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Abstract: Permafrost thermal conditions across the Qinghai–Tibet Engineering Corridor (QTEC) is of
growing interest due to infrastructure development. Most modeling of the permafrost thermal regime
has been conducted at coarser spatial resolution, which is not suitable for engineering construction
in a warming climate. Here we model the spatial permafrost thermal dynamics across the QTEC
from the 2010 to the 2060 using the ground thermal model. Soil properties are defined based on field
measurements and ecosystem types. The climate forcing datasets are synthesized from MODIS-LST
products and the reanalysis product of near-surface air temperature. The climate projections are based
on long-term observations of air temperature across the QTEC. The comparison of model results to
field measurements demonstrates a satisfactory agreement for the purpose of permafrost thermal
modeling. The results indicate a discontinuous permafrost distribution in the QTEC. Mean annual
ground temperatures (MAGT) are lowest (<−2.0 ◦C) for the high mountains. In most upland plains,
MAGTs range from −2.0 ◦C to 0 ◦C. For high mountains, the average active-layer thickness (ALT) is
less than 2.0 m, while the river valley features ALT of more than 4.0 m. For upland plains, the modeled
ALTs generally range from 3.0 m to 4.0 m. The simulated results for the future 50 years suggest that
12.0%~20.2% of the permafrost region will be involved in degradation, with an MAGT increase of
0.4 ◦C~2.3 ◦C, and the ALT increasing by 0.4 m~7.3 m. The results of this study are useful for the
infrastructure development, although there are still several improvements in detailed forcing datasets
and a locally realistic model.

Keywords: numerical model; climate change; permafrost degradation; remote sensing;
Qinghai–Tibet Plateau

1. Introduction

Permafrost is a significant and sensitive phenomenon of the terrestrial cryosphere. Since the
last little ice age, most near-surface permafrost has been degrading and the rate has increased
recently, as evidenced by permafrost temperature increasing and the positive trend of the active-layer
thickness, as consequences of climate change [1]. Permafrost degradation is likely to have wide
influences on surface and subsurface hydrologic conditions, soil strength properties, and ecosystems [2].
The Qinghai-Tibet Plateau (QTP) has the largest lower latitude permafrost region (1.06 × 106 km2)
in the world [3,4]. During the last decades, permafrost warming has been widely reported on the
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QTP [5–8]. Changes in the active-layer thickness and permafrost temperature due to climate warming
and surface disturbances have major ecological and engineering implications [9–12], such as stability of
slopes and thermokarst [13–15]. Ongoing climatic change and its associated effects on ground thermal
dynamics, and natural hazards make it important to map the permafrost thermal state on the QTP.
A new expressway from Golmud to Lhasa has been proposed along the Qinghai–Tibet Engineering
Corridor (QTEC) across the QTP. Since the engineering design and cost of road construction will be
affected by the permafrost condition, a detailed and present knowledge of permafrost thermal state is
essential. Present available permafrost maps are mainly at low resolutions, although many permafrost
maps have been compiled since the early 1960s [4,16–18]. These coarse resolution studies are not
suitable for land-use planning. Niu et al. [19] gave a coherent picture of permafrost distribution in
the QTEC, but did not reproduce active-layer thickness and permafrost temperature. These studies
above do not access the future permafrost degradation due to climate change. Therefore, improved
methods for mapping permafrost thermal dynamics are essential for designing road and pipelines,
and ecological assessment in the QTEC.

Mapping of permafrost distribution, especially its thermal state, remains a challenging problem due
to the scarcity of observed data. Many models already exist for estimating the spatial distribution of
permafrost in regions of the European Alps [20–22], and Arctic environment [23,24]. These models may be
of the equilibrium, empirical–statistical, or process-based types, and have been widely used at regional and
local scales [25–28]. The applicability of equilibrium models is restricted to relatively simple problems,
and where the transient effects may be unimportant. Transient numerical modeling with incorporated
phase change effect is the most effective method to simulate and forecast the thermal regime of permafrost
over a relatively short time interval, where the transient effects of phase change are important.

Therefore, the target of this study is to model and map the permafrost thermal regimes in the QTEC
(91◦E~95◦E, 32◦N~36◦N) based on a numerical Geophysical Institute Permafrost Laboratory (GIPL 2.0)
model, which solves the 1-D heat transfer equation accounting for phase change of soil water. This model
has been successfully applied for the first time to the entire QTP permafrost domain with 0.1◦ spatial
resolution by Qin et al. [18]. We investigate the surface characteristics (e.g., vegetation, soil) and permafrost
conditions along the QTEC based on the permafrost survey positions and boreholes that were carried out
when the Qinghai–Tibet railway (QTR) and Qinghai–Tibet highway (QTH) were built. The remote sensing
helps to upscale the forcing data and ground properties to the entire corridor. Consequently, we simulate
the permafrost thermal state and its dynamics in the future with 1 km by 1 km spatial resolution to cover
the QTEC region. This resolution is based on the use of the remote sensing datasets.

2. Study Area

The study area is located in the central QTP and encompassed a 550 km long and 40 km wide
section of the QTP, covering an area of around 22,351 km2. This area extends from Xidatan to Anduo
(northern and southern boundary of permafrost occurrence, respectively), bounded by latitude 32~36◦N
and longitude 91~95◦E [29] (Figure 1). This corridor is likely to become a locus of many developmental
projects because construction of a gas pipeline, QTH, QTR, and electric transmission lines are along this
route. Most parts of the terrain are located 4500 m a.s.l., with an alternating distribution of mountains
(e.g., Kunlunshan, Fenghuoshan, and Tanggula), valleys (e.g., Xieshuihe, Tuotuohe, and Qingshuihe),
and upland plains (e.g., Chumaerhe, Wudaoliang, and Beiluhe). Recent field investigations and
literatures indicate that near surface deposits are dominated by coarse materials such as gravel and
sandy soils [6,10]. These specific geomorphologic and sedimentary patterns result in significant
differentiations in permafrost features [10]. Climatically, it is located in an extremely continental climate
zone, favoring clear skies and high solar radiation. The mean annual air temperatures (MAAT) are
commonly between −6.5 ◦C and −2.0 ◦C, with the annual total precipitation ranging from 250 mm
to 450 mm which occurs mostly as rainfall between May and August [6,8,30]. The majority of the
plateau has a free snow cover in winter [30]. Vegetation type is characterized as alpine meadow,
degraded alpine meadow, alpine steppe, and sparse grassland with the coverage ranging from 0.15 to
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1.0 [19]. The QTEC is dominated by discontinuous permafrost (occupying 60.3% of the study area)
with relatively “warm” ground temperatures (i.e., mean annual ground temperature at 15 m depth,
MAGT), which are above −4.0 ◦C based on the available thermal borehole data [19]. In the present
time, the active-layer thickness (ALT) ranges from 0.8 m to 7.5 m [8,19,30].
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Figure 1. Study area map. (a) The Qinghai–Tibetan Plateau (QTP) location in China; (b) study area
based on Landsat-8 image, including mainly local geographic names of mountains, upland basins,
and borehole locations.

3. Methods

3.1. Field Data

Five major field data sources are used for this study (Figure 1b). One is 33 the thermal
boreholes along the QTH and QTR, which was published by Wu and Zhang [6,7], and Wu et al. [30].
These boreholes were conducted in the 1970s, with a depth of 15.0 m. In each borehole, a calibrated
thermistor cable (accuracy ± 0.05 ◦C) was installed to measure permafrost temperature 2 times in a
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month. In this study, we use ground temperature of the last 10 years to obtain general information
about permafrost temperature change (2003–2012). The second is 300 geological and ground thermal
survey boreholes by the Road Survey and Design Institution during the period from August 2015 to
October 2015 (15 m depth) which covers most of the corridor and provides general information about
geology, geomorphology, and soil hydrology [19]. Based on these borehole locations, we carried
out investigations on soil thermal properties in different alpine ecosystems. The third is a detailed
ecosystem classification of the corridor in Niu et al. [19]. This high resolution (2.0 m) classification was
produced by using object-oriented classification and visual interpretation methods. The fourth is seven
available Onset HOBO climate stations in this study which provide general information about the
climate in the QTEC. They are located in different terrains (Figure 1b), and record the air temperature
(2.0 m above the ground surface) every 4 hours for a long period (1957–2016). In this study, the daily
mean air temperature is calculated to provide the long-term near-surface air temperature changing
trend. In a companion study [19], we have shown the field data details and the method of ecosystem
classification. Based on these field sites, we carried out vegetation and soil surveys in August–October
2016. Soil thermal properties were measured using a portable thermal characteristic analyzer (KD
2 Pro, Decagon, USA) with an accuracy of 95% for the volumetric heat capacity (C), 95% for the thermal
conductivity (k), and 90% for the thermal diffusivity (D). These data are complemented with other
data from satellite images and databases, such as will be explained in Section 3.2.2.

3.2. Permafrost Model GIPL2.0

For this study, we make use of GIPL 2.0 numerical transient model which is capable of representing
the freezing and thawing cycle. This model is developed by Tipenko et al. [31], and has been successfully
applied to entire Alaskan [23] and the QTP permafrost region [18]. This model solves the 1-D heat
transfer equation accounting for phase change of soil water (Equation (1)). Heat conduction is assumed
as the only process of energy transfer in the model.

∂H(x, T)
∂t

−∇ ·

(
k(x, T)

∂T(x, t)
∂x

)
= 0, (1)

where T (x, t) is the soil temperature, x and t are the soil depth and time respectively, k (x, T) is the soil
thermal conductivity (W/(mk)), and H (x, T) is the enthalpy (Equation (2)).

H(x, T) =
∫ T

0
C(x, s)ds + LΘ(x, T), (2)

where C (x, s) is the volumetric soil heat capacity (MJ/(m3 K)), Θ (x, T) is the soil volumetric unfrozen
water fraction, and L is the volumetric latent heat of fusion (MJ/m3).

The volumetric content of liquid water with temperature is the freeze curve of soil and depends
on soil composition and structure. The model does not account for changing subsurface water contents,
but instead assigns fixed values for the porosity and saturation of each grid cell. The formula for Θ (x,
T) is defined as follows (Equation (3)):

Θ(x, T) = η(x)
{

1, T ≥ T∗
a|T|−b, T < T∗

. (3)

where a and b are coefficients of unfrozen water curve, η(x) is the volumetric moisture content. T※ is a
freezing point depression. Detailed description of this model can be found in Jafarov et al. [23].

3.2.1. Model Setting, Boundary, and Initialization

At 1 km resolution, the soil and ground profile domain is generated with 139 vertical grid cells to
a depth of 100 m. The size of the cells increases with depths with a minimum grid cell spacing of 0.1 cm
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for the shallow soils and maximum spacing of 10 m at the bottom. Soil profile includes fibrous horizons,
mineral soils, and bedrock. The upper boundary conditions are determined on the ground surface
temperature which can reflect the effects of land surface (e.g., vegetation and snow), and the lower
boundary conditions are defined based on the geothermal gradient of 0.07 ◦C/m, as estimated from a
deep borehole [30]. The model initialization conditions are defined by a temperature distribution in
the ground material. In this study, we extrapolate the available initial ground temperature profiles to
the whole QTEC using regression analysis [18]. The details of initialization are shown in Section 3.2.2.

3.2.2. Model Forcing Datasets

GIPL 2.0 requires a synthesized time series of land surface temperature as forcing data sets.
The forcing data covers a period from 1980 to 2015 which is divided into a target period ranging
from 2010 to 2015 and a spin-up period from 1980 to 2009. Generally, a pronounced increase in air
temperature and precipitation started after the 1980s (Figure 2). It is reasonable to presume the climate
was steady before the 1980s. Therefore, the permafrost around the 1980s is assumed in equilibrium.
To estimate a realistic initial temperature profile, the model is spun up using a repeated 30-year period
from 1980 to 2009 with a constant average soil temperature (Ti) obtained in Section 3.2.1. During the
spin-up period (1980–2009), the required surface temperature forcing is extracted from the China
Meteorological Forcing Dataset (http://dam.itpcas.ac.cn/rs/?q=data#CMFD_0.1). This product provides
eight time daily gridded near-surface air temperatures since 1981 with a spatial resolution of 0.1◦. It is
extensively validated and found to be in good agreement with meteorological observations on the
QTP [32,33]. The coarse scale surface temperature values of the reanalysis product are interpolated
to the location of the study site using a lapse-rate model [19]. During the target period (2011–2015)
the surface temperature forcing is based on the remote sensing data, i.e., MODIS-LST products
(MOD11A1/A2, MYD11A1/A2) with a spatial resolution of 1 km, which are a useful tool for permafrost
modeling [34,35]. The passive remote sensing signal is strongly affected by water bodies, which
show very different brightness temperatures [36,37]. Therefore, water bodies are masked out using
the landscape classification which is compiled by Niu et al. [19]. The lakes and other open water
bodies are excluded from our further analysis. Compared with field observations in 6 field sites
(Table 1), the MODIS-LST is close to the observed surface temperature with a strong positive correlation
(R2 > 0.8). The mean bias errors (MBE) range from −1.34 ◦C to 0.46 ◦C with root mean square errors
(RMSE) between 2.32 ◦C and 4.50 ◦C. This dataset has been generated by Niu et al. [19]. In order to
evaluate the potential permafrost dynamics in the future 50 years under a warming climate, a constant
warming trend is supposed in this study. A sine function with a constant warming rate for future
near-surface air temperature change is assumed. We consider three warming scenarios with warming
rates of 0.02 ◦C/year, 0.05 ◦C/year, and 0.07 ◦C/year, respectively. These rates are simulated based on
the field observations of near surface air temperature over the last 30 years by using the linear fitting
approach, as shown by the shadow in Figure 2. They represent the low, medium, and high rate of
temperature increase from different climate stations across the QTEC. In addition, the ground surface
temperature warming rate is assumed to be uniform with climate pattern.

Table 1. Correlation coefficient (R2), root mean square error (RMSE), and mean bias error (MBE)
between MODIS-LST and field observations for different vegetation covered terrains.

Site Name Surface Type R2 RMSE MBE

Xidatan Alpine steppe 0.88 2.98 −0.02
Kunlunshan Alpine meadow 0.92 2.64 0.46
Wudaoliang Alpine meadow 0.87 3.13 −0.67

Beiluhe Alpine steppe 0.91 2.32 0.29
Tuotuohe Alpine steppe 0.85 3.54 −1.27

Anduo Alpine meadow 0.81 4.5 −1.34

http://dam.itpcas.ac.cn/rs/?q=data#CMFD_0.1
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Figure 2. Observed long-term (1957–2016) mean annual air temperature dynamics at 4 monitoring
sites in Wudaoliang (WDL), Beiluhe (BLH), Anduo (AD), and Tuotuohe (TTH), whose locations are
marked in Figure 1b. The period in shadow is used for estimation of climate changing trend.

3.2.3. Subsurface Properties and Model Parameters

According to the geological information from boreholes, three vertical soil layers are defined in the
study area. Based on China Soil Map Based Harmonized World Soil Database (v1.1) at 1 km resolution,
we distinguish seven soil texture categories for the top soil layer (0~100 cm) as the predominant
subsurface stratigraphies within the QTEC. Figure 3a illustrates their spatial distribution. Most of the
QTEC is covered by silty loam and loamy sand with some silty clay and sandy loam in the central QTEC.
We delineate three typical geomorphological units as high mountain, river valley, and upland plain,
which have distinctly different characteristics regarding their surface and subsurface properties, such
as ground ice contents, thermokarst features, and vegetation cover. We define subsurface stratigraphies
(intermediate layer) as clay based on the geomorphological units and available field investigations of
soil properties according to the boreholes (Section 3.1). The bottom mineral layer is defined as rock
for the entire study area. Spatially, there are about 32,000 1 km × 1 km pixels in the QTEC, indicating
that it is not practical to simulate each pixel due to the computation time required and the model
code framework. Similarly to Zhang et al. [38] and Nicolsky et al. [39], we employ the ecosystem
types interpreted by Niu et al. [19] to parameterize the thermal properties of the soil texture, excluding
rivers and lakes. This 2.0 m resolution land cover map delineates local-scale ecosystems that divide
geomorphic, hydrologic, and pedologic characteristics of the ground (Figure 3b). Each ecosystem type
is associated with closely related soil types. Therefore, we combine the ecosystem type and soil texture
into ecosystem–soil pairs, such as alpine meadow-sand, alpine meadow-clay. After combinations of
the ecosystem types and mineral soil types, we define uniform ground thermal properties for each pair
based on field measurements using a portable thermal characteristic analyzer (KD 2 Pro, Decagon,
USA, see Section 3.1). For each 1 × 1 km grid cell, the dominate ecosystem–soil pair class is determined.
Finally, we obtained 88 unique pairs for the study area.



Remote Sens. 2018, 10, 2069 7 of 15

Remote Sens. 2018, 10, x FOR PEER REVIEW  7 of 15 

 

 
Figure 3. The distribution of (a) near-surface (0–100 cm) soil conditions, modified from China soil 
map based harmonized world soil database (v1.1), and (b) map of land cover type for study area-
QTEC, derived from GF-1 multispectral data using the object-oriented classification approach [19]. 

3.2.3. Model Validation 

In this study, we compare the modeled ALT and MAGT to field observations during the period 
2003–2014 based on the field data availability (Figure 4). The comparison of the interannual 
variability of the simulated and observed ALTs is exhibited in Figure 4a. Although there is some bias 
error (mean bias error < 0.25 m) in different geomorphological units and ecosystems, the simulated 
ALT follows the observed ALT dynamics. In addition, the scatterplot of simulated and observed ALT 
(33 sites) shows a good correlation (correlation coefficient, R2=0.75) (Figure 4b). In terms of the MAGT, 
the simulated MAGT closely follows the observed pattern with a R2 value of 0.85 as shown in Figure 
4c. The above results have a strong agreement with the study in Qin et al. [18] that evaluated the 
performance of the GIPL 2.0 model using available observations. Therefore, the simulated ALT and 
MAGT are in good agreement with the in-situ measurements, although there is some bias error, indicating 
the validity of GIPL 2.0 model for obtaining the ALT and permafrost thermal state in the QTEC. 

Figure 3. The distribution of (a) near-surface (0–100 cm) soil conditions, modified from China soil map
based harmonized world soil database (v1.1), and (b) map of land cover type for study area-QTEC,
derived from GF-1 multispectral data using the object-oriented classification approach [19].

3.2.4. Model Validation

In this study, we compare the modeled ALT and MAGT to field observations during the period
2003–2014 based on the field data availability (Figure 4). The comparison of the interannual variability
of the simulated and observed ALTs is exhibited in Figure 4a. Although there is some bias error (mean
bias error < 0.25 m) in different geomorphological units and ecosystems, the simulated ALT follows the
observed ALT dynamics. In addition, the scatterplot of simulated and observed ALT (33 sites) shows a
good correlation (correlation coefficient, R2 = 0.75) (Figure 4b). In terms of the MAGT, the simulated
MAGT closely follows the observed pattern with a R2 value of 0.85 as shown in Figure 4c. The above
results have a strong agreement with the study in Qin et al. [18] that evaluated the performance of the
GIPL 2.0 model using available observations. Therefore, the simulated ALT and MAGT are in good
agreement with the in-situ measurements, although there is some bias error, indicating the validity of
GIPL 2.0 model for obtaining the ALT and permafrost thermal state in the QTEC.
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Figure 4. Comparison of the simulated and observed active-layer thickness (ALT) and mean annual
ground temperature (MAGT) within the QTEC. (a) simulated and observed interannual active layer
thickness dynamics (2003–2014) at three different geomorphological units, (b) scatterplot between
simulated and observed ALT at 33 sites, (c) scatterplot of simulated and observed MAGT at 300 sites,
which locations are marked by yellow circles in Figure 1b.

4. Results

4.1. Spatial Distribution

Figure 5 presents the modeled average ground temperatures at 15 m depth (i.e., MAGT) and
maximum thaw depths (ALT) for the period 2011–2015 at a grid resolution of 1 km. As shown
in Figure 5a, the ground stratigraphic units generally have a pronounced impact on the MAGT.
The modeled MAGTs are lowest for the high mountain areas, such as Kunlunshan, Tanggula Mountain
with the temperature less than −2.0 ◦C, and highest for river valley areas, such as Tuotuohe with the
temperature above 0 ◦C. As expected, the modeled MAGTs are above 0 ◦C in Xidatan and Anduo—north
and south boundary of permafrost extent on the QTP. For upland plain areas (e.g., Beiluhe basin and
Wudaoliang basin) the relatively warm MAGTs, ranging from−2.0 ◦C~0 ◦C, are mapped. Considering a
MAGT <0 ◦C as the threshold for permafrost occurrence, the permafrost covers 78.9% of the study area,
excluding rivers and lakes. Therefore, the permafrost extent in our study is discontinuous (underlying
50%~90% of the land surface).

The spatial distribution patterns of the modeled ALT are highly related to the MAGT (Figure 5b).
Generally, permafrost areas with a colder MAGT (e.g., Kunlunshan, Tanggula) have relatively thinner
ALTs, while the areas with warmer MAGTs are covered by thicker ALTs, such as in Tuotuohe. In high
mountain areas, average ALTs of less than 2.0 m are modeled, while the river valley features ALTs of
more than 4.0 m. For upland plain areas, the modeled ALTs generally range from 3.0 m to 4.0 m.
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4.2. Future Permafrost Change in a Warming Climate

The spatial distribution of the MAGT for the period of the 2060s is depicted in Figure 6. In general,
compared with present-day conditions, the overall area covered by MAGT less than 0 ◦C is going
to decrease at different rates under the three climate warming scenarios. Results of the calculation
show that about 2734.8 km2 (12.0%), 3845.1 km2 (16.8%), and 4616.5 km2 (20.2%) will be involved in
the widespread permafrost degradation under climate warming rates of 0.02 ◦C/year, 0.05 ◦C/year,
and 0.07 ◦C/year, respectively. The average modeled MAGT will increase by 0.4 ◦C~2.3 ◦C at the end
of the 2060s up to the climate change. Figure 7 indicates that changes in permafrost temperatures will
be much pronounced within the areas with colder permafrost (MAGT < −1.0 ◦C, as red arrows shown)
in comparison with areas where the permafrost temperature is presently close to 0 ◦C. The permafrost
will be probably disappeared in drainage channel areas, such as Tuotuohe and Kaixinling. It will not
increase significantly in the peaks of the high mountain, such as Tanggula and Kunlunshan. From the
2010s to the end of 2060s, modeled average ALT for the whole QTEC permafrost domain will probably
increase by 0.4 m, 3.7 m, and 7.3 m under the scenarios of 0.02 ◦C/year, 0.05 ◦C/year, and 0.07 ◦C/year,
respectively, indicating a significant response to scenario of climate change.
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5. Discussion

5.1. Uncertainties Related to Model Forcing and Thermal Properties

This study maps permafrost thermal conditions and changes with climate (primary drivers of
landscape-level permafrost extent) in the QTEC using a numerical model. Several uncertainties of this
work are noteworthy. Firstly, this study uses the satellite remote sensing data (i.e., MODIS-LST) as the
forcing dataset. Previous studies have revealed a cold bias of long-term averages from MODIS-LST
in permafrost regions [19,35,40]. The same bias of 0~1.5 ◦C is found in most sites over our study
area (Table 1), which may be attributed to (i) deficiencies of satellite observation during noontime
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when the temperature is warmest, and (ii) mixed pixels covering different vegetation types and water
bodies within the 1 km2 grid cells [36]. This cold-bias may introduce a slight cold bias in modeled
ground temperature, which leads to the simulated ALT thinner than the measured one (Figure 4a,b).
However, remote sensing data is an adequate choice to scale up the surface temperature distribution
on the QTP because meteorological stations are scarce and widely scattered in those vast and remote
regions. Another forcing uncertainty is the future climate projections which are based on the history
observations. The hypothesis of a linear increase in air temperature is just a qualitative prediction of
future climate change, which is a challenging work. In terms of future climate uncertainty, the results of
model MAGT and ALT for the 2060s can qualitatively reveal the permafrost degradation with climate
change and are to be used for trend analysis. Therefore, coupling with the global climate model (GCM)
results should be considered in the future work [2].

Secondly, satellite data now can provide high spatial resolution maps for land cover and vegetation
conditions, but soil maps are still very coarse across the QTEC. In this study, we estimated soil thermal
parameters (i.e., kt/kf, Ct/Cf ) based on observations and ecosystem types. Recent studies on the
sensibilities and uncertainties of the GIPL 2.0 model showed that the most influence on the simulated
MAGT and ALT is the frozen thermal conductivity (kf) [18,39,41]. Soil type and thermal conditions,
however, may differ widely within an ecosystem type. Therefore, improving the information about
ground stratigraphy at a local scale is significant not only for permafrost modeling, but also for
ecosystem assessment and infrastructure development under a warming climate. In addition, effects
of potential changes in ecosystems on ground thermal regimes are not included in our model. It is
necessary to incorporate a dynamic vegetation module into the permafrost model in future study.

And finally, GIPL 2.0 model is still one-dimensional, ignoring the lateral heat flux or subsidence
due to ground ice melt which can modify the ground thermal regime [42,43]. However, at the
one-kilometer distance, lateral heat flux may slightly affect soil thermal state because the number of
sharp mountain slopes and open water areas in one grid cell is limited in our study. Climate change
and human disturbances have significant impacts on vegetation conditions and permafrost thermal
regimes through their effects on energy exchanges between the land surface and the atmosphere [44].
However, the application of a high-complexity model is still a challenge due to large computational
resource requirement [45] and poor knowledge of the spatial model parameter sets [46].

5.2. Comparison with Other Observations and Results

Although latest studies have mapped permafrost on the QTP at different spatial resolution and
considered topographic effects [4,18,19], they assumed that permafrost conditions are in equilibrium
with climate or the resolution is coarse. Field observation for ground temperature and modelling
studies have suggested that the current and future permafrost thermal conditions are not in equilibrium
with the changing climate [2,47]. The latest high-resolution (30 m) permafrost probability map of
the QTEC is compiled by Niu et al. [19], but does not represent active-layer thickness and ground
temperature. A direct comparison of our result to the permafrost probability map shows that about
18.6% of the study area remains different (Figure 8). The differences mainly distribute over the drainage
channels and flat terrains such as Tuotuohe river region with a relatively warm MAGT (−1.0 ◦C~0 ◦C).
The empirical–statistical model described the distribution of permafrost based on geomorphological
permafrost indicators, topographic, and climatic predictors [26]. Therefore, these empirical–statistical
model results can poorly represent areas underlain by deep permafrost, which has a slight relation
with ground surface conditions. This study therefore reveals more spatial details about the transient
impact of climate change on permafrost in the QTEC.

Overall, compared to previous studies [4,8,18,19,30], the permafrost modelling approach used in
this work integrates remote sensing products gives insights into the permafrost thermal regime and
dynamics with climate change.
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5.3. Changes in Active-Layer Thickness and Permafrost Distribution

The average increase in MAAT has been 1.0 ◦C~2.0 ◦C during the past 50 years across the QTEC
(Figure 2). Ongoing climate warming and wetting have led to significant degradation of permafrost [1].
The model results show that the average ALT is likely to be increased by 3.7 m under the warming rate
of 0.05 ◦C/year at the end of 2060s. This is much closer to 3.1 m~3.9 m over a period from 1995 to 2010,
reported by Wu and Zhang [7] and Wu et al. [8]. According to the MAGT increasing rate of 0.02 ◦C/year
over a period from 2006 through 2010 [8], the average MAGT will rise by 1.0 ◦C, which is consistent
with the 0.4 ◦C~2.0 ◦C in this study. As shown in Figure 7, the degradation will firstly occur in areas
that the MAGT is cold (MAGT < −1.0 ◦C) due to latent heat for melting. These warmings could lead to
geotechnical problems and potential hazards in areas with relative cold MAGT in the QTEC. In this
study, the permafrost thermal map can serve as an up-to-date resource to assess permafrost conditions
and insights into mountain research.

6. Conclusions

In this study, a 1-D numerical permafrost model (GIPL 2.0) provides an insight into permafrost
thermal dynamics in the Qinghai–Tibet Engineering Corridor at 1 km resolution, integrated with field,
remote sensing and database data. Ecosystem types and near-surface soil types are derived from the
satellite data and reanalysis products. Soil thermal conditions are scaled up based on ecosystem types
and field observations. As forcing data, we obtained the daily average land surface temperatures from
MODIS-LST products and reanalysis products. The future climate change scenarios are assumed based
on historical station observations across the QTEC. From this study the following conclusions can
be drawn:

(1) Integrated with field, remote sensing, and database data, the GIPL 2.0 model has given a
valid picture of permafrost thermal distribution at 1 km resolution. The model results show that
present permafrost is discontinuous and occupied about 78.9% of the QTEC, excluding rivers, lakes.
The modeled MAGTs are lowest (<−2.0 ◦C) for the high mountain areas. Ground temperature ranging
from −2.0 ◦C to 0 ◦C covers most upland plain areas. The modeled ALT is highly related to the MAGT.
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In high mountain areas, the average ALTs are less than 2.0, while the river valley features ALTs of more
than 4.0 m. For upland plain areas, the modeled ALTs are generally ranged from 3.0 m to 4.0 m.

(2) The GIPL 2.0 model simulates the MAGT and ALT projections into the end of 2060s for three
climate scenarios. The simulated results demonstrated that 12.0%~20.2% of the region will be involved
in the widespread permafrost degradation. The average MAGT will rise by 0.4 ◦C~2.3 ◦C. In the
meantime, average ALT will probably increase by 0.4 m~7.3 m.

Finally, the findings of this research contributed mainly to improving the general knowledge
about permafrost thermal dynamics in the QTEC from 2010s to 2060s, providing valuable information
to government for infrastructure planning. This study also shows that ground conditions and climate
scenarios are the major uncertainties for detailed permafrost mapping. Additional research, in particular
taking into account high-resolution satellite products on ground thermal properties and the coupling
with GCM results, is necessary to monitor and model possible permafrost change.
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