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Abstract

This article attempts to predict the spatiotemporal changes of permafrost in the
Headwater Area of the Yellow River (HAYR) on the northeastern Qinghai-Tibet Pla-
teau, Southwest China by using field monitoring and numerical models. Permafrost
in the HAYR is categorized into four types: low- and high-ice-content high-plain per-
mafrost and low- and high-ice-content alpine permafrost. According to these perma-
frost types, changes in permafrost temperature were calculated by coupling a
geometric model with the soil thermal conduction model. Based on the calculation
results, this paper evaluates the changes of permafrost in the HAYR over the past
50 years and predicts the change trends of permafrost in the HAYR under the scenar-
ios of RCP2.6, RCP6.0, and RCP8.5 for possible climate change in 2050 and 2010
from the Intergovernmental Panel on Climate Change Fifth Assessment Report. The
results show that (a) in the process of permafrost degradation, the same permafrost
type at different degradation stages results in different modes and rates of increasing
temperature. The response of permafrost to climate change differs in various degra-
dation stages of permafrost; (b) from 1972 to 2012, the areal extent of permafrost
degradation was 1,056 km?, resulting from a sharp air temperature increase after
the 1980s. By 2050, the areal extent of permafrost degradation into seasonal frost
is similar under the three scenarios of climate change. The areal extent of permafrost
degradation is 2,224, 2,347, and 2,559 km? or 7.5%, 7.9%, and 8.6% of the total area
in the HAYR, respectively. In RCP2.6, the areal extent of permafrost degradation into
seasonal frost by 2100 would be approximately 3,500 km? greater than that by 2050.
In RCP6.0, the areal extent of permafrost degradation by 2100 would be 10,000 km?
or 32.9% of the total area in the HAYR. In RCP8.5, the area of permafrost degradation
by 2100 would be 18,492 km? or 62.2% of the total area in the HAYR; (c) the active
layer thickness (ALT) in the HAYR would increase significantly. The average of the
ALT was 1.51 m by 1972 and 2.01 m by 2012, respectively. Under the RCP2.6,
RCP6.0, and RCP8.5 scenarios, the basin-wide average of ALT would be 2.21, 2.40,
and 3.08 m by 2050 and 2.78, 4.07, and 4.39 m by 2100, respectively.
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1 | INTRODUCTION

Permafrost is defined as ground, including rocks and soil, which con-
tains ice that has been frozen with a temperature at or below 0°C
for a period of least two consecutive years. Permafrost is an impor-
tant component of the cryosphere. It is a type of soil that is sensi-
tive to temperature due to the abundance of underground ice.
Permafrost is a special geological body, the evolution of which is
unique due to the combined influences of regional landforms, geo-
logical structure, lithology, hydrology, and vegetation (Shur &
Jorgenson, 2010). It is very sensitive to climatic change and human
activity, which may result in the degradation and disappearance of
permafrost (e.g., Jorgenson, Shur, & Pullman, 2006; Wu, Zhang, &
Liu, 2010; Osterkamp & Romanovsky, 2015). Changes in permafrost
affect the climate system by altering water and heat exchanges
between the ground and atmosphere and by altering the permafrost
carbon stock and subsequently the global carbon cycle (Koven et al.,
2011; Schuur et al., 2015; Zimov, Schuur, & Chapin, 2006). In the
context of global climate change, the degradation of permafrost
and its environmental impacts have thus drawn much attention
(Wang, Jin, Li, & Zhao, 2000; Jorgenson, Racine, Walters, &
Osterkamp, 2001; Jin, Zhao, Wang, & Jin, 2006; Frey & Mcclelland,
2010; Wu, Sheng, Wu, & Wen, 2010; Yang, Nelson, Shiklomanov,
Guo, & Wan, 2010).

Many studies have been conducted on the response of perma-
frost to climate change. In particular, significant progress has been
made in modeling the relationship between permafrost and climate.
Many models have been used in predicting spatial changes in perma-
frost at various scales under different scenarios of climate change
(e.g., Azdcar, Brenning, & Bodin, 2017; Lu, Zhao, & Wu, 2017; Niu,
Yin, Luo, Lin, & Lin, 2018; Wu, Nan, Zhao, & Cheng, 2018; Zhao,
Nan, Huang, & Zhao, 2017; Zou et al., 2017). Models for simulating
and predicting the spatiotemporal evolution of permafrost can gener-
ally be divided into three types: empirical-, empirical-statistical-, and
processed-based physical models. Empirical models directly estimate
the distribution of permafrost based on historical records (Nelson,
1986, 1987). Empirical-statistical models account factors that influ-
ence the distribution of permafrost, such as slope orientation and
angle, elevation, air temperature, vegetation, and lithology (Nguyen,
Burn, King, & Smith, 2009; Tanarro et al., 2001). Process models
use mathematical physics methods and heat transfer principles to
simulate the response of permafrost distribution to climate change
using data on temperature, soil texture, and soil thermophysical
properties (Catherine, Hoelzle, & Haeberli, 2002; Lawrence & Slater,
2005). Empirical and empirical-statistical models only define the
presence or absence of permafrost by using topoclimatic and topo-
graphic factors, such as the southern boundary of permafrost or
the 0°C—isotherm of mean annual air temperature. It is thus difficult
or impossible to simulate the change of permafrost at depths. On
the other hand, the land-surface process model can only predict
the behavior of very shallow depths, ice-water phase change, and
simple soil textures. Thus, its capability for simulating and predicting
spatiotemporal changes in deep permafrost is greatly limited due to

the lack of long-sequence, high-accuracy forcing data (Wang et al.,
2016). An alternative to empirical or process-driven models is
numerical models, such as those based on finite-element or finite-
difference methods. Numerical models can describe heat transfer in
the permafrost strata and can help explain the delayed response
of permafrost to climate change. They have significant advantages
in calculating changes in permafrost temperature governed by
thermal conduction, particularly in describing how temperatures
change with depth (Riseborough, Shiklomanov, EtzelmULler, Gruber,
& Marchenko, 2010).

A geographical information system (GIS)-aided elevation model
was used to predict future permafrost changes to the Tibetan Plateau.
This model was conducted under HadCM2 of general circulation
model from the Hadley Centre for Climate Prediction and Research
(Li & Cheng, 1999). The results indicate that no more than 19% of
permafrost that would disappear over the next 20-50 years. How-
ever, this percentage would increase to 58% by 2099. The possible
changes of permafrost on the Tibetan Plateau over the next 50 and
100 a have been estimated based on the rising rates of the mean
annual air temperature of 0.02 and 0.052°C-yr * (Nan, Li, & Cheng,
2005). The results suggest that for the two climate warming scenar-
ios, the rates for the reduction of the areal extent of Tibetan perma-
frost after 50 a would be 8.8% and 13.5%, respectively, and those
after 100 a would be 13.4% and 46%, respectively. Some scholars
also have estimated permafrost changes on the Tibetan Plateau dur-
ing the 21st century by using the Community Land Model version
4.0 land-surface model, which predicts a reduction in plateau perma-
frost extent by approximately 39% by 2050 and 81% by 2100 (Guo,
Wang, & Li, 2012). Although some progress has been made in
simulating or prediction the distribution of permafrost on the
Qinghai-Tibet Plateau, more refined and small-scale models need to
be developed for a more accurate assessment of the ecological and
hydrological effects caused by climate change (Li et al., 2008; Ran
et al., 2012; Ran, Li, & Cheng, 2018).

The Headwater Area of the Yellow River (HAYR) on northeastern
the Qinghai-Tibet Plateau, Southwest China, is in a transition zone
from discontinuous permafrost to seasonal frost. Under the influence
of a warming climate, permafrost in the HAYR has shown regional
degradation trend, resulting in a series of ecological and environmen-
tal problems (Jin et al., 2009). However, the extent of permafrost
degradation and its changing trends remain unknown. Therefore, per-
mafrost in the HAYR is categorized into different types according to
its geomorphic units and stratum features. The change processes of
permafrost temperature were calculated by coupling a geometric
model with the soil thermal conduction model for different types of
permafrost. Based on the resulting model, we studied the change
process of permafrost in the HAYR over the past 50 years. Addition-
ally, the development trends of permafrost are also predicted under
the climate change scenarios of RCP2.6, RCP6.0, and RCP8.5 in
2050 and 2010. The past and future spatiotemporal changes and
trends in the HAYR derived from this model can provide a baseline
for hydrological and ecological studies and management in a sustain-

able manner.
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2 | MATERIALS AND METHODS

2.1 | Study area

The HAYR (95°55'-98°41'E, 33°56'-35°31'N; 4,193-5,238 m a.s.l.)
refers to the catchment area above the Duoshixia Gorge (98°20’
59.03'E, 34°46'25.15'N; 4,222 m a.s.l.), with an areal extent of 2.97
x 10* km? (Figure 1). This region has a continental plateau climate.
The representative mean annual air temperature was -3.3°C during
1953-2017, as recorded at the Madoi Meteorological Station (98°
18'E, 34°33'N; 4272 m a.s.l.), Qinghai Province, China. Mean annual
precipitation and evaporation were 322 and 1,340 mm during 1953-
2017, respectively. Numerous meandering rivers, braided streams of
the Yellow River, and lakes, such as the Sisters Lakes, Xingxing Hai
and Xingxiu Hai lake clusters, are found in the HAYR. The relatively
simple vegetation types are dominated by paludal alpine meadows,
alpine meadows, steppes, and deserts. The regional topography is
characterized by obvious zonal features. Tectonically, the HAYR
belongs to the fault basin of the Late Cenozoic in NW-SE directions,
which determines the regional topography. The HAYR is surrounded
by high mountains at the northern, western, and southern sides. Gen-
tle, lower valleys and lake basins are located in the central region.
Quaternary alluvial-proluvial sediments generally cover the basins,
intermountain valleys, and the piedmont plain. The sediments are
composed of fine- and coarse-grained soils. Additionally, this region
is covered by sand, sandy loam, and clay in the upper layer and gravels
in the bottom layer (Fang, Zhao, & Sun, 2009). Alpine permafrost is
well-developed with a mosaic distribution of zones of seasonal frost

and patchy, sporadic, discontinuous, and continuous permafrost on

the northeastern Qinghai-Tibet Plateau. The areal extent of permafrost,
mainly warm permafrost, is 2.5 x 10* km?, 85.2% of the total area of the
HAYR; and that of seasonal frost is 0.3 x 10* km?, 9.8%. The mean
annual ground temperature (MAGT) is between -2°C and -0.2°C, and

the permafrost thickness may exceed 100 m on mountain tops.

2.2 | Permafrost prediction model

Permafrost changes can be depicted by changes in ground tempera-
ture. Thermal conduction is the dominant heat transfer mode in per-
mafrost strata. Surface climate changes drive thermal conduction in
the permafrost strata through temperature boundary conditions. For
temperature changes in the permafrost strata, a simplified computa-
tional model was established under the control of upper and lower

thermal boundaries.

2.2.1 | Geometric model

The geomorphological types are complex, and the frozen ground types
are diverse in the HAYR. In general, geomorphic units determine the
types of stratigraphic sediments and the occurrence and types of
ground ice. Therefore, the MAGT, active layer thickness (ALT), and
permafrost thickness differ with topographic and geomorphology.
Based on the digital geomorphological database of China, on a scale
of 1:1,000,000, the landform patterns of the HAYR are classified into
13 categories in the HAYR (Zhou, Cheng, Zhao, Gao, & Nan, 2007). In
this study, 13 types of landforms in the HAYR are further merged into
two types: high-plain regions and alpine regions. One hundred and one

cores of rock were collected by exploration drilling of the permafrost
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from 2002 to 2015 in the HAYR. Based on these drilling data, perma-
frost is classified into five categories in the HAYR according to ice
content. These types of permafrost include ice-poor, icy, ice-rich,
and ice-saturated permafrost and ice layer with soil inclusions. Usually,
ice-rich, ice-saturated permafrost and ice layer with soil inclusions are
classified as the high-ice-content permafrost. In this study, the five
types of permafrost in the HAYR are further merged into two types:
high-ice-content permafrost (HICP) and low-ice-content permafrost
(LICP). Drilling data analysis results suggest that the regions of ero-
sional and alluvio-fluvial plains are covered by LICP, whereas the
regions of lacustrine-marshland and alluvio-lacustrine plains are cov-
by HICP. The

erosional mountains are covered by LICP, whereas the regions

ered regions of glacio-periglacial and
of periglacial mountains and hills are covered by HICP (Wang,
Sheng, et al., 2018). Using geomorphic units, stratum features and
permafrost characteristics, the permafrost strata in the HAYR are thus
categorized into four types: low-ice-content high-plain permafrost
(LICHPP), high-ice-content high-plain permafrost (HICHPP), low-ice-
content alpine permafrost (LICAP) and high-ice-content alpine
permafrost (HICAP). Figure 2 shows the distribution of the four typ-
ical permafrost types in the HAYR.

Based on the field investigation of permafrost thickness in the
HAYR, a soil depth of 100 m was used for the calculation model.
It is hypothesized that variations in ground temperature across the
HAYR are constant and thus a one-dimensional model of heat con-

duction is used for the simulation. According to the analysis and

96°E

classification of the existing borehole data in the HAYR and the
exploratory data along the National Highway 214 from Xi'ning to
Yushu, Qinghai Province (Figure 2), the lithology of the four typical
permafrost types is shown in Figure 3, which are adopted in the
geometric model for simulation, reconstruction, and prediction of
permafrost in the HAYR.

2.2.2 | Thermal conduction control equation

Simulation of permafrost changes is performed by a model based on
the thermal conduction theory. Permafrost is regarded as a heat con-
ductor in the prediction model. Thus, the simulation only considers the
heat conduction of the soil mass and the phase change of ice and
water. Heat convection and other effects can be ignored because heat
exchange mainly takes place between the soil bodies in a one-
dimensional manner. Considering thermal conduction and ice-water
phase changes in the soil mass, a physical equation is developed on
the basis of energy balance and temperature continuity:
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where A\¢ and A,, are thermal conductivity of permafrost and thawed
soil, respectively, (W/(m-°C)); C and C,, are thermal capacity of per-
mafrost and thawed soil, respectively, (kJ/(m>-°C)); and yq is dry den-

sity of the strata (kg m™3). Additionally, T; and T, are temperatures of

Lithology of four representative types in the Headwater Area of the Yellow River

permafrost and thawed zones, respectively, (°C); T; is the freezing
temperature of soil (°C); W and W, are soil moisture and unfrozen
water contents, respectively, (%); and x and t are space and time var-
iables, respectively, (m, s). H is the lower boundary of the computa-
tional domain, (m); &, is the lower boundary of permafrost (m), and L
is the change in latent heat of water (334.56 kJ/kg). Thermophysical
properties of rock and soil (Table 1) in different strata in the model
are selected according to the reference of national standard
(GB50324-2001, 2014) and laboratory measurement.

TABLE 1 Thermophysical properties of soils and rocks in strata (GB50324-2001, 2014)

Yd Mass water
Rock stratum kg m-3 content (%)
Silty clay 1,600 15
Silty clay 1,400 35
Weathered slate 2,700 2
Gravel sand 1,700 8
Gravel soil 1,600 15
Gravel soil 1,600 10
Fine sand 1,500 15
Medium-coarse sand 1,600 10

Cw C Aw A¢
J/(kg-°C) J/(kg-°C) W/(m-°C) W/(m-°C)
1,589 1,276 1.11 1.02
2,300 1,694 1.18 1.93

750 7,50 2.60 2.60
1,129 900 1.58 2.06
1,464 1,129 1.28 1.45
1,255 1,025 0.89 1.00
1,479 1,099 1.54 2.00
1,213 941 1.48 1.86
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2.2.3 | Phase change analysis

The phase change of ice and water in the permafrost is a nonlinear
transient problem that should consider the absorption or release of
latent heat. Latent heat is represented by an indicator in the phase-
change analysis. The indicator is the enthalpy value with the change
of temperature. The change of enthalpy is the integral of the product
of density and specific heat to temperature. And the calculation for-

mula is expressed as follows (Cao et al., 2014):

AH = [pC(T)dT = AH; + AH,, (6)
AHy =pC(T2 - Ty), (7)
AH, = LpAW,, (8)

where AHis the enthalpy value of soil body; AH4 is the heat absorbed
due to the temperature rise of soil body; AH, is the heat absorbed due
to the phase transition of ice and water; L is the latent heat of water
crystallization or ice-out thaw, and the thermal calculation value is
generally 334.56 kJ/kg; p represents the dry bulk weight of soil body;
C(T) is the heat capacity of soil with the change of temperature T; and
W, is the unfrozen-water content. The latent heat of phase change
can be calculated according to the change of unfrozen-water content.
The relationship between unfrozen water and temperature is expo-
nential (Xu, Wang, & Zhang, 2001):

W, =ab™®, 9

where 6 is the absolute value of negative temperature; a and b are
constants related to the properties of the soil. Unfrozen-water con-
tents of different types of permafrost can be thus calculated according
to the reference value of national standard (GB50324-2001, 2014).
The enthalpy values of different types of permafrost can be finally cal-
culated according to the above-mentioned formulas.

2.2.4 | Boundary and initial conditions

The surface energy balance determines the upper heat boundary of
the soil layer and surface temperature represents resultant energy bal-
ance. In the simulation, surface ground temperature is taken as the
upper boundary condition. Surface ground temperature generally
changes with seasonal variations of air temperature and can be
described as a trigonometric function (Li, Cheng, & Guo, 1996):

. 2n
T= To+c-t+A-sm<%-t+(p), (10)

where Ty is the initial mean annual ground surface temperature
(MAGST, °C); c is the rate of change of surface temperature (°C/hr);
A is the annual amplitude of surface temperature that is 12°C (Madoi
Meteorological Station, 1953-2012); and ¢ is the initial phase,which
determines the initial time or season in the model. Since the model

is calculated from the end of the warm season, then ¢ = .

Although ground surface and air temperatures change with similar
trends, the relationship between air temperature and the ground tem-
perature of different surfaces varies substantially. The initial MAGST
varies across regions with different ground temperatures. Therefore,
the initial MAGST differs in computational regions and permafrost
types. This study will present the permafrost change in the HAYR over
the past 50 years (1953-2012) and in the coming 100 years (2013-
2100). The temperature increase from 1953 to 2012 was determined
by using the fitting analysis of measured air temperature from the
Madoi Meteorological Station in HAYR. Based on Coupled Model
Intercomparison Project Phase 5 results in IPCC AR5, the temperature
rise trend during 2013 to 2100 was predicted by using a new genera-
tion of greenhouse gas emission scenarios, RCP2.6, RCP6.0, and
RCP8.5. Because different climate models have different simulation
results (Su, Duan, Chen, Hao, & Cuo, 2013; Zhang et al., 2013), we
use the average value of temperature rise trend for different climate
model simulations under scenarios of RCP2.6 (32 models), RCP6.0
(25 models), and RCP8.5 (39 models; Stocker, Qin, Plattner, et al.,
2013). The change trend of surface ground temperature at the upper
boundary when To = -0.5°C is thus shown in Figure 4. The change in
surface ground temperature in the HAYR can be divided into three
stages: (a) 1953-1982, the air temperature declined slowly at a rate
of 0.2°C-10 yr'?, (b) 1983-2012, the air temperature increased at a
rate of 0.64°C-10 yr’l, and (c) 2013-2100, the air temperature will
increase, which varies for different warming scenario models. The
mean annual air temperature will increase by 0.57°C by 2040 and then
will remain constant under scenarios of RCP2.6. The mean annual air
temperature will increase by 1.98°C by 2100 under scenarios of
RCP6.0. The mean annual air temperature will increase by 1.19°C by
2045 and then will increase by another 2.62°C by 2100—a total of
3.81°C over 100 a under scenarios of RCP8.5.

In this study, the lower boundary conditions use a constant terres-
trial heat flow of 0.0474 J/(m?s) (Wang & Li, 1983). The initial temper-
ature is determined by using steady-state processing. In order to
stabilize the temperature field, we set the calculation time to 300 years.
After the temperature becomes stable, the temperature at the end of
300 a will be assumed to be the same as the temperature at the begin-
ning of 1953. Once the initial temperature at the beginning of 1953 is
determined, we will input the temperature change values in upper
boundary conditions and the constant value of lower boundary condi-
tions during 1953 to 2100 in the calculation model. For the same sce-
narios, it is supposed that the surface ground temperature (T) rises at
the same rate(c). Seven scenarios using the initial MAGST (Ty) of 0.5°
C, 0°C, -0.5°C, -1°C, -2°C, -3°C, and -4°C are thus calculated.

2.2.5 | Calculation results and verification

In order to verify the accuracy of the prediction results, 65 ground
temperature measurements were collected by exploration drilling of
the permafrost from 2003 to 2015 in the HAYR. The observed values
at these boreholes are compared with the simulated results. One rep-
resentative borehole is chosen in each of the four permafrost types as

a clear example to compare the results. Figure 5 shows that the
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change of permafrost temperatures at the boreholes of K426+260
(LICHPP), TCM-T3 (HICHPP), K416 + 300 (LICAP), and MD-Y2
(HICAP). Due to that the time series of the observed ground-
temperature data in the HAYR are much shorter, we only collect the
monitoring data from permafrost boreholes no more than 10 years.
So we compare the observed temperature curve with the simulated
temperature curve. The comparison results show that there are differ-
ences between the simulated and observed results of ground temper-
ature in the shallow ground. However, the simulated temperature
curve of the same permafrost type is in agreement with the observed
curve in the deep ground. Especially, the permafrost at the borehole of
K416 + 300 is in the zero-gradient stage in the thermal regimes, with a
slow temperature rise over the past decade due to phase change (Wu,
Zhang, et al., 2010). This means that these calculations of the pro-
posed numerical model are reliable.

2.2.6 | Method of permafrost distribution

Permafrost is a reaction product of heat exchange between the
ground surface and the atmosphere. If the heat exchange is constantly
in flux between the surface and the atmosphere, the permafrost will
constantly change. Ground temperature is an effective index to repre-
sent the characteristics of permafrost and therefore is a main indicator
of the permafrost zoning. Ground temperatures at the depth of 15-20
m are generally regarded as the MAGT on the Qinghai-Tibet Plateau
(Wu, Zhang, et al., 2010). Based on the observed MAGT of permafrost
boreholes in 2012, an empirical-statistical MAGT-based model was
established by taking account of the latitude, longitude, and elevation
as independent variables (Li et al., 2016):

GT = 76.59 - 0.20LONG - 1.16LAT - 0.0039H R? =0.7659, (11)

GT, = GT +0.3, (12)

where GT; is ground temperature in sunny slope (°C). GT is ground

temperature of area expect for a sunny slope (°C); LONG is the

longitude (°E); LAT is the latitude (°N), and H is the elevation (m a. s.
l.). The sunny slope area is defined as the area with a slope greater
than 5°C and a slope direction between 112.5°C and 247.5°C. Based
on SRTM DEM data (spatial resolution = 90 m), 0°C is used as the
temperature boundary of permafrost and seasonal frost in the HAYR.
We can obtain the spatial distribution of permafrost in 2012 (Figure 6)
by using the formula (11) and (13). The areal extent of permafrost,
mainly warm permafrost, is 2.5 x 10* km?, 85.2% of the total area of
the HAYR, and that of seasonal frost is 0.3 x 10% km?, 9.8%.

According to the numerical model simulations, see the previous
section, the values of ground temperature at the depths from O to
100 m in 1953-2100 can be predicted for the different initial MAGST
(To). The numerical model was used to calculate the MAGT values with
To = 0.5°C, 0°C, -0.5°C, -1°C, -2°C, -3°C, and -4°C. It was found that
the value of simulated MAGT (Xr,) in 2012 represents the corre-
sponding grid-zone values of MAGT (X) in the current spatial distribu-
tion map of permafrost (Figure 6). The change of the simulated MAGT
represents the evolution process of permafrost temperature in these
grid zones. Another MAGT values (Y) between the values of simulated
MAGT (X7,) can be linearly interpolated. The calculation formula is
given as follows, and the relevant values are calculated.

Y:M(X—X-4)+Y-4 Xg X <X, (13)
X-3 ‘X—4

y =Yo7 Y0 x0) 4 Yo Xo <X < Xos, (14)
05~ Xo

The MAGT values (Y) of permafrost in 1953-2100 in the HAYR can be
calculated by the computational formula. The spatial distribution of
permafrost in the HAYR can also be presented by overlaying the grid
module of ArcGlIS. Different MAGT corresponds to different thickness
of active layers in the numerical simulation. The ALT can be calculated
by using a simple linear relation between the simulated MAGT and
ALT. In this study, the calculated ALT represents the average state
of the overlying ALT.
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FIGURE 5 Comparison of observed and simulated values of permafrost drilling in the Headwater Area of the Yellow River. HICAP, high-ice-

content alpine permafrost; HICHPP, high-ice-content high-plain permafrost; LICAP, low-ice-content alpine permafrost; LICHPP, low-ice-content
high-plain permafrost [Colour figure can be viewed at wileyonlinelibrary.com]
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3 | CHANGE PROCESSES OF PERMAFROST
UNDER A CHANGING CLIMATE

3.1 | Changes in the temperature of permafrost,
table, and base

The degradation stages of the four representative permafrost types in
the HAYR can be determined by using the shape of the simulated tem-
perature curves. The changes of ground temperature curves (Figure 7a)
and the degradation process (Figure 7b) of the HICAP were plotted
under scenario RCP2.6, where the current MAGT is -0.44°C. From
1972 to 2012, the permafrost temperature increased rapidly, accom-
panied by slight changes in permafrost thickness. From 2013 to 2050,
the ground temperature curves were in the zero-geothermal gradient
stage. Therefore, the change in ground temperature would be small,
and the permafrost thickness would decline quickly from the bottom
up. In this stage, the permafrost responds only appreciably to climate
warming, because of the dominance of phase change is in thermal
regimes. At approximately year 2050, the permafrost would be in
the stage of vertical detachment, and a talik would appear, with a
downward thawing of permafrost from the lowering permafrost table.
After 2085, permafrost would start to disappear. Thawing in all direc-
tion would result in the permafrost disappearance.

Moreover, the ground temperature curve also shows the process
of permafrost degradation. In the process of permafrost degradation,
the same permafrost type, at different degradation stages, results in
different modes and rates of temperature increase. The response of
permafrost to climate change differs in various degradation stages of
permafrost.

Different MAGTSs correspond to permafrost thicknesses. Due to
differences in MAGTs and permafrost thicknesses, the same type of

permafrost can respond to temperature changes at different rates.

To determine the influence of MAGT and permafrost thicknesses on
the response rates of permafrost to climate changes, three types
of permafrost were defined based on the MAGT in 2012: very warm
(>-0.5°C), warm (-1 to -0.5°C), and cold (<-1°C) permafrost. As an
example of this analysis, the HICAP type of permafrost was used in
scenario RCP6. Each of MAGT scenarios is selected from very warm,
warm, and cold permafrost for calculations. Changes in the position
of the permafrost table and base of the thermal stable types of perma-
frost are shown in Figure 8. MAGTSs of very warm, warm, and cold per-
mafrost were -0.19°C, -0.77°C, and -1.17°C, respectively. The
corresponding permafrost thicknesses are 22, 44, and 57 m, respec-
tively. The permafrost table of all three permafrost types experienced
a slow and then rapid reduction in permafrost thickness, indicating the
detachments of permafrost from seasonal frost (Figure 8). The MAGT
increases rapidly once the permafrost layer thaws. Simultaneously, the
base of permafrost increases by varying degrees, with the rate of ele-
vation of the permafrost base positively related to the MAGT. Overall,
very warm permafrost responds sensitively to climate changes. The
thin permafrost would develop a talik layer by 2040; the permafrost
table would lower rapidly; and the permafrost would thaw completely
by 2060. The warm permafrost would form a talik layer by approxi-
mately 2080, and the permafrost would take a long time to thaw. In
the cold permafrost, the permafrost table would enter a stage of rapid
lowering by approximately 2090, and the permafrost base would rise
gradually.

3.2 | Permafrost changes under different conditions

Model calculation results for LICHPP and HICHPP under the scenario
RCP2.6 are shown in Figure 9a,b, respectively. For LICHPP perma-
frost, the ice content is 15% at 0-20 m and 8% at 20-100 m. For
HICHPP permafrost, ice content is 15% at 0-3 m, 35% at 3-20 m,
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15% at 20-60 m, and 10% at 60-100 m. The current MAGTs of
LICHPP and HICHPP are -0.24°C and -10.25°C,
(Figure 9). Compared with HICP, LICP would have a greater response

respectively

to climate change and would degrade more easily. The majority of
residual permafrost is HICP and pure ice. For example, in Qingshuihe
Riverside, the LICP, under similar conditions, would degrade
completely. LICP, with the current MAGT of -0.24°C, would thaw
completely during the 21st century. Although the ground temperature
of HICP at different depths would rise, by a varied extent, the perma-
frost table and base would change only slightly, and the permafrost
table would lower slowly during the late 21st century. Given the

same conditions, LICP would degrade more quickly than HICP.

tion process of permafrost

ermafrost [Colour figure can be viewed at wileyonlinelibrary.com]

Model results of LICHPP and LICAP under the scenario RCP2.6
are shown in Figure 9cd, respectively. The current MAGTs of
LICHPP and LICAP are -0.24°C and -0.23°C, respectively. There
would be a small difference in decay time between these two perma-
frost types. The degraded alpine permafrost would be thicker. The
LICAP has a thin unconsolidated formation, beneath which bedrocks
with low ice content are found. Compared with the LICHPP, the ice
content of the soil layer is slightly lower in LICAP. The permafrost
base depth of the LICHPP would be approximately 24 m, and the
permafrost would thaw completely by 2090. The permafrost base
depth of the LICAP would be 36 m, and the permafrost will
completely thaw by 2070.
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4 | CHANGES IN PERMAFROST
DISTRIBUTION

Prior to 1953, an upper boundary condition with constant tempera-
ture was used to develop a stable temperature field in the simulation
model. However, the changing temperature boundaries were mea-
sured at weather stations, and their trends were only incorporated
into the model after 1953. Therefore, the simulation results in the
few years after 1953 did not reflect the response to previous climate
changes and the simulation results deviated from the measured tem-
perature. Therefore, the simulated ground temperature in 1972 was
considered closer to the actual temperature, and the decadal changes
in permafrost temperatures were compared for years of 1972, 1982,
1992, 2002, and 2012. The simulation was also used to predict the
changes in the spatial distribution of permafrost in the HAYR under
scenarios RCP2.6, RCP6.0, and RCP8.5 in 2050 and 2100. The distri-
bution of MAGTs is divided for frozen-ground zones at the intervals
of 0.5°C and 1.0°C. A total of five ground temperature zones are
identified: Zone | (MAGT<-2.0°C), Zone Il (-2.0°C < MAGT < -1.0°
C), Zone Il (-1.0°C < MAGT < -0.5°C), Zone IV (-0.5°C < MAGT <

0°C), and Zone V (MAGT > 0°C). The change in the spatial distribution
of permafrost is computed for the HAYR during different time

periods.

4.1 | Changes in the spatial distribution of
permafrost in the HAYR over the past 50 years

Based on model reconstruction, the areal extents of permafrost in the
HAYR were 2.60 x 10* km? in 1972, 2.62 x 10* km? in 1982, 2.64 x
10* km? in 1992, and 2.62 x 10* km? in 2002 (Figure 10). Currently,
the areal extent of permafrost in the HAYR is 2.54 x 10* km?. The
results indicate that some seasonal frost was converted into perma-
frost from 1972 to 1992. The increase in permafrost areal extent dur-
ing this period was 323 km?, due to a short cooling period from the
1960s to the 1980s. In contrast, the areal extent of permafrost degra-
dation was 1,056 km? from 1992 to 2012, due to sharp warming since
the 1980s. The adopted upper boundary temperature began to
increase in 1982; however, the permafrost area decreased in 1992,

demonstrating the delayed response of permafrost to climate change.
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Permafrost responses to climate changes can be delayed by more than
10 years or more.

Seasonal frost is mainly found in the Requ Valley in the southeast-
ern HAYR and the Xiaoyemaling and Tangchama piedmont plain in the
southern Sisters Lakes Basin. The topography consists primarily of val-
leys, plains, and flat regions. There are very warm regions of perma-
frost (Zone V) at the margins of the seasonal frost. Generally, only
small areas of permafrost have been converted into seasonal frost
over the past 50 years. During this time MAGTs, of different perma-
frost types, increased by varying extents. From 1972 to 2012, the
areal extent ratio of very warm permafrost (Zone IV) to total perma-
frost increased from 22.3% to 35.3%. The ratio of warm permafrost
(Zone 1) increased from 23.4% to 35.3%. The ratio of cold permafrost
(Zones | and Il) decreased from 54.3% to 29.4%. Although the changes
in total permafrost extent are minor, the air temperature increased
dramatically in the 1980s, resulting in a significant rise in permafrost
temperature. As a result, the cold permafrost was transformed into
warm and very warm permafrost.

Changes in the ALT greatly affect ecosystems, ground-atmosphere

water balance, and the carbon cycle in permafrost zones. In the HAYR,

the average ALT was 1.51 min 1972, 1.64 m in 1992, and 2.01 m in
2012 (Figure 11). The change ALT was 0.65 cm-yr ! from 1972 to
1992 and 1.85 cm-yr ! from 1992 to 2012. Air temperature increased
quickly after 1982, accelerating the increase in ALT in the last 20 years.
With an increase in the upper boundary temperature, the ALT
increased continuously. From 1972 to 2012, permafrost areas with
changes of 0-0.3, 0.3-0.6, 0.6-1, and 1 m in ALT accounted for 47%,
33%, 17%, and 3% of the current permafrost area in the HAYR, respec-
tively. Permafrost types differ in MAGT and surface soil textures and
therefore also experience varied changes of the ALT. However, the
overall trend, regardless of permafrost type, was a continuous increase.

4.2 | Future spatial distribution changes of
permafrost in the HAYR

4.21 | Permafrost changes

RCP2.6
In 2050, the permafrost area under scenario RCP2.6 would be 2.32 x
10* km? (Figure 10e). About 2,224 km? of permafrost, 7.5% of the
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FIGURE 10 Spatial distribution of permafrost in the Headwater Area of the Yellow River under a changing climate [Colour figure can be viewed
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total area in the HAYR, would be converted into seasonal frost. There
would be very warm permafrost at the edges of both permafrost and
seasonal frost. Seasonal frost would be scattered throughout the flat
regions, such as Baimaqu, Duoqu, and Maduosihu. The proportion of
very warm permafrost to the total permafrost area would increase
by 28.5%, whereas those of warm permafrost (Zone Ill) and cold per-
mafrost (Zones | and Il) would decrease by 6.4% and 22.1%, respec-
tively. The very warm permafrost (Zone IV) would then account for
63.8% of total permafrost area in the HAYR.

The air temperature would remain unchanged after 2040; how-
ever, permafrost degradation would continue. The permafrost area
would shrink to 1.96 x 10* km?, reflecting the continued but lagged
response of the permafrost temperature to previous air temperature
rises. The areal extent of permafrost degradation into seasonal frost,
from 2050 to 2100, would be approximately 3,500 km? (Figure 10f).
Specifically, extensive formation of seasonal frost would occur in the
Xingxiuhai Wetlands. The Kariqu Basin would change from Zone Il
into Zone IV. In 2100, very warm permafrost would account for
71.6% of the total permafrost area in the HAYR and warm permafrost
for 22.8%. A small areal extent of cold permafrost, only 5.6% of the
total permafrost area, would be found in alpine regions (e.g., the
Buging Mountain) in the northern HAYR.

The LICHPP, with the current MAGT greater than -0.10°C, would
completely thaw by 2050. Complete thawing of HICHPP, LICAP, and
HICAP would occur in zones with current MAGTs higher than
-0.02°C, -0.33°C and -0.21°C, respectively. By 2100, compete
thawing of LICHPP, HICHPP, LICAP, and HICAP would occur in zones
with current MAGTs higher than -0.26°C, -0.15°C, -0.53°C, and
-0.44°C, respectively. Therefore, permafrost areas with the MAGT
higher than -0.02°C will thaw completely by 2050, and areas with cur-
rent MAGT higher than -0.15°C will thaw completely by 2100.

RCP6.0

Under scenario RCP6.0, the permafrost area in 2050 would be 2.30 x
10* km? (Figure 10g). The area of thawed permafrost would be 2,347
km?2, 7.9% of the total area of the HAYR. Very warm permafrost (Zone
IV), warm permafrost (Zone lll), and cold permafrost (Zones | and )
would occupy for 66.8%, 26.9%, and 6.3% of the total permafrost
area in the HAYR, respectively. The LICHPP permafrost with
MAGTSs higher than -0.10°C will thaw completely by 2050. The com-
plete thawing of HICHPP, LICAP, and HICAP would occur in zones
with current MAGTSs greater than -0.02°C, -0.33°C, and -0.21°C,
respectively.

The thawed permafrost area in 2100 will be approximately 10,000
km?, accounting for 32.9% of the total area in the HAYR (Figure 10h).
Seasonal frost will be formed extensively in areas such as at
Gamale and Duogerong Basins. Moreover, the seasonal frost in the
Xingxiuhai Wetlands will expand into the Gyaring Lake Basin. The
seasonal frost in the Baimaqu, Lenaqu, and Zhoumaqu Basins will
merge. Zone IV permafrost would cover 85.8% of the total perma-
frost area. Zone lll permafrost would cover 13.5% of the total per-
mafrost area, mainly on the higher parts of the Buging Mountains

in the northern HAYR. The proportion of cold (<-1°C) permafrost

WILEY——

in the HAYR would be very small, and most permafrost areas would
be warmer than -1°C, mainly very warm and warm permafrost.
Complete thaw of LICHPP, HICHPP, LICAP, and HICAP would occur
in zones with current MAGTSs higher than -0.26°C, -0.21°C, -1.05°
C, and -0.61°C, respectively. Under the RCP6.0 scenario, in areas
with a current MAGT higher than -0.02°C, the permafrost will be
thawed completely by 2050, and those warmer than -0.21°C will
be thawed completely by 2100.

RCP8.5

Under scenario RCP8.5, the temperature will increase by approxi-
mately 4°C. This sharp temperature increase will result in significant
permafrost degradation. In 2050, the area of thawed permafrost
would cover 2,559 km? 8.6% of the total area in the HAYR
(Figure 10i). This is similar to the results of the RCP2.6 and
RCP6.0 scenarios. In 2050, some permafrost would be in the zero-
gradient stage of degradation, and since heat is required for phase
change, there would be insignificant changes to the permafrost area.
Very warm permafrost (Zone IV), warm permafrost (Zone Ill), and
cold permafrost (Zones | and IlI) would account for 74.5%, 21.7%,
and 3.7% of the total permafrost area in the HAYR, respectively.
Although the permafrost area under scenario RCP8.5 is similar to
that under the scenario RCP2.6 and RCPé6.0, the proportion of very
warm permafrost would increase, whereas the proportion of warm
permafrost and cold permafrost would decrease. The ground tem-
perature of all permafrost types would continuously increase. Com-
plete thawing of LICHPP, HICHPP, LICAP, and HICAP would occur
in zones with MAGTSs higher than -0.1°C, -0.08°C, -0.37°C, and
-0.21°C, respectively.

A long-term sharp increase in temperature would result in the
quick degradation of permafrost in the HAYR. In 2100, the permafrost
area under scenario RCP8.5 would be 9,838 km?, which accounts for
approximately 34.7% of the total area in the HAYR (Figure 10j). There
would be small areas of permafrost in the north of the Hunan-Hubei
Basin and west of the HAYR. The HAYR would primarily contain sea-
sonal frost. Cold permafrost (Zones | and Il) would disappear, and more
than 90% of the area in the HAYR would be very warm permafrost
(Zone V), with less than 10% containing warm permafrost (Zone Il1).
Complete thaw of LICHPP, HICHPP, LICAP, and HICAP would occur
in zones with current MAGTSs higher than -0.64°C, -0.38°C, -1.69°
C, and -0.96°C, respectively.

4.2.2 | Changes in the ALT

RCP2.6

Under the RCP2.6 scenario, the average ALT in the HAYR would
increase to 2.21 m by 2050, 0.2 m greater than in 2012 (Figure 11
e). The rate of increase in the ALT would be 0.52 cm-yr‘l. In 2100,
the average ALT in the HAYR would increase to 2.78 m, 0.77 m
greater than in 2012 (Figure 11f). The rate of increase of ALT would
be 0.86 cm-yr™* from 2012 to 2100. The ALT in 2050 and 2100 would
be 1-3 m. Between 2012 to 2050 and 2012 to 2100, the ALT in the
HAYR would have changed by 0-0.6 m. The areal extent of zones with



SHENG ET AL

1 | \WILEY

ALT changes greater than 1 m would expand. From 2012 to 2050,
permafrost areas with changes of the ALT greater than 0.6 m would
transform into seasonal frost or discontinuous permafrost. Although
the upper boundary temperature would remain unchanged after

2040, the active layer would continue to deepen.

RCP6.0

Under scenario RCP6.0, the area of permafrost with an ALT greater 3
m will increase by 2050, mainly in the Xingxiuhai Wetlands to the
west of the Gyaring Lake and the western and southern HAYR. The
permafrost will thaw completely by 2100. However, in the northern
HAYR region, the ALT in most permafrost areas would be smaller than
3 m. The average ALT would be 2.40 m in 2050, 0.38 m greater than
that in 2012 (Figure 11g). The rate of increase of ALT was 1 cm-yr'l.
The average ALT would be 4.07 m in 2100, 2.06 m greater than that
in 2012 (Figure 11h). The change rate would be 2.34 cm-yr % The
annual rate of change in ALT would increase from 2050 to 2100.
The change rate of ALT from 2012 to 2050, under scenario RCP6.0,
would be significantly higher than that under scenario RCP2.6. The
permafrost zones, with an ALT change greater than 0.6 m, would
expand. The change in ALT from 2012 to 2100 would be greater than
0.6 m and permafrost areas, with an ALT increase greater than 1 m,

and would occur extensively.

RCP8.5

Changes in ALT would be the greatest under scenario RCP8.5. The
average ALT in 2050 would increase to 3.08 m, 1.07 m greater than
that in 2012 (Figure 11i). The change rate would be 2.82 cm-yr™* from
2012 to 2050. The average ALT in 2100 would be 4.39 m, 2.38 m
greater than that in 2012, a 2.70 cm-yr ! increase from 2050 to 2100
(Figure 11j). In 2100, most areas of the HAYR would be in zones of
seasonal frost or discontinuous permafrost, accounting for approxi-
mately 90% of the land area in the HAYR. Ecologically and hydrologi-
cally, under the scenario RCP8.5, the seasonal frost and deeply buried
permafrost would function similarly. The ALT would increase by more
than 0.6 m from 2012 to 2050 and by more than 1 m in most perma-
frost areas from 2012 to 2100.

5 | DISCUSSION

5.1 | Evidence of permafrost degradation

Climate change over the past 60 years has been divided into two
stages: (a) a mild cooling from the 1950s to the early 1980s and (b)
a marked warming from the early 1980s to the present. The perma-
frost in the HAYR reacted according to the different trends of climate
change, but not significantly. Only 2% of the permafrost area was
altered. The area of permafrost in the HAYR has increased since the
1950s, reaching its maximum in the early 1990s, when it then began
to decrease.

It is a fact that permafrost in the HAYR is degrading. The mete-

orological data show that the mean annual air temperature in Madoi

County declined slightly from the 1950s to 1980s but has continued
to rise since 1980s, at a rate of about 0.08°C-yr Y. During this
period, the shallow ground temperature increased from 0.3°C to
0.7°C. The seasonal frozen depth decreased from 3.12 to 2.18 m,
a change of nearly 1 m. This indicates a shortening of the frozen
period and that permafrost may disappear due to the increase of
ground temperature. Moreover, during a field survey in 1991, buried
permafrost layers were found to have been exposed in the
Xingxinghai lakeshore, the southern beach of Heihegiao, and the
piedmont diluvial fan of Yeniugou. However, none of these areas
appeared during in-situ reconnaissance in 1998. It shows that the
permafrost layer has degraded.

Moreover, field measurement data shows that there are obvious
signs of permafrost degradation in the HAYR. The permafrost table,
measured by field drilling, in the alpine or plain areas, has exceeded
the maximum frozen depth. This indicates that the permafrost has, in
fact, detachment from the frozen ground, which is the most obvious
sign of permafrost degradation. The temperature measurements of
the boreholes show that the permafrost table is below 5.0 m, which
is much larger than the frozen depth of seasonally frozen soil in this
area. The altitudes of the boreholes in the region of detached frozen
ground are similar to the boreholes in the region of seasonal frozen
soil. Moreover, according to the ground temperature curve, the geo-
thermal gradient of most permafrost borehole in the region have
approached or reached a zero gradient. The values of ground temper-
ature of some permafrost boreholes have approached 0°C, indicating
that the permafrost is on the edge of thawing.

Ground temperature measurement can indicate the permafrost
thickness. The results show that the permafrost thickness does not
exceed 20 m in low altitude areas, a sign of permafrost degradation.
Permafrost degradation is most prominent in several permafrost bore-

holes in the area of Tangchama (Figure 12).

5.2 | Accuracy of this model forecast result

The fate of the HAYR permafrost is an important scientific issue that is
widely debated and remains uncertain. At present, scholars have used
various land surface models or numerical simulation methods to pre-
dict the future changes of permafrost in the Qinghai-Tibet Plateau
under different climate model warming scenarios (Guo et al., 2012;
Li et al., 1996; Li & Cheng, 1999; Nan et al, 2005; Wang et al.,
2019). The study of Li and Cheng (1999) shows that the permafrost
on Qinghai-Tibet Plateau will minimally change in the next 20-50
years. However, it will significantly degrade in 2099, with the propor-
tion of 58.18%. The results of Nan et al. (2005) show that the rate of
reduction Tibetan permafrost after 50 a would be 8.8-13.5% and after
100 a would be 13.4-46%. The study of Guo et al. (2012) indicates
that a reduction of Qinghai-Tibet plateau permafrost extent by
approximately 39% by 2050 and 81% by 2100. The result of Wang
et al. (2019) indicates respectively 25.9% and 43.9% of the current
permafrost on the Tibetan Plateau will disappear by the 2040s and
the 2090s. In this study, the area proportion of permafrost
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FIGURE 12 Ground temperature curve of permafrost borehole in
Tangchama [Colour figure can be viewed at wileyonlinelibrary.com]

degradation in the HAYR is 7.5-8.6% by 2050 and 32.9-62.2% by
2100. Although the predictions of permafrost are highly uncertain,
due to different climate models, the trend of permafrost degradation
is the same. This study derives the permafrost changes under different
climate scenarios. Although temperature increase in the new genera-
tion scenarios RCP2.6, RCP6.0, and RCP8.5 in IPCC, AR5 is the mean
of the multimode simulation results; the simulation results under dif-
ferent scenarios can provide a deeper understanding of the future
changes of permafrost. This study provides different approaches to
predicting permafrost change.

Many studies mainly focus on the distribution and evolution of
permafrost in the Qinghai-Tibet Plateau (Guo et al., 2012; Wang,
Yang, Yang, Qin, & Wang, 2018). Influenced by the spatial scale effect,
the permafrost distribution of the HAYR is simplified in these studies.
Moreover, previous studies have not systematically accounted for the
distribution and evolution of permafrost in the HAYR. Air temperature
is not the only influencing factor of permafrost. Landforms, lithology,
and geology, among many others, could significantly affect the hydro-
thermal state of permafrost. This study further considers the influence
of topographic factors and lithology factors on the change of perma-
frost in the HAYR. In this study, the permafrost classification is firstly
refined at large scale. According to geomorphic units and stratum fea-
tures in the HAYR, permafrost was categorized into four types,
LICHPP, HICHPP, LICAP, and HICAP. Therefore, this study better
reflects the differences and diversity of the spatial distribution of per-
mafrost. In addition, this study was validated via comparison to a large
number of field borehole monitoring data of permafrost in the HAYR.
Therefore, compared with previous studies, this work more accurately
predicts the permafrost distribution in the HAYR. The permafrost

change derived from this study is similar to the estimates from the

many previous studies.

5.3 | Feasibility and deficiency of the method

The time series of the ground temperature measurements are much
shorter than the timescale of permafrost degradation. Thus, the per-
mafrost degradation process, under complex situations, can only be
effectively studied by numerical model simulations. The temperature
conditions of the upper and lower boundaries, as well as heat trans-
fer in the strata, were simplified by using a model based on thermal
conduction theory. The model can be used to describe the transfer
of heat in the permafrost strata to describe the delayed permafrost
response to climate changes. It also has advantages in simulating per-
mafrost changes at different depths. The simulated depth reached
100 m, which effectively reveals the impact of centennial climate
change on permafrost at various depths. The model provides an in-
depth understanding of the temperature change process of deep per-
mafrost layers, greater than 50-100 m. Soil temperature dynamics
were simulated with the upper boundary condition determined by
the surface energy balance and the lower boundary condition (at a
depth of 120 m) determined by the geothermal heat flux (Zhang &
Chen, 2003). This method is well used in the field of permafrost
engineering. Compared with numerical modeling, the land-surface
process model is useful for describing surface processes that include
numerous physical mechanisms. However, it does not account for
deep permafrost responses, at more than 10 m (Lawrence & Slater,
2005; Guo, Wang, & Li, 2012). Thus, it cannot be used to investigate
the entire permafrost degradation process. Therefore, coupling the
improved land-surface process model with global or regional climate
models, for predicting the permafrost change processes and response
mechanisms under a warming climate is a more effective and accu-

rate tool.

6 | CONCLUSIONS

A numerical model simulation was performed for four typical perma-
frost types in the HAYR region on northeastern Qinghai-Tibet Plateau,
Southwest China. Changes in the distribution of permafrost in the past
and future were mapped by using GIS platform-aided numerical

models. The conclusions can be drawn as follows:

1. During permafrost degradation, the same type permafrost at dif-
ferent degradation stages experiences different modes and rates
of increasing temperature. The responses of permafrost to climate
change would differ in stages of thermal regimes. For different
permafrost types with similar MAGTSs, the rate of permafrost deg-
radation depends on sensitivity to lithology, ice content, and some
other influencing factors. The greater the ground ice content, the
lower the rate of permafrost degradation.

2. From 1972 to 2012, the area of permafrost degradation was 1,056
km?, resulting from a sharp temperature increase after the 1980s.
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By 2050, the areas of permafrost thaw would be similar under the
three scenarios of RCP2.6, RCP6.0, and RCP8.5. The areas of per-
mafrost degradation would be 2,224, 2,347, and 2,559 km?, which
accounts for 7.5%, 7.9%, and 8.6% of the total area in the HAYR,
under the three scenarios, respectively. In RCP2.6, the areal extent
of permafrost degradation into seasonal frost by 2100 would be
approximately 3,500 km?2. Under the scenario RCP6.0, the area
of permafrost thaw by 2100 would be 10,000 km?, 32.9% of the
total area in the HAYR. Under the scenario RCP8.5, the area of
permafrost degradation by 2100 would be 18,492 km?, 62.2% of
the total area in the HAYR. Moreover, the average ALT was 1.51
m in 1972 and 2.01 m in 2012. Under the RCP2.6, RCP6.0, and
RCP8.5 scenarios, the basin-wide average of ALT would be 2.21,
2.40, and 3.08 m by 2050 and 2.78, 4.07, and 4.39 m by 2100,
respectively.

3. In the spatial expansion of permafrost distribution, this study
simply used 0°C as the basis for boundary division between sea-
sonal frozen soil and permafrost. This assumption may result in
the misclassification of shallow thin permafrost or buried perma-
frost as seasonally frozen soil. This is because the ground tem-
perature of shallow thin and buried permafrost is positive
above 15 m in depth and negative above or below 15 m in
depth. Therefore, these soils are not classified as permafrost in
the statistical process. This requires more field data to verify
the calculation results in the future. In addition, the model simply
considers the temperature rise at the upper boundary in the cal-
culation of the ALT. However, the ALT is related to many other
factors such as surface vegetation, soil texture, atmospheric tem-
perature, and permafrost table. In the future, the model should
include a series of meteorological elements, surface soil, and veg-
etation parameters to study the ALT based on the land surface

process model.
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