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Abstract
Permafrost in Northeast China is highly sensitive to climate warming. Permafrost degradation significantly affects forest and vegetation
ecosystems, as well as the safety of engineering projects and other man-made infrastructures. However, the permafrost change in the region is
still unclear. This study uses metrological data from 258 weather stations, alongside reanalysis data, and other environmental data to investigate
permafrost degradation and its related environmental impacts in Northeast China from the 1950s to 2010s. Results show that the total permafrost
area decreased from 4.8 � 105 to 3.1 � 105 km2 from the 1950s to the 2010s. The southern limit of permafrost moved 0.1e1.1� northward, and
its average elevation rose 160.5 m. During the study period, the degradation of predominantly continuous permafrost, and discontinuous and
island permafrost was more pronounced than that of sparsely island permafrost. The south boundary of those three permafrost zones northward
by 0e3.4�, 0‒5.5� and 0.4e1.1�, the average altitude raised by 339.2 m, 208.3 m, 67.1 m. The permafrost degradation shows the elevation and
latitude zonality. Permafrost degradation is mainly caused by the rising of surface temperatures and the impacts of other environmental factors.
The snowfall warming the ground of 1.1e10.2 �C in cold seasons and rainfall cooling on surface conditions in warm seasons, those may result in
temporal and spatial differences in permafrost degradation. However, there are lack of researches in the impact of environment factors on soil
temperatures, moisture and permafrost degradation.
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1. Introduction

The permafrost in Northeast China is warmer and thinner
than that in high-altitude and high-latitude areas, and is thus
highly sensitive to climate warming (Romanovsky et al., 2010;
Zhao et al., 2010). Under climate warming, the permafrost in
Northeast China thaws easily, increasing the risk of carbon
emissions (Yang et al., 2010; Shan et al., 2020), freeze-thaw
disasters (Shan et al., 2015; Guo and Wang, 2017), and the
safe operation of infrastructures (Tai et al., 2018; Wang et al.,
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2019). Degradation characteristics of permafrost in Northeast
China is similar to that found in southern Russia (He et al.,
2009; Chang, 2011; Guo et al., 2018a; Kondratiev, 2016),
the permafrost degradation exhibits both latitudinal and alti-
tudinal zonality. The degradation sequence is first on the
mountain, then on the valley bottom; first on the sunny slope
and then on the shade slope. The impact of environmental
effect on permafrost is noticeable (Guo et al., 1981; Zhou
et al., 2000; Sun et al., 2007; Jin et al., 2009). Compared
with the degradation of high-latitude and high-altitude
permafrost, but more significant than the degradation occur-
ring in Western Siberia or the Arctic and Qinghai-Tibet
Plateau areas (Jin et al., 2007).

In additional to zonality factors (longitude, latitude and
altitude), the distribution and degradation of permafrost in
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Northeast China is also closely related with the non-zonality
factors (air temperature, snow, precipitation, etc.) (Zhou
et al., 2000; He et al., 2009; Chang, 2011; Guo et al.,
2018b; Kondratiev, 2016). The southern limit of permafrost
was found to be equivalent to the mean annual air temperature
(MAAT) of 0 �C and the January temperature of �24 �C for
the first time in 1950's (Xin and Ren, 1956). As the MAAT
rose from �5 �C to 0 �C, the extent of the permafrost dropped
from 80% to 5% (Guo et al., 1981; Akaike,1974). Related
results see Reference “Lu et al., 1993”. However, results of a
more recent equivalent latitude model showed that southern
limit of permafrost extended southwards as sparsely island
permafrost, with a thickness of less than 1.5 m, when the mean
annual surface temperature (MAST) was less than 1.5 �C (Wei
et al., 2011).

Changes in the active layer have been found to be
dependent upon air temperature conditions in the Northern
Da Xing'anling Mountain, and to vary with moisture con-
tent, ground surface conditions, and soil type (Wang et al.,
1989). Seasonal and annual changes in air temperature
alter the thawing and freezing rate and maximum thawing
depth of active layer (Wang et al., 1989; Jin et al., 2009).
Meanwhile, snow and precipitation directly affect changes
in active layer thickness by altering the hydrothermal
properties of the active layer (Zhu et al., 2019). The
warming effect of snow on the ground surface increases
active layer thickness when the snow depth is less than
60 cm (Zhou et al., 1993; Luetschg et al., 2008). Addi-
tionally, vegetation can decrease active layer thickness by
intercepting snow, reducing solar radiation, and changing
the water and heat conditions in the active layer (Chang
et al., 2011; Chen et al., 2020). Generally, the active layer
thickness under bare ground is considered to be 0.4e0.5 m
deeper than under ground with snow and vegetation cover in
the Northern Da Xing'anling Mountain (Wang et al., 1989).
Furthermore, human activities and urbanization processes
alter water and heat exchange conditions, and promote
permafrost degradation (Jin et al., 2008; He et al., 2009;
Chang et al., 2013; Wang et al., 2019).

Under the influence of climate warming and changing
environmental factors, the discussion on the permafrost
changes in Northeast China is not comprehensive, especially
the spatialetemporal responses of permafrost to climate
warming. Local, short-term, or small-scale research in
permafrost degradation has proven insufficient in accounting
for regional development and broader environmental changes.
Research on long-term permafrost change is important to
understanding the regional ecological environment, hydrology
and carbon cycles, and infrastructure services in Northeast
China.

This study employs both long-term temperature change
data from the 1950se2010s extracted from weather stations
and reanalysis data to examine permafrost degradation in
Northeast China. The response of surface temperature to air
temperature and impact of snow cover and precipitation on
surface temperature are elaborated. These results can provide
important basic data for regional development and engineering
design and maintenance in Northeast China under conditions
of a warming climate.

2. Data and methods
2.1. Study area
The study area is located in Northeast China (north of 38�

N and east of 113�E) (Fig. 1), and is composed of predomi-
nantly continuous permafrost, predominantly continuous and
island permafrost, sparsely island permafrost, and seasonal
frozen soil (Zhou et al., 2000). Within this region, permafrost
is mainly distributed in the Da and Xiao Xing'anling Moun-
tains, the northern Songnen Plain, and other regional high
mountains located in areas with seasonally frozen soil (e.g.,
the Changbai Mountains). Compared with high-altitude
permafrost and Arctic permafrost, permafrost in Northeast
China is thin and warm, and thus particularly sensitive to
climate warming.
2.2. Data

2.2.1. Weather station data
Air temperature, precipitation, maximum snow depth, and

surface temperature in 1951e2017 were recorded at 258 local
weather stations. Ground temperatures above 320 cm in depth
were recorded in 1956e2017 at five stations (Jiagedaqi, Hai-
lar, Yichun, Gen'he, Ai'hui; Fig. 1). These data were extracted
from a local monthly dataset of ground meteorological ele-
ments. Quality control has been performed on the data to
ensure integrity, continuity and validity (Xu et al., 2019). The
air temperature data is the temperature at a height of 2 m
above the ground surface. Before 2005, the surface tempera-
ture is the temperature at the surface of the snow cover in
winter and at the ground surface in other seasons. After 2005,
surface temperature is the temperature at the 0 cm depth (half
of the temperature probe was buried in the soil).

From 2003 to 2005, monitoring at meteorological stations
data switched from manual to automatic, and the ground
temperature observation instruments changed from thermom-
eters to platinum resistance sensors (Xu et al., 2019). These
changes resulted in a number of systematic errors. Data is
available from 210 sites starting in the 1950s, and 258 sites
post-2000. In the permafrost distribution area (north of 45 oN),
over 95% of the available weather data records begin in the
1950s. Therefore, the difference in start time of monitoring
does not significantly affect the analysis of permafrost changes.

2.2.2. Reanalyzed data
The current study also makes use of reanalyzed air tem-

perature data from the China meteorological forcing data set
(CMFD) (http://data.tpdc.ac.cn/), which was developed by the
Data Assimilation and Modeling Center for Tibetan Multi-
spheres, Institute of Tibetan Plateau Research, Chinese
Academy of Sciences (He et al., 2020). The temporal and
spatial resolutions of this dataset were taken every 3 h at in-
crements of 0.1 � 0.1 in longitude and latitude from 1980 to

http://data.tpdc.ac.cn/


Fig. 1. Distribution of weather stations in Northeast China.
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2017. Combined with air temperature data from meteorolog-
ical stations, CMFD data after 2005 were used to calculate
MAST.

2.2.3. DEM data
DEM data was extracted from SRTM1 (http://glovis.usgs.

gov/) with 100 m spatial resolution. For outliers, the difference
between the center pixel and the mean value of eight adjacent
pixels was calculated. When the difference exceeded twice the
standard deviation, the data of the center pixel marked outliers.
An average value was calculated for an area 100 � 100 pixels
around the center pixel. If the difference between the center pixel
and the average value of surrounding pixels was less than twice
the standard deviation, it was restored to a normal pixel. If it was
more than twice the standard deviation, the value was deter-
mined to be an outlier. The outliers and no data areas were
replaced with GDEM V2, and SRTM3 data. The adjacent pixel
interpolation method was used to supplement values where they
could not be replaced. Later, stepwise partitioning, projection
change, resampling, and 3-dimensional modeling were used to
obtain a DEM of 100 m resolution in the study area. The DEM
data were then used to analyze topographic conditions and es-
timate the MAAT and the MAST.
2.3. Methods

2.3.1. Geographically weighted regression (GWR) model
Geographically weighted regression (GWR) is a spatial

variable parameter regression model proposed on the basis of
local smoothness (Akaike, 1974; Brunsdon et al., 1996). It is
an extension of the ordinary linear regression model which
embeds the geographic location of the sample data in
regression parameters (Ran et al., 2018). The Gauss function,
as the core function spatial matrix of the GWR model
(Brunsdon et al., 1998), is a continuous monotonic decreasing
function representing the weight matrix (Wij) and the band-
width (dij) between an estimated point and a measured point.

MAST in situ at 258 sites in Northeast China and five in-
dependent variables (longitude, latitude, altitude, precipitation,
and snow depth) were combined using a GWR model to es-
timate the MASTwith a 100 m resolution in the 1950se2010s.
Longitude, latitude and altitude were used as independent
variables. The correlation coefficient between the MAST and
the independent variables was 0.93e0.94, and the root mean
square error was 0.66e0.75. When independent variables
included snow and precipitation, the root mean square error
was 0.61e0.86, with the largest margin of error found in the
high mountains south of 45oN.

2.3.2. Spatial statistics and clustering
Spatial statistics of classification area and unit and statistical

clustering methods were used to analyze changes in altitude,
latitude, and temperature in permafrost distribution areas in the
1950se2010s. The linear regression method was used to
analyze the relationship between the MAAT and the ground
temperature, and between precipitation/snow cover and ground
surface temperature. The study selected a 95% confidence level
to assess significance for all statistical analyses.

2.3.3. Classification of thermal state of permafrost
The zoning principle in Zhou et al. (2000) takes into ac-

count actual data from frozen ground surveys, weather station
data, and topographic characteristics. The first quantitative
classification of permafrost in Northeast China was based on
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the MAAT and the annual range of air temperature. This
classification relies on indicators such as permafrost properties
and areal continuity. The continuity of permafrost in Northeast
China was found to be less than 90%, with most areas less than
50% (Zhang et al., 2019). The classification presented in Zhou
et al. (2000) references the permafrost classification parame-
ters in southern Russia, making it more suitable for local scale
analysis than the classification parameters suggested by the
International Permafrost Association (Brown et al., 1998).

The southern limit of permafrost is considered to vary
within a MAAT range of �1 to 1 �C (Lu et al., 1993), a
parameter which reflects the general characteristics of frozen
ground in Northeast China. The MAAT was converted into
MAST using the linear correlation between MAAT and MAST
(Zhang et al., 2019). The zoning principle refers to the results
of the empirical model and drilling data (Zhang et al., 2018,
2019), as shown in Table 1.

3. Results
3.1. Temporal and spatial changes of permafrost based
on changes in MAST
Fig. 2 shows temporal and spatial changes to the permafrost
in Northeast China based on the multi-year average of MAST
in the 1950se2010s. Permafrost is mainly distributed across
the Da and Xiao Xing'anling Mountains, Hulun Buir Plateau,
and northern Songnen Plain, with sporadic distribution in the
Sanjiang Plain, and the high mountainous south of the 45 oN.
On the Hulun Buir Plateau, the Songnen Plain, and in the Xiao
Xing'anling Mountains, much sparsely island permafrost
degraded into seasonally frozen soil, and the southern limit of
permafrost moved northward about 0.1o‒1.1� from the
1950se2010s (Fig. 2aed). In the Da Xing'anling Mountains,
and especially the area north of 50oN, the predominantly
continuous permafrost had degenerated into discontinuous or
sparsely island permafrost, meaning that the distribution range
reduced from the 1950s to the 2010s (Fig. 3a). The total area
of permafrost changed from 4.8 � 105 km2 in the 1950s to
3.1 � 105 km2 in the 2010s, representing a 36.5% reduction in
total areal extent of permafrost with a decrease rate of
3.6 � 104 km2 per decade. The permafrost area reached its
minimum in the 2000s, about 2.7 � 105 km2 (Fig. 2d). The
total areas of predominantly continuous permafrost, predom-
inantly continuous and island permafrost, and sparsely island
permafrost demonstrated reductions of 90%, 43.4%, 23.8%,
Table 1

Classification system used to assess the degradation of permafrost (modified accor

Permafrost zone MAAT (oC) MAST (oC)

Predominantly continuous permafrost < �5 < �3.7

Predominantly continuous

and island permafrost

�5 to �3 �3.7 to �1.6

Sparsely island permafrost �3 to �1 �1.6e0.4
Isolated patches permafrost �1‒1 0.4e1.5
respectively, with decrease rates of 0.7 � 104, 1.2 � 104,
0.8 � 104 km2 per decade (Table 2).

The MAST changed from 3.4 �C in the 1950s to 4.7 �C in
the 2010s, increasing by 0.4e1.8 �C in most area. The MAST
increased by 1.6e1.8 �C in the northernmost part of study
area, 1.4e1.6 �C on the Songnen Plain and the Hulun Buir
Plateau, and 1.2e1.4 �C in Da and Xiao Xing'anling Moun-
tain. The MAST change was �0.1‒1.2 �C in the mountains
above 1000 m (Fig. 2e, f, g, h). Before the 1970s, the MAST
increased by 0.4e1.0 �C in permafrost area, 0.7e1.0 �C and
0.5e0.8 �C in the eastern and western areas of the Da Xin-
g'anling Mountains, respectively (Fig. 2f). The MAST
increased from 0.8 to 1.1 �C in the area north of 50 oN, and
increased from 0.3 to 0.8 �C in the permafrost area south of 50
oN from the 1970se1990s (Fig. 2g). The MAST decreased in
the area north of 45 oN after the 1990s. Permafrost degradation
mainly occurred before 1990s as the MAST increased (Fig. 2).
Decrease of permafrost area and northward shift of the
southern boundary was almost consistent with the area of
increasing MAST (Fig. 3). As such, it can be concluded that
the spatio-temporal increase in MAST is one of the main
reasons for the differential degradation of permafrost.
3.2. Elevational and latitudinal zonality of permafrost
degradation
As the same as elevational and latitudinal zonality of
permafrost distribution (Zhou et al., 2000), permafrost
degradation represents altitudinal and latitudinal zonality. In
the 1950s, predominantly continuous permafrost was mainly
distributed from 53.4o‒47.7�N within the range of 5.7�, but
had compressed to 52.7o‒51.3�N (range of 1.4�) by the 2000s.
The predominantly continuous and island permafrost mainly
distributed from 53.5o‒42�N in 1950s, the southern boundary
was close to 47.7 oN in 2000s. In contrast, the latitudinal range
of the sparsely island permafrost extended 0.7� northward in
the 1950se2010s, distributed from 53.5o‒41.7oN in 2010s
(Fig. 4b). In 1950se2010s, the south boundary of those three
permafrost zones northward by 0e3.4�, 0‒5.5� and 0.4e1.1�.

For the region of 53.5��39.0�N, the average altitude of
permafrost distribution varied from 702.2 m in the 1950s to
862.7 m in the 2000s (Rose by 160.5 m), indicating that
permafrost degraded significantly towards higher altitudes.
However, there were noticeable differences in the extent of
degradation between permafrost zones. From the
1950se2010s, the average altitude varied from 851.7 m to
ding to Zhou et al. (2000)).

Mean annual ground

temperature (oC)

Area extent of

permafrost (%)

Estimated permafrost

thickness (m)

�4‒0 70e80 50e100

�1.5‒2 30e70 20e50

�1‒3 5e30 5e20
0e4 <5 e



Fig. 2. Spatial distribution of different permafrost zones (aed) and mean annual surface temperature (MAST) (eeh) in Northeast China during the 1950s�2010s.
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1191.9 m, rose by 339.2 m in the predominantly continuous
permafrost area. On the other hand, the average altitude varied
from 677.9 m to 886.2 m, rose by 203.8 m in predominantly
continuous and island permafrost area (Fig. 4a). The average
altitude of the sparsely island and isolated patches permafrost
rose by 67.1 m and 43.6 m in the 1950se2010s.
It is worth noting that permafrost degradation in high
mountain areas (altitude above 1000 m) has been slower than
that in plains due to differential rise rates for both MAAT and
MAST. From the 1950se2010s, the rise rate of MAAT was
about 0.2 �C per decade in altitude ranges of 100e1000 m and
0.1e0.2 �C per decade above 1000 m (Fig. 5b). However, the



Fig. 3. Permafrost degradation (a) and MAST rise (b) in Northeast China during the 1950se2010s.
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rise rate of the MAST decreases with an increase in altitude
(Fig. 5a). Differences in the MAST and MAAT rise with
altitude range result in spatialetemporal differences in
permafrost degradation. The altitudes in the southern part of
Da Xing'anling Mountains and the high mountains south of
45� N are greater than 1000 m. Therefore, the northward shift
of the southern boundary of the predominantly continuous
permafrost, and predominantly continuous and island perma-
frost was greater than that of sparsely island permafrost.

4. Discussion
4.1. The response of ground temperature to MAAT
changes
Permafrost degradation is mainly caused by climate
warming. Rising air temperatures result in rising permafrost
temperatures, particularly in soil temperatures within the
active layer (Jin et al., 2007). Fig. 6 shows that the change
trends of ground temperatures at different depths were
consistent with changes in MAAT from 1956 to 2017. Ground
temperature at the different depths can be seen to be linearly
related to MAAT with a correlation coefficient of 0.59e0.63,
which is less than that suggested for the period from 1951 to
1980 (R2 ¼ 0.93) (Zhou et al., 1996). This finding indicates
that changes in ground temperature were mainly driven by
Table 2

Area and change rate statistics for the permafrost in Northeast China since the 19

Permafrost zone Area (104 km2)

1950s 1960s 1970s

Predominantly continuous permafrost 3.9 4.1 1.4

Predominantly continuous and island permafrost 12.3 12.1 10.2

Sparsely island permafrost 17.6 17.1 14

Isolated patches permafrost 14.2 14.2 12.6

Total 48.1 47.6 38.1
change in air temperature before 1980, and may have be
influenced primarily by the air temperature and other envi-
ronmental factors (such as snow, precipitation, forest fires,
human activities) after 1980 (Jin et al., 2007). From the 1950s
to the 2010s, the rise of MAATwas more than 1.5 �C in the Da
Xing'anling Mountains (below 1000 m), the Hulun Buir
Plateau, the Songnen Plain, and the northern part of the Xiao
Xing'anling Mountains. In the southern area of the 45� N, the
increase in the MAATwas less than 1.1 �C. The regions which
demonstrated rises in MAAT are consistent with regions
demonstrating rising ground temperatures and permafrost
degradation (Fig. 3).
4.2. Impact of snow cover on mean annual ground
surface temperature(MAGST)
Because of its high reflectivity, high emissivity, and low
thermal conductivity, snow cover can manifest insulation and
warming effects (Zhang, 2005). The MAGST is thus closely
related with the time of first snow day and melt day, the snow
cover period, snow thickness, and the density and composition
of snow cover (Ling and Zhang, 2003; Luetschg et al., 2008;
Zhong et al., 2018). Fig. 7 shows that the temperature differ-
ence between the top and the bottom of the snow cover in-
creases with maximum snow depth by month (Fig. 7a) and
during the snow season (all months with snow, Fig. 7b).
50s.

Chang rate (104 km2 per decade)

1980s 1990s 2000s 2010s

1.3 0.3 0.2 0.4 �0.7

9.9 6.3 5.2 6.9 �1.2

14.6 13.4 12.9 13.4 �0.8

13.1 9.6 9.1 9.7 �1.0

38.8 29.6 27.4 30.5 �3.6



Fig. 4. Changes in the (a) altitudinal and (b) latitudinal ranges of different

permafrost zones in Northeast China during the 1950se2010s.

Fig. 5. Warming rates of the (a) MAST and (b) MAAT at different elevation

intervals during the 1950se2010s.
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Meanwhile, the mean monthly surface temperature beneath
the snow cover and the ground temperature within active layer
increase with maximum snow depth (Fig. 7c and d). Snow
cover caused increases in ground surface temperature ranging
from 1.1 to 10.2 �C during cold seasons. These results indicate
that the warming effect of snow cover on surface temperature
could cause ground temperature increase, leading to the thin-
ning of the active layer, and the degradation of permafrost
(Zhang, 2005; Jin et al., 2007).

In our study areas, the snow depth was mostly 15e40 cm
(Fig. 7). The snow cover is thicker in the northeastern area
than in the southwestern area, and thicker in the mountains
and tableland to the north of 50oN than on the plains (Zhong
et al., 2018; Bo, 2019). Therefore, the warming effect of
snow on MAGST is closely linked to the significant perma-
frost degradation observed in the Xiao Xing'anling Mountains
and the area with thick snow cover north of 50oN.
4.3. Impact of precipitation on MAGST
The degradation of permafrost has been found to be closely
related to wet/dry conditions in the soil layer (Boike et al.,
2016). This is because precipitation infiltration increases the
soil water content, resulting in an increase to the thermal
conductivity of the soil layer. If surface water dissipates heat
primarily through evapotranspiration, precipitation will pro-
mote the thinning of the active layer and increase the ground
temperature of permafrost. However, if most of the precipi-
tation becomes surface runoff, the impact of precipitation is
conducive to the development of permafrost (Subin et al.,
2013; Hotaek et al., 2015; Zhang et al., 2017). Fig. 8 shows
that ground surface temperature is more noticeably affected by
precipitation in the wet season than annual precipitation. With
rainfall increase, mean ground surface temperature will
decrease between 1.0 and 3.5 �C in the wet season (all months
with rainfall greater than 0.1 mm). In terms of the relationship
between climate warming and precipitation, it can be seen that
while snowfall may increase ground surface temperatures in
the cold season (Huang et al., 2012), rainfall can decrease
ground surface temperatures in the warm season. Therefore,
regional, seasonal differences in precipitation may result in the
spatial differences in permafrost degradation. In addition,
rainfall infiltration can affect soil moisture in the active layer
or in the supra-permafrost subaerial talik (Zhang et al., 2017).
However, studies on soil moisture in Northeast China are
lacking. In central Siberia, precipitation increases the soil
moisture and temperature in the active layer, induces the
degradation of permafrost, and possibly lead to the fall or
mortality (Iijima et al., 2010, 2014).
4.4. The impact of other environmental factors on
permafrost degradation
At a local scale, change of environmental factors, for
example, vegetation, forest fires, and urbanization, would
impact permafrost degradation (Cheng, 2003). In Northeast
China, vegetation can decrease the average ground surface
temperature by 0.6e4.9 �C in summer, and reduce ground
temperature by at least 1.6 �C in winter (Jin et al., 2008;
Chang, 2011). Meanwhile, forest fires drastically increase



Fig. 6. Changes in (a) MAAT and (b) ground temperatures (
�
C) at different depths and their correlation (cef) in Northeast China during the 1950se2010s.

Fig. 7. Insulation (a, b) and warming effect (c, d) of snow cover in 2005e2017 in Northeast China (GST: ground surface temperature; SST: snow surface

temperature).

25ZHANG Z.-Q. et al. / Advances in Climate Change Research 12 (2021) 18e28
ground surface temperatures, resulting in increases in active
layer thickness (Li et al., 2019). The ground surface temper-
ature in a given burn area in July has been found to be about
14 �C greater than in unburned areas. Eight years after a forest
fire, the mean annual ground temperature had increased by
2.1 �C in the A'long area of the Da Xing'anling Mountains (Li
et al., 2019). Moreover, urbanization and construction have
also changed the nature of the ground surface, increasing the
mean average ground temperature and deepening the perma-
frost table (Wang et al., 2016). Since the 1970s, the permafrost
table has dropped about 124e388 cm in the urban area of
Mo'he, compared to only 17e55 cm in the suburbs (Lu, 2018).
In addition, the development of peat bogs has been conducive
to the survival of permafrost (Anisimov and Beloloutskaia,



Fig. 8. The annual (a) and seasonal (b) warming and the cooling effects of precipitation on ground surface temperature (GST) in 2005e2017 in Northeast China.
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2003; Jin et al., 2008). Geological conditions, quaternary sit-
uation, and water content in shallow soils are further factors
affecting permafrost degradation in Northeast China (Wang
et al., 1989; Jin et al., 2007; Boike et al., 2016). However,
there is little relevant research at present. More targeted
studies are required to fully assess the impact of a range of
environmental factor on permafrost degradation.

5. Conclusions

Under the influence of climate warming and changing
environmental factors, the permafrost in Northeast China has
been degrading in the 1950se2010s. This study analyzed the
permafrost area reduction and its zonality of permafrost
degradation, discussed the effect of environmental factors,
such as MAAT, snow and precipitation.

(1) The total permafrost area decreased from 4.8 � 105 km2

in the 1950s to 3.1 � 105 km2 in the 2010s, at a rate of
3.6 � 104 km2 per decade. The plains area, the north-
ernmost part of the study area, the Hulun Buir Plateau,
and the northern part of the Xiao Xing'aning Mountains
are home to the most significant areas of permafrost
degradation.

(2) The permafrost degradation shows the elevational and
latitudinal zonality. The southern limit of permafrost
moved 0.1o‒1.1� northward in the 1950se2010s, and its
average altitude rose by 160.5 m. The boundaries of
predominantly continuous permafrost, predominantly
continuous and island permafrost, and sparsely island
permafrost moved 0‒3.4�, 0‒5.5� and 0.4e1.1� north-
ward, respectively. It is worth noting that predominantly
continuous permafrost moved 0.5� southward in the
northern part of Da Xing'anling Mountains. Average
altitudes for these three permafrost zones rose by
339.2 m, 208.3 m, and 67.1 m, respectively.
(3) MAST in Northeast China demonstrates a prominent,
yet spatially diverse rising trend. The MAST changed
from 3.4 �C in the 1950s to 4.7 �C in 2010s. The area of
permafrost degradation considered in the study was
almost consistent with the area of MAST increase. Snow
cover caused increases in surface temperature about
1.1e10.2 �C during cold seasons, but precipitation
caused decreases ranging from 1.0 to 3.5 �C during
warm seasons. The impact of snow cover on surface
temperature in cold seasons and of precipitation in warm
seasons may cause spatiotemporal differences in
permafrost degradation.
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