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Abstract: The permafrost in the Qilian Mountains (QLMs), the northeastern margin of the Qinghai—
Tibet Plateau, changed dramatically in the context of climate warming and increasing anthropogenic
activities, which poses significant influences on the stability of the ecosystem, water resources, and
greenhouse gas cycles. Yet, the characteristics of the frozen ground in the QLMs are largely unclear
regarding the spatial distribution of active layer thickness (ALT), the maximum frozen soil depth
(MFSD), and the temperature at the top of the permafrost or the bottom of the MFSD (TTOP). In this
study, we simulated the dynamics of the ALT, TTOP, and MFSD in the QLMs in 2004-2019 in the
Google Earth Engine (GEE) platform. The widely-adopted Stefan Equation and TTOP model were
modified to integrate with the moderate-resolution imaging spectroradiometer (MODIS) land surface
temperature (LST) in GEE. The N-factors, the ratio of near-surface air to ground surface freezing
and thawing indices, were assigned to the freezing and thawing indices derived with MODIS LST
in considerations of the fractional vegetation cover derived from MODIS normalized difference
vegetation index (NDVI). The results showed that the GEE platform and remote sensing imagery
stored in Google cloud could be quickly and effectively applied to obtain the spatial and temporal
variation of permafrost distribution. The area with TTOP <0 °C is 8.4 x 10* km?2 (excluding glaciers
and lakes) and accounts for 46.6% of the whole QLMs, the regional mean ALT is 2.43 £ 0.44 m, while
the regional mean MFSD is 2.54 & 0.45 m. The TTOP and ALT increase with the decrease of elevation
from the sources of the sub-watersheds to middle and lower reaches. There is a strong correlation
between TTOP and elevation (slope = —1.76 °C km™1, p < 0.001). During 2004-2019, the area of
permafrost decreased by 20% at an average rate of 0.074 x 10* km?-yr—!. The regional mean MFSD
decreased by 0.1 m at a rate of 0.63 cm'yr_l, while the regional mean ALT showed an exception of a
decreasing trend from 2.61 + 0.45 m during 2004-2005 to 2.49 + 0.4 m during 2011-2015. Permafrost
loss in the QLMs in 20042019 was accelerated in comparison with that in the past several decades.
Compared with published permafrost maps, this study shows better calculation results of frozen
ground in the QLMs.

Keywords: Qilian mountains; permafrost; Stefan Equation; TTOP model; climate change; Google
Earth Engine

1. Introduction

Permafrost (perennially frozen ground) is thermally defined as soil or rock maintain-
ing 0 °C for at least two consecutive years [1]. It is a product of long-term climate change
and geological evolution and distributes from high latitudes to mid to low-latitudes with
high elevations across the world [2,3]. The seasonally frozen ground freezes in the winter
and thaws in the summer, while the active layer is that portion of the soil above permafrost
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that thaws during the summer and freezes again. The thermal state of frozen ground was
usually represented by two key indicators: the mean annual temperature at the top of
the permafrost or the bottom of maximum frozen soil depth (MFSD) (TTOP) (usually at
depth of 1-3 m), and the temperature at the depth of zero annual amplitude (TZAA) (with
temperature amplitude within 0.1 °C and usually at the depth of 10-25 m) [1,4-7]. Over the
past three or four decades, permafrost has experienced wide degradation in the context of
climate warming and increasing anthropogenic activities, which is characterized by rising
of ground temperatures, increasing of active layer thickness (ALT), decreasing of maximum
frozen soil depth (MFSD), as well as the disappearance of isolated permafrost [3,8-13].
The variation in permafrost exerts significant influences on the alterations of hydrologi-
cal cycles [14-16], thermokarst-inducing processes [17], exacerbation of biogeochemical
cycles [18,19], changes in landscapes and geomorphologies [17,20], as well as losses of
stabilization of surface hydrothermal dynamics [21,22]. The degradation of permafrost
and its adverse consequences have attracted widespread attention from stakeholders in
governmental policy and planning and residents, as well as among scientific communities.

With an average altitude exceeding 4000 m above sea level, the Tibetan Plateau (TP) is
well known as “the Third Pole” and “the Asian Towers” [23-26] and ranks as the largest
expanse of mountain permafrost across the world. Located in the northeastern margin of
the TP, the Qilian Mountains (QLMs) is a representative area of mountain permafrost in
the TP [27-29]. The permafrost in the QLMs belongs to the sub-region of the Qilian-Altun
Mountains of the TP permafrost region [30]. The permafrost in the QLMs has suffered
dramatic and severe degradation in the past decades, which has been mostly recognized
by in situ observations at sparsely- and unevenly-deployed sites [9,13], despite that the
exact distribution of the thermal state of permafrost was rarely revealed for the whole TP.
Although there are a variety of practices related to permafrost investigations, modeling, and
mapping in the QLMs [31-34], the detailed spatial distribution of permafrost temperature,
ALT, and MFSD in this specific region remains largely unavailable. The lack of convincible
permafrost maps may hinder relevant studies on eco-environment management and natural
resources [35].

The traditional permafrost research was based mainly on long-term field observa-
tions [4,10,36], indirect obtaining of the thermal state of permafrost with freezing and
thawing indices on the ground surface [37,38], and sometimes numerical simulations and
machine learning [39,40]. The traditional technical processes of remote sensing analysis
are to first acquire and store data, and then perform preprocessing, extract information,
analyze geoscientific issues, and extract thematic information using relevant algorithm and
methods. The disadvantages of traditional remote sensing are difficulty in data collection,
request of large storage capacity, and low processing efficiency in large-scale geoscientific
analysis and applications. Some permafrost studies utilizing remote sensing techniques
need to download and store remote sensing datasets [39]. In the context of the era of big
data, data acquisition, processing, calculation, and analysis in the Google Earth Engine
(GEE) cloud have powerful and stable capabilities [41,42]. GEE is an essentially cloud-based
platform that can be used to access and seamlessly process massive freely available satellite
datasets, including datasets acquired by moderate-resolution imaging spectroradiometer
(MODIS), and Landsat and Sentinel imagery, as well as high-performance parallel comput-
ing [42]. Recently, there has been a significant increase in efforts of geoscientific applications
with GEE, including crop mapping [43], forest management [44], wetland inventory [45],
settlement and population mapping [46], as well as surface water extraction [47—49].

In this study, we tried to map ALT, MFSD, and the mean annual temperature at the top
of permafrost or the bottom of MFSD (TTOP) in the QLMs using the MODIS land surface
temperature (LST) along with soil and vegetation maps with the Google Earth Engine
(GEE) platform. Firstly, we obtained the daily MODIS LST and calculated the freezing
and thawing indices on the land surface (FI; and TI} ). Secondly, we obtained the ground
surface freezing and thawing indices (FI; and TIg) by incorporating the FI; and TI;, and
the N-factors [50]. The N-factors, the ratio of near-surface air to ground surface freezing



Remote Sens. 2021, 13, 149

30f17

or thawing indices, were assigned in considerations of the classification of vegetation
coverage calculated with MODIS normalized difference vegetation index (NDVI). Then,
we calculated the TTOP, ALT, and MFSD by incorporating FIg and TI; as well as soil
information with the TTOP model [51] and Stefan Equation [52]. This study is likely to
facilitate related research on ecosystem service and may help stakeholders in government
policy and planning in the QLMs.

2. Materials and Methods
2.1. Study Region

The QLM:s is surrounded by the Altun Mountains in the west, the Qaidam and the
Gonghe basins in the south, and the Hexi Corridor in the north. It is clamped by several
sets of NNW-oriented large faults composed of parallel mountain chains and broad valleys.
Governments and scientific communities have paid more and more attention to the QLMs
since serious eco-environmental issues have weakened the role of the ecological barrier of
the QLMs [35]. There are several confusing definitions regarding the geographical extent
of the Qilian Mountains owing to no official delineating. In this study, we delineated
the boundary of the QLMs in consideration of the mountain trends around this area and
the division principles of other people (Figure 1). According to our watershed division
principle, the latitude ranges from 35°49'N to 40°01'N and the longitude ranges from
94°23'E to 103°58'E in the QLMs, encompassing an area of 18.22 x 10* km?2. The altitude
in the QLMs ranges from 1576 m to 5763 m and is averaged at 3586 m [27], which is low in
the surroundings and high in the central part, especially at the mountaintops. The QLMs is
roughly composed of six watersheds and serves as the sources of six rivers, i.e., the Datong
River ranking the second-order tributary of the Yellow River, the Shule River, the Shiyang
River, the Heihe River, the Qinghai Lake, and the Qaidam Basin. There are two relatively
large lakes in the QLMs—one is the Qinghai Lake, ranking as the largest lake across China
with a surface area of 4829 km? and lake level of 3198 m; and the other is the Hala Lake,
with a surface area of 595.9 km? and lake level of 4081 m, as obtained from the long-term
sequence dataset of lake areas on the TP for 1970-2013 [53].
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Figure 1. Geographical background of the Qilian Mountains. QHL and Har L denote the Qinghai
Lake and Hala Lake, respectively. BH and ALT denote the boreholes and active layer thickness
sites used to validate the model in this study, respectively, which were mainly collected from
documents [6,7,13,54-56].

The climate continentality index is lower in the western parts and highest in the
eastern parts owing to spatial differentiation of precipitation and moisture conditions.
The climate is humid in the eastern parts of the QLMs, which is abundant in rainfall,
affected by the southeast and southwest monsoons. On the contrary, the climate is sub-arid
and extremely arid in the western parts of the QLMs, such as the source region of the
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Shule River [8], which is characterized by annual precipitation lower than 400 mm and
even 200 mm. Affected by the spatial differentiation of the climate continentality index,
the surface vegetation in the QLMs is mainly dominated by alpine meadow and alpine
paludal meadow in the east, alpine steppe in the central parts, and alpine steppe and
even desert steppe in the southwest. The main vegetation in the QLMs is composed of
Kobresia pygmaea, Kobresia humilis, Kobresia bellardii and Kobresia capillifolia dotted with
Carex moorcroftii, Coelnema dradaroides, and Przewalskia tanguia [57].

The permafrost in the QLMs is mostly controlled by elevations, which have the
characteristic of declining in continuity with the lowering of altitude, and distributes in
high mountains at elevations exceeding 3600 m, as well as valleys and basins with favorable
moisture conditions and vegetation cover as low as 3400 m [6-9,13]. With a decrease in
precipitation and an increase in aridity from east to west, the lower limits of permafrost
decline at a rate of 150 m per degree [6]. However, organic layers, fine-grained materials,
and relatively high ground ice complicate the development of permafrost at local scales.
The thermal state of permafrost at specific in situ sites was obtained by measurements
of ground temperature after borehole drillings. For example, the mean annual ground
temperature around the depth of zero annual amplitude was revealed to be above —2 °C in
the upper reaches of the Heihe River [13,55], in the source regions of the Datong River [9,58],
and the source region of the Shule River [8]. Just to resemble other regions on the TP, the
permafrost in the QLMs is susceptible to climate changes and anthropogenic activities,
as confirmed by recent observations and simulations [10,13,27,32,56,59,60]. Meanwhile,
related permafrost geohazards, such as the thaw slumps, were accelerated at many regions
in the context of permafrost degradation along with climate warming [61]. Although
permafrost maps had been compiled in parts of the QLMs in the past [27,32,62,63], the
accurate sketching of the thermal state of permafrost for the whole QLMs is still unknown.

2.2. Methods
2.2.1. Stefan Equation
The Stefan Equation [52] was widely applied to calculate ALT and MFSD. In this study,

ALT and MFSD were calculated from the variants of the Stefan Equations (1) and (2) using
the ground surface thawing index and freezing index, respectively, as follows:

ALT = E\/Tlg )
or
MFSD = E+/Flg @)

where the edaphic factor E is the catch-all scaling parameter, which is described as follows:

2k;
ppwL

£ Zkf .
f= PbZUL ( )

where k; and kf are the thawed and frozen thermal conductivities of the soils, respectively;
w is soil water content; p;, is soil bulk density; L is latent heat; and TI; and Fl; are the
ground surface thawing and freezing indices, respectively. The soil thermal properties,
mainly the thawed and frozen thermal conductivities, were prescribed with the empirical
values according to Xu et al. [64] as well as soil properties (soil types, soil density, and soil
water content). The soil properties, including the soil bulk density as well as sand, clay,
and silt content, were extracted from the soil map of China at a scale of 1,000,000 from the
Second National Soil Survey [65].

Er = 3)

or
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2.2.2. TTOP Model

As TZAA could be associated with TTOP through temperature gradient (usually
0.2-0.4 °C) [66], we revealed the thermal state of frozen ground in the QLMs by calculating
TTOP in this study. Here, we employed the TTOP model, which correlates to the ground
surface freezing and thawing indices, and was conceptualized by Smith and Riseborough
(1996, 2002), to reveal the thermal state of frozen ground in the QLMs. The TTOP model
used to reveal the TTOP value is shown in the following equations [51]:

TIgks — Flgks

TTOP =
TPP

(permafrost) )

TIgk: — Flgks

TTOP = kP

(seasonally frozen ground) (6)

where 1 = k; is the ratio of thermal conductivity of the soils in thawed and frozen states,

which represents the influence of ground thermal properties [67]. FIg and T represent the
freezing index and thawing index on the ground surface, respectively, and P is the annual
period (365 d). The soil thermal conductivities were assigned in consideration of the soil
types and relevant thermal conductivities. If TIgk; < FIgky, the relevant grid point will be
identified as permafrost and Equation (5) will be used to calculate TTOP; otherwise, it will
be identified as seasonally frozen ground and Equation (6) will be employed. Equations (5)
and (6) take into account the thermal offset effect [68] with freezing and thawing indices in
the lower atmosphere linked to values at the ground surface using the N-factors. In this
study, the N-factors were considered when calculating the ground surface freezing and
thawing indices with the land surface freezing and thawing indices.

2.3. Data
2.3.1. MODIS LST

The main input for the Stefan Equation and the TTOP model is the reprocessed LST
products with a spatial resolution of 1 km? obtained from the Moderate Resolution Imaging
Spectroradiometers (MODIS) onboard Terra and Aqua satellites launched in 2000 and 2002,
respectively. The two satellites include two daytime and two night-time measurements,
which serve as the maximum and minimum LSTs to calculate daily LST [69]. As a result of
data scarcity caused by insufficient and uneven distributions, we treated MOD11A1 (daily
LST from Terra) and MYD11A1 (daily LST from Aqua) with a spatial resolution of 1 km?
as the daytime and nighttime LST. To supplement the deficient, missing, or unacceptable
data caused by the presence of clouds, the presence of dust in the atmosphere, and sensor
failure [70], an 8 d average value around a specific day was assigned to the missing
value, then the daily LST was calculated using the diurnal or nocturnal LSTs [69,71]. The
gap-filling algorithm is shown as follows [71]:

Ts = 0.18 x Terra_day + 0.269 x Terra_night + 0.143 x Aqua_day+ 0.435 x Aqua_night + 0.896 (7)

After obtaining the daily LST, we used the following equations to calculate the freezing
and thawing indices on the land surface:

0

FIL:/OG( Tf)di ~ YT (T, < 0) ®)

0

0

TIL:/OG( Tf)di ~ YT (T, > 0) )

0
Here, FI;, and TI;, are the freezing and thawing indices derived from LST products,
respectively; T; is the nominal daily LST; T is the freezing point (usually defined as 0 °C);

and T is the average daily LST. As a result of the complex influence of surface characteristics,
the mean annual ground surface temperature varies greatly even in the same geographical
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unit with consistent elevation and similar vegetation [72]. The insulating effects of snow
cover in the winter and vegetation cover in the summer cause a large temperature deviation
between ground surface temperature and the near-surface or land surface temperatures.
However, previous studies demonstrated that the near-surface air temperature is linearly
correlated to the land surface temperature [73,74]. Moreover, the mean annual or freezing
and thawing indices of the near-surface are approximately consistent with those of the land
surface on the TP [74]. Therefore, we approximated LST as the near-surface air temperature.
After calculating the freezing and thawing indices with MODIS LST, we used the N-factors
to substitute the freezing and thawing indices on the ground surface (the depth of 0-5 cm),
which is the true upper thermal boundary of the permafrost [74]. Afterward, the ground
surface thawing index and freezing index are calculated as follows:

Flg = NfFI (10)

TIc = Ny-TIp (11)

Here, the N-factors were selected from the documentations in consideration of similar
surface characteristics [75-77], which is described in Section 2.3.2.

2.3.2. Surface Vegetation and the N-Factors

The surface vegetation in the QLMs mainly consists of the alpine steppe in the western
part and alpine meadow or alpine paludal meadow in the eastern part. Meanwhile, in the
southern parts of the QLMs, there is a large area covered with desertification or bare
ground surface. The freezing and thawing indices calculated with MODIS LST cannot be
directly used for mapping or simulating permafrost distribution unless the substitution of
N-factors is applied, as the energy exchange between the ground surface temperature and
the near-surface is quite complex [74]. Therefore, we calculated the fractional vegetation
cover (FVC) with the MODIS normalized difference vegetation index (NDVI) and then
assigned the N-factors to each grid point in consideration of the FVC. In this study, we first
reclassified the NDVI into five classes (0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0), and then
assigned the thawing N-factors of 0.5, 0.6, 0.7, 0.8, and 0.9, as well as freezing N-factors
of 1.5,1.2,1.0, 0.9, and 0.8, to each grid point in consideration of vegetation differences,
as the freezing and thawing N-factors for the surface characteristics on the TP are generally
within 0.5-0.8 and 0.9-1.5, respectively [72,75,77]. The FVC is computed as follows:

NDVI — NDVIy;
FVC = min
NDVImax—NDVIpin

(12)

When calculating the FVC, we adopted NDVI with cumulative probabilities of 5% and
95% as NDVIin, and NDVIax, respectively, which were selected with reference to previous
studies (e.g., Li et al. [78]). The FVC in the QLMs was calculated with the MODIS NDVIL

2.3.3. Google Earth Engine

The data used to calculate the frozen ground parameters and vegetation index were
all stored in Google cloud. GEE consists of a multi-petabyte analysis-ready data cata-
log, including the MODIS LST and NDVI products used in this study, co-located with
a high-performance, intrinsically parallel computation service [41]. All the data prepro-
cesses and information extraction of remote sensing images and the calculations of frozen
ground parameters were accessed and controlled through an Internet-accessible application
programming interface (API) and an associated web-based interactive development envi-
ronment (IDE) that enables rapid prototyping and visualization of results. The algorithms
related to calculations of ALT, TTOP, and MFSD were compiled with JavaScript through
the API and IDE.
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2.3.4. Validation

The overall accuracy of calculated TTOP and ALT was evaluated with mean absolute
error (MAE), root mean square error (RMSE), and mean bias error (MBE), as described in
Willmott and Matsuura [79]. The calculations were verified with the in situ observations
of permafrost temperatures and ALT and the previous compilation of permafrost maps
containing the QLMs (Figure 1). There are sparse and uneven observations of permafrost
temperatures and ALT in the QLMs over the past one or two decades, especially in the
source regions of the Datong River and the upper reaches of the Heihe River, as well
as the source regions of the Shule River [13,54,58]. We compared the calculated values
with observations and found that the correlation between TTOP and ALT and altitude
is significant (Figure 2). Besides, we found that the MAE, RMSE, and MBE for these
comparisons are 0.58, 0.19, and 0.19, respectively. The validation shows that the calculation
accuracy of permafrost temperature and active layer based on the Stefan Equation and the
TTOP model is high, which is in line with the actual situation.

1.0 7 500

400

300

Calculated TTOP (°C)

200

Calculated ALT (cm)

254 7 o 100
(a)

(b)

3.0 ;.5 é.ll ; 5 : 0 (I).S (I) l:.S 1.0 0 1(‘]() Z(I)ll 3(‘)0 4(I)(l 5(I)()

Observed TTOP (°C) Observed ALT (¢cm)
Figure 2. Comparisons of calculated temperature at the top of the permafrost or the bottom of the
maximum frozen soil depth (MFSD) (TTOP) and measured TTOP (a), as well as calculated active
layer thickness (ALT) and measured ALT (b), in the Qilian Mountains. Red line and dashed line

demonstrate the linear trend and 1:1, respectively.

3. Results
3.1. Comparisons to Other Permafrost Maps

The four widely used permafrost maps—Global permafrost zonation index (1 km) [80],
New Permafrost Distribution on the Qinghai-Tibet Plateau (NPD) [71], and Northern Hemisphere
Permafrost Map (GlobalPF) [81]—were also compared in this study. In general, the calculated
permafrost extent is consistent with these widely used permafrost maps in most parts,
especially in the central parts of the Qilian Mountains. Compared with the results calculated
in this study, other published permafrost maps tend to overestimate the permafrost extent in
the western parts that were generally covered with sparse alpine steppe and underestimate
the permafrost extent in the eastern parts that were covered with dense alpine meadow
and paludal meadow (Table 1, Figure 3).

Table 1. Comparisons of permafrost area in this study and three published permafrost maps in the
Qilian Mountains.

GPF- NPD-TTOP TTOP-GPF TTOP-NPD
TTOP(km?) (km?) (km?) (km?)
Difference 17,961.2 8556.7 1906.3 9460.7
Difference/TTOP (%) 9.86% 4.70% 1.05% 5.19%

Note: GPF denotes GlobalPF [81], NPD denotes new permafrost distribution [71], while TTOP denotes the
permafrost in this study.
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Figure 3. Comparisons of calculated permafrost extent to the published permafrost maps of NPD
(TP) (a) and GlobalPF (b) in the Qilian Mountains. NPD (TP) indicates the permafrost map compiled
by Zou et al., 2017; GlobalPF indicates the permafrost map compiled by Obu et al., 2019; and TTOP
indicates the permafrost map compiled in this study. 0 and 1 represent permafrost and no permafrost,
respectively. The first and second numeric numbers indicate published permafrost maps and the
calculated results in this study, respectively.

The difference between the newly complied permafrost in the QLMs of this study
was compared with other calculated results based on the confusion matrix and its derived
index Kappa coefficient. Overall, two classifications of permafrost and no permafrost were
performed, with three comparable results (Table 2). The assessment demonstrates that all
the calculated permafrost temperatures were generally in agreement with the permafrost
map as compiled by Zou et al., (2017) (with Kappa coefficient of 0.811) and Obu et al.,
(2019) (with Kappa coefficient of 0.780). The standard estimator of the Kappa coefficient
indicates that there is a good agreement between the TTOP derived from the GlobalPF map
and the MALST in this study (Figure 4).

Table 2. Kappa coefficients of the NPD_TP and GlobalPF and this study. The first column presents
the calculated result in this study, and the rows present the classification in NPD_TP and Glob-

alPF, respectively.
NTP_TP GlobalPF
0 1 Sum 0 1 Sum
0 69,910 8797 78,707 96,407 22,990 119,397
1 6562 78,042 84,604 1956 103,236 105,192
Sum 76,472 86,839 163,311 98,363 126,226 224,589
Kappa 0.811 0.780

Note: NPD_TP denotes new permafrost distribution on the Tibetan Plateau [71] and GlobalPF denotes the
northern hemisphere permafrost map compiled by Obu et al., (2019). 0 and 1 represent permafrost and no
permafrost, respectively.

96° F 99° F 102° F

takes [ 100
TT0PCC) [ Jo-10
- o

96° F 99° 102°F

Figure 4. Spatial distribution of the TTOP in the Qilian Mountains averaged during 2004-2019.
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3.2. Spatial Distribution of TTOP

The TTOP of the six watersheds in the QLMs averaged throughout 2004-2019 is shown
in Figure 4. The area with negative TTOP is 8.4 x 10* km?, which accounts for about 46.6%
of the whole QLMs. Meanwhile, the area with positive TTOP is 9.3 x 10* km? and accounts
for about 51.2% of the whole area. Other parts of the QLMs are covered by glaciers and
lakes. The areal percentage of permafrost with negative TTOP is highest in the Heihe River
watershed, indicating that the permafrost is relatively thermally-stable in the Heihe River
watershed. The TTOP in permafrost regions of the QLMs is averaged at —1.43 °C and
generally increases from the source regions of all six watersheds to the periphery regions,
which follows the undulating terrains and the changes of altitude. It is not difficult to find
that the TTOP is highly correlated with altitude in the QLMSs. The higher the altitude, the
lower the TTOP. The TTOP is relatively lower in the watershed boundary as the altitudes
are relatively higher. For the watersheds of the Shule River and the Qaidam Basin, the
TTOP increases from about —4 °C in the central parts to above 0 °C in the western parts
along the mountain ridge. On the contrary, the TTOP generally increases from about —3 °C
in the central parts to above 0 °C in the eastern parts for the watersheds of the Shiyang
and Datong rivers. There is no permafrost distribution in the watershed of the Qinghai
Lake owing to the influence of relatively low elevation. However, the TTOP is generally
below 0 °C around the Hala Lake, which is a closed lake basin with a depth of 65 m in the
western QLMs [82], with some exceptions of positive TTOP distributed in the near-shore.
With the altitude rising from around 4071 m at the surface of the Hala Lake to over 5400 m
in the mountain ridges, the TTOP generally decreases from about 0 °C to about —4 °C.

The permafrost loss in the QLMs was accelerated throughout 2004-2019. The areas cov-
ered by permafrost in the QLMs are 8.92 x 10%, 8.54 x 10%,8.59 x 10%, and 7.74 x 10* km?
during 2004-2005, 20062010, 2011-2015, and 2016-2019, respectively (Figure 5). The
permafrost decreased by 0.38 x 10* km? from 2004-2005 to 20062010, and remained
stable from 2006-2010 to 20112015, but decreased dramatically by 0.85 x 10* km? from
2011-2015 to 2016-2019. The mean annual air temperature decreased slightly at a rate of
—0.1 °C-yr~! from 2006 to 2012, which likely resulted in the slight increase of permafrost
area in 20112015 as a result of the lag in the response of frozen ground to climate change.
Overall, the permafrost in the QLMs degraded by 1.18 x 10* km? at a rate of 0.074 km?.y !
from 2004 to 2019, accounting for about 20.0% of the total area.
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Figure 5. Permafrost variations indicated by the TTOP in the Qilian Mountains from 2004 to 2019.

3.3. Spatial Distribution of ALT

The ALT in the QLMs averaged over 2004-2019 is shown in Figure 6. In general, the
calculated ALT in the QLMs ranges from 0.4 m to 3.6 m and is averaged at 2.51 £ 0.45 m.
For the area around Hala Lake, the ALT decreases from 3.0 m near the lakeshore to less than
1.0 m away from the lake basin. The ALT distributed around Hala Lake is larger than 2.0 m.
Resembling the spatial distribution of TTOP, the ALT is generally as thin as <1.0 m in the
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central parts, especially in the mountain ridges where the rivers originate, and gradually
thickens to larger than 3.0 m towards the downstream of each watershed. It should be
noted that, at the mountain ridges of the QLMs, there are some areas covered with LST
that are lower than 0 °C all the time, indicating they are perennially covered by glaciers.
We exclude these areas when calculating as they could not be treated as permafrost. Besides,
there is no ALT value available for the central parts of the QLMs.

96° E 99°E 102° E

40°N

38°N

36°

36°N

ALT (m)

=B

Figure 6. Spatial distribution of the active layer thickness (ALT, m) in the Qilian Mountains.

Although the permafrost in the QLMs varied considerably during 2004-2019 (Figure 5),
the regional mean active layer thickness did not simultaneously change dramatically
(Figure 7). The average ALT in the QLMs was 2.61 m, 2.59 m, 2.49 m, and 2.6 m over each
five-year period of 2004-2005, 2006-2010, 2011-2015, and 2016-2019, respectively. However,
the insignificant change of regional mean ALT may be because the permafrost with thicker
ALT disappeared in the same period.

2004-2005

0100 200
F—t—km

2011-2015

Figure 7. Temporal variations of active layer thickness (ALT, m) in the Qilian Mountains from 2004
to 2019.

3.4. Spatial Distribution of MFSD

The spatial distribution of the MFSD in the seasonally frozen ground in the QLMs
differs significantly from that of the ALT. As shown in Figure 8, the MFSD decreases from
above 3.0 m to about 1.5 m in the seasonally frozen ground mainly located in the periphery
of permafrost regions. The farther away from the permafrost regions, the smaller the MFSD.
In the central parts of the QLMs, the MFSD values are only available in the lower valleys
of the rivers, but are not available in most parts of this area as it is almost all covered
by permafrost.
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Figure 8. Spatial distribution of maximum frozen soil depth (MFSD, m) in the Qilian Mountains.

Unlike the trend of regional average ALT, the MFSD in the QLMs averaged over
2004-2019 showed a decreasing trend (Figure 9). The average MFSD was 2.68 & 0.48 m,
2.57 £ 0.49 m, 2.58 & 0.44 m, and 2.58 £ 0.48 m during 20042005, 2006-2010, 2011-2015,
and 2016-2019, respectively.
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Figure 9. Spatiotemporal variations of maximum frozen soil depth (MFSD, m) in the Qilian Moun-
tains from 2004 to 2019.

4. Discussions
4.1. Comparisons to Published Permafrost Maps

The difference between the permafrost area in the QLMs calculated in this study and
that extracted from others was compared (Tables 1 and 2). The permafrost area calculated
by Obu et al., (2019) is 16,054.9 km? more than that in this study, while the permafrost area
calculated by Zou et al., (2017) is almost the same as that in this study and only 904.0 km?
less than the results presented in this study as a whole. Overall, the overestimation area
of GlobalPF [81] compared with this study is much larger than the underestimation area,
while the overestimation area of NPD [71] almost equals the underestimation area in
the QLMs.

We also compared the spatial distribution of the TTOP value calculated in this study
with Obu et al., 2019, the recent well-known permafrost mapping practice at the hemi-
spheric scale, which calculated the permafrost temperature as well. Our results indicate
that the calculated TTOP in this study is generally consistent with the observed values
(Figure 3). The TTOP derived from Obu et al., (2019) tends to underestimate the TTOP by
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an average of 1.98 °C in comparison with this study (Figure 10). The deviation may be dif-
ferent N-factors assigned in this study when using the satellite-derived LST to calculate the
freezing and thawing indices in consideration of the thermal influences of complex surface
characteristics, such as the snow cover in winter and vegetation cover in summer [66,75,76].
As a temperature at the vegetation cover in the summer or the snow cover in the winter,
LST generally responds quickly to solar radiation and has a larger variation amplitude
than the near-surface air and the ground surface temperature [74]. Previous studies at
in situ sites with consistent surface characteristics on the northeastern TP demonstrated
that the average thawing N-factor was about 0.52 and the average freezing N-factor was
about 1.01 [74]. Nonetheless, as the surface characteristics are very complex over different
ecoregions [75], the freezing and thawing N-factors may vary from place to place. There-
fore, to improve the accuracy of calculations of TTOP or ALT, more field observations of
the land surface, near-surface air, and ground surface temperatures are expected to be
carried out in association with the complex surface vegetation, substrates, and microtopog-
raphy [50,76,83]. Especially, the correlation between the freezing and thawing N-factors
and the satellite-derived vegetation index associated with in situ investigations of surface
temperatures and surface characteristics should be explored in the TP in detail in the future.

1=0.89x1.98 .
104 [ R=0.87
& 97 120.67x—0.48
_Té: . R*=0.84
)
_5—
S )=1.98x-0.96
s LOR=073
-10 .
~15 1+ ; : . . .
-5 0 5 10 15 20
QLM_TTOP

Figure 10. Correlation of the TTOP between GlobalPF [74] and this study (QLM_TTOP).

4.2. Correlation between Permafrost and Topography

Permafrost in the TP has long been recognized as high-altitudinal permafrost, which is
mainly controlled by high altitudes and topography, owing to its average altitude exceeding
4000 m and being far away from the main body of Eurasia permafrost zones [2,28,80,84].
One of the concepts most closely related to high-altitudinal permafrost is the lower limits
of permafrost, which is complicated by the relationships between timberline, snow line,
glacier, and permafrost environments in the mid-latitudes [85]. The lower limits of high-
altitudinal permafrost differ significantly from heterogeneous geographic backgrounds.
For example, the lower limit at Xidatan, the northern boundary of the main body of the TP,
was reported to be 4395 m in 2003 [86], while the lower limits of permafrost in the eastern
parts differ significantly from those in the western parts [6,7,13].

In general, the permafrost in the QLMs was categorized as mountain permafrost [28,87],
although the regionalization system of permafrost in the TP is still controversial, while the
altitude was considered as the most influential factor determining the spatial distribution
of permafrost. The large deviation of permafrost distributed in the eastern and western
parts of the QLMs was revealed by extensive field investigations [6,7,9,83] under the
complex influences of climate continentality index, the contrast in precipitation, as well as
landscapes. However, the main factors causing the spatial distribution of permafrost were
considered to be altitude and topography [8]. As shown in Figure 11, TTOP with isotherm
of 0 °C in the QLMs is generally consistent with the altitudinal belt of 36004000 m, which
means that the lower limits of permafrost fall within the altitudinal belt of 3600 m and
4000 m and are similar to previous studies [6,7,13]. The lower limits of permafrost in the
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QLMs could be revealed by the correlation analysis between altitude and TTOP, ALT, and
MESD. Figure 11a,b indicate that the vertical lapse rate of the TTOP in permafrost regions
decreases at a rate of —1.76 °C km~!, while that in seasonally frozen ground decreases
at a rate of —6.04 °C km~!. Most grid points with negative TTOP fall within the altitude
of 3500 m and 5500 m, some grid points with negative TTOP are located in the eastern
parts with altitudes lower than 3500 m, which could be distributed in the lower valleys
with alpine paludal meadow and relatively thick peaty layer [62], which could better
“protect” permafrost [13,56]. Most of the grid points with positive values are located below
3000 m and fall within the altitude below 4500 m, with some exceptions in the western
high mountain peaks. All these correlation analyses demonstrate that the permafrost
temperatures in the QLMs are strongly elevation-dependent, although permafrost may
occur at some spots with favorable moisture conditions and fine-grained soil textures in
the isolated patches permafrost regions dominated by seasonally frozen ground [8,58].

H (km) H (km)
25 3.0 35 4.0 45 5.0 55 1.5 20 25 3.0 35 4.0 45
o | | | L—L 2 I | I | |
TTOP 1.76H+5.67 (P<0.001)

TTOP = ~6.04H+24.22 (P<0.001)

TTOP (°C)
TTOP (°C)
1

ALT (m)
MFSD (m)

ALT = ~0.90H+6.28 (P<0.001)

I T I I T
30 35 40 45 50 55 15 20 25 30 35 40 45 50

Figure 11. Correlation between altitude (H) and the temperature at the top of the permafrost (a) or
the bottom of maximum frozen soil depth (b) (TTOP), active layer thickness (ALT) (c), and maximum
frozen soil depth (MFSD) (d) in the Qilian Mountains.

However, the TTOP in the QLMs is negatively correlated with elevation, longitude,
and latitude based on multiple linear regression (Equation (10)). This demonstrates that
the pattern of the permafrost on the QLMs coincides with the three-fold zonation, which is
closely related to mountain permafrost as proposed by Cheng [2,89].

TTOP = —0.15* Lon — 0.25  Lat —2.34« H +32.2 (P < 0.001) (13)

Meanwhile, the correlation coefficients are 0.31, —0.17, and —0.78 between TTOP
and longitude, latitude, and altitude, respectively. This means that the TTOP is positively
correlated with longitude, but negatively correlated with latitude and altitude. The ALT in
the QLMs shows a similar spatial characteristic to the TTOP, which is strongly dependent
on the altitude (Figure 11c). The correlation coefficients between ALT and longitude,
latitude, and altitude are 0.23, —0.35, and —0.82, respectively.

4.3. Response of Permafrost to Climate Change

Resembling other regions, the permafrost in the QLMs has been degrading seriously in
the context of climate warming and increasing anthropogenic activities for more than half
a century. From the 1960s to the 2000s, the permafrost in the QLMs was reported to shrink
by 2.63 x 10* km? [34]. Simulated results demonstrated that the rate of permafrost loss has
accelerated recently [27,32]. Our study demonstrates that the acceleration of permafrost
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loss from 2004 to 2019 was evidenced as well. As the permafrost simulated by models
changed dramatically from year to year, we compared the areal change of permafrost
variation for every five years. The comparisons of permafrost variation in the QLMs
indicate that the permafrost loss was even faster than ever. The change of permafrost area
in the QLMs remained relatively stable from 2006-2010 to 2011-2015 (Figure 5), possibly
owing to a slight decrease of mean annual air temperature, the so-called stagnation of
warming, from 2006 to 2012 in the QLMs. However, the continuous increase of mean
annual air temperature after 2012 induced a dramatic decrease in the permafrost area,
which indicates a continuing warming trend.

5. Summary and Conclusions

In this study, we utilized the Stefan Equation and the TTOP model to calculate the spa-
tial distribution of TTOP, ALT, and MFSD in the QLMSs from 2004 to 2019. The freezing and
thawing indices were calculated with MODIS-derived LST. Afterward, the ground surface
freezing and thawing indices were calculated in consideration of the N-factors assigned
with varied fractional vegetation cover derived from MODIS NDVI. All preprocesses and
simulations related to the MODIS datasets were compiled with JavaScript language in the
GEE platform.

The simulated permafrost extent occupies an area of 8.4 x 10* km? (excluding glaciers
and lakes) and accounts for 46.6% of the whole region. The simulated ALT is regionally
averaged over 2.43 + 0.44 m, while the simulated MFSD is 2.54 + 0.45 m. The area of
permafrost decreased by 1.18 x 10* km? at an average rate of 0.074 x 10* km?-yr~! from
2004 to 2019. The simulated permafrost extent in the QLMs is in good agreement with the
published permafrost maps (such as Zou et al., (2017) and Obu et al., (2019), with Kappa
coefficient of 0.811 and 0.780) and with a higher confidence level. However, to improve
the simulation quality, more field investigations should be carried out concerning the
differences between near-surface air temperature, LST, and ground surface temperature in
association with the observed and satellite-derived vegetation index in the study region.
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