primarily in Beiluhe River
Basin. Researchers have investigated thermokarst lakes
throughout the plateau only in 2018. Therefore, we
quantified changes in thermokarst lakes from the 1980s to
2020, using satellite image interpretation and object-based
long-term lake detection to accurately understand changes in
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lakes the QTP.
comprehensive permafrost change analysis provided a better

thermokarst across Simultaneously,
understanding of the eco-environmental effects of thermokarst

lake evolution.

Study area

The QTP, located at 26°-39°47’ N and 73°19'-104°47' E, is the
world’s highest and largest plateau, averaging over 4000 m above
sea level and covering an area of 250 x 10* km?> Most of the QTP
is underlain by continuous permafrost, of which the largest
permafrost thickness was measured to be about 128 m (Cheng
et al, 2019). In the context of global warming, the annual
temperature, precipitation, and soil moisture in most of the
QTP have shown clear upward trends from 1980 to 2018
(Yang et al, 2019; Zhao et al, 2019). The active-layer
thickness on the QTP increased in varying degrees, and the
rising rate along the Qinghai-Tibet Highway was 19.5 cm/10a
between 1982 and 2018 (Zhao et al., 2019). Ran et al. (2020)
divided the permafrost into five categories based on permafrost
temperature: very stable, stable, semi-stable, transitional, and
unstable types, with areas of 0.86 km? 9.62km? 38.45km’
42.29 km?, and 23.80 km?, respectively.
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FIGURE 3
Thermokarst lakes in 2020.

FIGURE 4
Number and area of thermokarst lakes in QTP, 1980s-2020.

130000 - - 2100
120000 4 L 1900
110000 - L 1700
= 100000 A s
2 P 1500 £
£ 90000 s
= - 1300 =<
= 80000 - =
70000 - 1100
50000 - T T T T 700
1980s 1990 2000 2010 2015 2020
= Number of lakes m Lake area

Data and methods
Data sources

Landsat TM/ETM+/OLI images with 30 m spatial resolution
are readily available from the 1980s onward and can reveal long-

Frontiers in Environmental Science 04

term changes in land cover (Giardino and Harbor, 2013; Nitze
et al., 2017). Landsat data were obtained from the USGS Global
Visualization Viewer (http://glovis.usgs.gov/) and the Geospatial
Data Cloud (http://www.gscloud.cn/). To ensure the clarity of the
images, the cloud cover is usually less than 10%. The Landsat
images have temporal resolutions of 16 days and cover an area of
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FIGURE 5

Annual mean temperature, 1980-2020 (A-C), and annual mean temperature change rate (D) of the QTP.

185km x 185 km. In this study, a total of 138 x 40 Landsat
images from the 1980s to 2020 were selected. All datasets were
registered to the Albers Conical Equal Area coordinate system
zones 26N-40N, and elevation was referenced to WGS 1984 data.

Elevation information was downloaded from the ASTER
Global Digital Elevation Model (GDEM) with 90 m spatial
the QTP boundary

resolution and was extracted by

shapefile mask.

Climate data analysis

Long-term (1980-2020) temperature and precipitation data
were available from “The spatial dataset of climate on the Tibetan
Plateau,” hosted by the National Tibetan Plateau Data Center
(Zou et al, 2017; http://data.tpdc.ac.cn).
temperature and precipitation data were retrieved from the

Annual mean

Center to assess any variations in climate between the time
periods used to monitor lake change. The Parameter-Elevation
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Regions on Independent Slopes Model (PRISM) was used to
generate grid data for the source dataset (Daly et al., 1994) from
the 1980s to 1990, and the interpolation model was adjusted and
verified based on the site data. From 1991 to 2020, regional
climate-scenario simulation data were downscaled to generate
grid data using terrain-trend surface interpolation. Part of the
source data comes from the simulation results of the GCM
model: the Hadley Centre climate model HadCM2-SUL was
adopted for the GCM model (Mitchell et al., 1995; Johns et al., 1997).

Permafrost

As the world’s largest middle-low-latitude and high-altitude
permafrost region, the QTP occupies a vast area underlain by
permafrost, which is estimated to be as high as 1.06 x 10* km*
(Zou et al,, 2017). In recent decades, permafrost on the QTP has
experienced clear degradation, as indicated by increasing ground
temperatures (Hu et al,, 2019) and further thickening of its active

frontiersin.org
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FIGURE 6

Annual mean precipitation, 1980-2020 (A-C), and annual mean precipitation change rate (D) of the QTP.

layers (Zhao et al., 2019). In this study, permafrost data for the
1980s was derived from the National Cryosphere Desert Data
Center (http://www.ncdcac.cn; Wang et al., 2017), and the
permafrost dataset for 2017 was provided by the National
Tibetan Plateau Data Center (http://data.tpdc.ac.cn; Zhao
et al., 2020).

Thermokarst lake interpretation

Thermokarst lake extraction requires two steps: the first
is to extract the water bodies of the QTP, and the second is to
distinguish the thermokarst lakes from the total water
bodies.

In 1977, Bartolucci et al. (1977) found that waters have
strong absorption characteristics in the near infrared band.
Further research has showed that in the wavelength ranges of
almost all sensors, waters have weak reflectance compared
with other ground objects. Especially in the near-infrared and
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mid-infrared bands (0.7-2.5 um), the reflectance of waters is
extremely low, while that of vegetation, soil, and buildings is
high (Jensen, 2004). Xu (2005) proposed the Modified
Normalized Difference Water Index (MNDWTI), shown in
Formula 1, which can easily distinguish between shadow
and waters, to solve the problem of shadow elimination in
water extraction:

Green — MIR

MNDWI = Green + MIR’

1
where Green is the green band and MIR is the middle-
infrared band.

Even when rivers and small streams are manually removed,
thermokarst lakes are not easy to distinguish from other types of
lakes. Compared with tectonic lakes, thermokarst lakes are
usually smaller, forming active lakes and ponds with areas of
typically less than 0.5 km* (Luo et al,, 2015). In this study, we
identified thermokarst lakes as those lakes distributed in
permafrost areas and not directly connected with rivers. To

frontiersin.org
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FIGURE 7
Permafrost change of the QTP from the 1980s to 2017.

ensure the accuracy of the lake extraction, we checked the lakes
one by one after the mechanical interpretation.

Results and discussion
Thermokarst lake dynamics
It can be seen from Table 1 and Figures 1-4 that thermokarst

lakes in the QTP showed an increasing trend overall and were
accompanied by fluctuant decreases. The number of lakes can be
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assessed in two stages: 1) from the 1980s to 2010, the number of
lakes continued to increase to the maximum value of 123053; and
2) from 2010 to 2020, they showed a slight downward trend. Lake
area can be summarized in two cycles and four stages. In the first
cycle, from the 1980s to 1990, the lakes’ area decreased from
932.5 km? to 799.25 km?, and in 2010, the lakes’ area had risen to
a peak 1871.94 km?, more than doubling that of the 1980s. In the
second cycle, from 2010 to 2015, the lakes’ area declined to
1511.12 km* and then increased to 1703.56 km* in 2020.

Great spatial changes have taken place, mainly in the Inner
Basin, which includes the Hoh Xil region and the Beiluhe River

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1051086

Li et al.

B 2020-qzkk-Thi
Soil 4
B Alpine desert soil
- Alpine meadow soil
[T Brown soil
| | Brunisolic soil ]
I Chernozem soil §
I Chestnut soil
- Cinnamon soil
- Dark loessial soil
:] Desert soil
B Grey brown soil
| 1ee gleisoil
[T Lateritic red soil
[ I Lateritic soil
- Red soil
| Salt encrustation
| Vellow soil

| Yellow-brown soil

FIGURE 8
Annual mean precipitation of the QTP, 1980-2020.

10.3389/fenvs.2022.1051086

Basin. These changes are primarily because continuous
permafrost is widely distributed in the Inner Basin, and the
terrain is relatively flat, which provides a better geological
condition for the development of thermokarst lakes.

As the aforementioned results suggest, previous research
about thermokarst lake dynamics was insufficient. Luo et al.
(2015) found that the number and area of thermokarst lakes in
the Beilu River Basin on the QTP increased by 534 and 4.10 km?,
respectively, between 1969 and 2010. Using Sentinel-2A data
from 2018, Chen et al. (2021) found the total thermokarst lake
area to be 1730.34 km? and the number to be 121151. Zhang et al.
(2018) observed that the number and area of lakes on the QTP
have clearly increased in recent decades. In addition, Song et al.
(2013) used multi-mission satellite data and found that lake level
in the QTP showed an obvious upward trend (0.2-0.6 m/a)
between 2003 and 2009. In conclusion, the results of this
research are highly consistent with those of previous studies.

Natural influence of thermokarst lakes
The QTP is one of the ecologically sensitive areas in which

the strongest climate warming has been observed in recent
decades, in both warm and cold seasons. In the QTP, the
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the
1961-2018 was over 2°C for both seasons, and a moist climate

annual mean temperature increase during period
was also noticed. The warming climate is likely connected to
permafrost degradation in the QTP.

Annual mean temperature has showed a fluctuating and
increasing trend since the 1980s (Figure 5). The annual mean
temperatures in the 1980s and in 1990 were —0.41°C and —0.89°C,
respectively. There was a downward trend in the annual mean
temperature from the 1980s to 1990, which exactly corresponded
to the decrease in lake area during this time. Since 1990, the
annual mean temperature has increased in most regions. As
Figure 5 shows, from 1980 to 2020 there was only a slight decline
in the southeast region of the QTP, as in the city of Shannan. The
maximum and minimum temperature-change rates are 0.08°C/yr
and —0.02°C/yr, respectively, and the Inner Basin, which has the
most extensive distribution of thermokarst lakes, has a
temperature change rate of 0.03-0.04°C/yr.

The annual mean precipitation in the QTP in 1980 and
1990 was 480.36 mm and 493.43 mm, respectively, with the
minimum and maximum precipitation observed in Qaidam
Basin and Brahmaputra Basin (Figure 6). Due to long-term
heavy rainfall, the annual mean precipitation reached
683.78 mm in July 2010, so the number and area of lakes

increased sharply in this year. The annual mean precipitation
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decreased from 2015 to 2020, compared with 2010, but increased
compared with the 1980s. Figure 6 demonstrates that the annual
mean precipitation in most areas of the QTP shows an increasing
trend, with increasing rates of 0.1-8 mm/yr. The growth rates of
the Inner Basin and the Qaidam Basin can reach 2-3 mm/yr
(Figure 6).

Permafrost thaw

The QTP has the largest permafrost distribution in the
middle latitude worldwide. In the context of global warming,
the permafrost of the QTP has undergone extensive degradation,
which is significant to regional climatic, hydrological, and
ecological processes. According to measured and simulated
predictions in the 1980s (Nan et al., 2005; Cheng et al,, 2011),
the permafrost area and seasonally frozen ground area of the
QTP were 127.19 km” and 126.06 km?, respectively. As predicted
by Ran et al. (2018) in 2017, the areas of permafrost, seasonally
frozen ground, and unfrozen ground were 105.6 km?
14522 km®, and 2.93 km’ respectively. From the 1980s to
2017, the permafrost area shrank by 21.59 km* According to
the relationship between permafrost change and thermokarst
lakes from the 1980s to 2017 (Figure 7), thermokarst lakes are
densely distributed in the change area.

Soil

According to the American soil classification system “Keys
to Soil Taxonomy” (2010 version), the permafrost area of the
QTP is dominated by Gelisols and Inceptisols, which account
for 34% and 28% of the total area, respectively (Li et al., 2015).
According to the Chinese Soil Taxonomy, alpine desert soil and
alpine meadow soil are widely distributed in the QTP,
accounting for 71.61% and 4.74% of the total soil,
respectively. Alpine desert soil is sandy and has a thin soil
layer, large sand content, rough particles, fast water seepage
rate, and good ventilation performance. As Figure 8 shows,
thermokarst lakes are mainly distributed in alpine desert soil.
The strata in the permafrost area of the QTP are mainly
mudstone and sandstone, and the surface water is not easily
converted to groundwater.

Conclusion

In this work, thermokarst lakes in the QTP between the 1980s
and 2020 were systematically studied, and the QTP’s annual
mean temperature, annual mean precipitation, permafrost area,
and soil were also analyzed in detail. The main conclusions are as
follows:
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1) Based on the series of Landsat data for the QTP, the number
of thermokarst lakes has increased from 60834 in the 1980s to
120374 in 2020, and their area has increased from 932.5 km?
in the 1980s to 1703.56 km®.

2) We analyzed the influence of natural factors on the lakes’ area
change, finding that the substantial decrease in lake area in
1990 was due to an annual mean temperature decrease since
1980, and that the increase in lake number and area since
1990 has been due to a corresponding temperature rise.

Our results contribute to an explicit understanding of
thermokarst lake dynamics and support the accurate
calculation of the water volume of the “Chinese Water
Tower.” We showed that natural factors play an important
role in thermokarst lake development. Meanwhile, human
factors, which are not easy to estimate quantitatively, also
have considerable impacts.
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