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Abstract: Under the trend of climate warming, the high-latitude permafrost in Heilongjiang Province
is becoming seriously degraded. The question of how to quantitatively analyze the spatial and
temporal trends of multi-year permafrost has become fundamental for current permafrost research. In
this study, the temporal and spatial variations of annual mean air temperature (MAAT), annual mean
ground temperature (MAGST) and freezing/thawing index based on air and surface temperature
data from 34 meteorological stations in Heilongjiang Province from 1971-2019, as well as the variation
characteristics of permafrost distribution, were analyzed based on the freezing index model. The
results showed that both MAAT and MAGST in Heilongjiang Province tended to decrease with the
increase of altitude and latitude. For interannual variation, the MAAT and MAGST warming rates
tended to be consistent across Heilongjiang Province, with multi-year variation from —8.64 to 5.60 °C
and from —6.52 to 7.58 °C, respectively. From 1971-2019, the mean annual air freezing index (AFI)
and ground surface freezing index (GFI) declined at —5.07 °C-d-a—!and —5.04°C-d-a~ 1, respectively,
whereas the mean annual air thawing index (ATI) and ground surface thawing index (GTI) were
elevated at 7.63 °C-d-a~ ! and 11.89 °C-d-a~ 1, respectively. The spatial distribution of the multiyear
mean AFI, ATI, GFI and GTI exhibited a latitudinal trend, whereas the effect of altitude in the northern
mountainous areas was greater than that of latitude. Permafrost was primarily discovered in the
Daxing’an and Xiaoxing’an Mountains in the north, and sporadically in the central mountainous
regions. The southern boundary of permafrost shifted nearly 2° to the north from 1970 to 2010s, while
the southern boundary of permafrost in Heilongjiang Province was stable at nearly 51° N. The total
area of permafrost narrowed from 1.11 x 10° km? in the 1970s to 6.53 x 10* km? in the 2010s. The
results of this study take on a critical significance for the analysis of the trend of perennial permafrost
degradation at high latitudes in Heilongjiang Province and the whole northeastern China, as well as
for mapping the distribution of large areas of permafrost using the freezing index model. This study
provides a reference for natural cold resource development, ecological protection, climate change
and engineering construction and maintenance in permafrost areas.

Keywords: Heilongjiang province; freezing/thawing index; permafrost; spatial-temporal distribu-
tion; southern boundary of permafrost

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) 2021 has indicated that global
temperatures increased by nearly 1.1 °C in the period from 1850 to 2000; it was found
that global mean temperature is expected to increase by 1.5 °C or more over the next two
decades relative to these values. The cryosphere, one of the sensitive areas for climate
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change, is facing increasing challenges. Moreover, the global warming effect is magnified
at high latitudes and altitudes and exerts significant effects [1-3]. The permafrost has also
changed significantly with global warming. Heilongjiang Province, the main high-latitude
permafrost distribution area in China, belongs to the southern edge of the permafrost zone
in eastern Eurasia [4]; its permafrost is largely distributed in the Daxing’an mountain region
in the north, with predominantly seasonal frozen ground in the south [4,5]. Due to the
unique hydrothermal properties of permafrost, different types of permafrost have different
effects on the construction of roads, bridges and oil pipelines in cold regions, as well as on
agricultural production.

Since the 1950s, permafrost research in northeastern China has aroused consider-
able attention [6]. However, due to the lack of long-term actual measurement data, the
research on permafrost in the north-east is currently dependent on major projects (e.g.,
geological surveys, highways and Russian—Chinese oil pipelines). Such research has been
mostly performed through borehole monitoring. Wang [7] investigated the effect of an
oil pipeline on the surrounding permafrost and the mitigation effect of the installed ther-
mosiphon on the degradation thereof, based on the ground temperature monitoring data
from two sections of the Russian—Chinese oil pipeline (Jiagedaqi section) from 2011 to
2017. Li [8] studied the distribution of permafrost at four representative stations along the
Russian—Chinese Crude Oil Pipelines 1 and 2 through resistivity tomography. It was re-
vealed that the construction of the pipelines affects permafrost in permafrost areas more
significantly than in seasonal frozen ground areas. Dong [9] monitored the soil temperature
and moisture in the scrub and forest in the Daxing’an mountain region. He drew the
conclusion that the freeze—thaw process in the active layer exhibits two-way freezing and
one-way melting, with the melting time being greater than the freezing time. This result
suggested that the mean annual soil temperature in the forest is greater than that in the
scrub at the same depth, while the annual mean water content is less than that in the scrub.
Li [10] explored the effects of forest fires on the thermal state of near-surface permafrost and
the active layers in two forest fire zones (Mangui and Longshan) at the northern foot of the
Daxing’an mountains in northeast China. Post-fire ground temperature increases with the
increase of the fire severity and primarily occurs at depths of 0~1.5 m, as indicated by the
results. The same authors [11] monitored the active layer and permafrost temperatures at
four monitoring sites with different surface characteristics in the Nanweng River wetland
in the Daxing’an mountain region from 2012 to 2019. The research revealed that the active
layer at the monitoring sites in the permafrost zone becomes thinner, and the depth of the
active layer at the monitoring sites in the seasonal frozen ground zone is more sensitive to
climate warming.

However, point-line data from boreholes cannot fully indicate the spatial variability of
permafrost or quantify the spatial-temporal variability thereof. As such, freezing/thawing
indices and reanalysis data have been introduced in analyses of the spatial-temporal distri-
bution of large areas of permafrost [12,13]. These indices have been confirmed as a vital
factor for evaluating climate change, cryosphere changes, hydrological and ecological pro-
cesses and engineering stability in cold regions [14-17]. The atmospheric freezing/thawing
index and the ground freezing/thawing index are two common indices [18]. Since near-
surface air temperatures represent a complex energy balance between the ground (summer
vegetation layer and winter snow) and the atmosphere [19], surface temperatures examined
at 0-5 cm are more correlated with the thermal state of permafrost and reveal the heat
balance between the ground and the atmosphere [13], thus taking on critical significance
to the freezing process of permafrost [20]. However, most weather stations lack surface
temperature observations, and freezing/thawing indexes calculated from air temperature
have been employed in many cases for permafrost research. In addition, the N factor for
the ratio of the near-surface air freezing/thawing index to the ground freezing/thawing
index has been increasingly adopted to determine the ground freezing/thawing index
[18,21-23]. The use of reanalyzed grid air temperature data to calculate freezing/thawing
indices has also been widely used in permafrost areas [14,21,24-27]. Wu [28] analyzed the
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spatial-temporal trends of the freezing/thawing index of 20 meteorological stations in Mon-
golia and noted that 70% of the stations showed an increasing trend. Frauenfeld [14] found
that climatology based on long-term changes in freezing/thawing indices in cold regions is
closely correlated with seasonal temperature changes. In perennial permafrost zones, the
freeze-thaw process in the active layer is closely correlated with changes in the thawing
index and temperature [27,29,30]. The latest findings indicate a decreasing/increasing
trend in the freezing/thawing index in the northern hemisphere permafrost zone since
1901, with significant changes in the freezing/thawing index in the circumpolar arctic
permafrost zone after 1988 [26]. Zhang [19] used weather station and CMFD data from
1980-2010 to analyze climate change and the changes in permafrost distribution under its
influence in the north-eastern region. Using MODIS LST data, Shan [31] determined that
permafrost change in the northeast is characterized by a northward shift of the southern
edge, a shrinking of the associated island and a decrease in stability at the edge. Shan [32]
used the MODIS Terra/Aqua product to simulate a reduction in the area of permafrost
from 32.77 x 10* km? to 27.10 x 10* km? in the northeast from 2003-2019 by establishing a
numerical correlation between the ground freezing/thawing index of permafrost and the
MAGST. Using 11 CMIP6 global climate models, Xu [33] simulated a significant decreasing
trend in surface temperature and a slight decreasing trend in the permafrost zone in Hei-
longjiang Province from 1960-2014. The permafrost zone is predicted to shrink significantly
from 2015-2100. Song [34] analyzed the spatial distribution of key variables in the soil
freeze-thaw process using surface temperature data monitored from 34 meteorological
stations in Heilongjiang Province, and discussed the spatial-temporal distribution of key
variables and changes in surface temperature in the freeze-thaw process under different
vegetation types. Accordingly, the freezing/thawing index can be employed to map the
distribution of permafrost and is of great significance for the evaluation of changes in the
distribution of permafrost and its contribution to climate. Briefly, under the combined effect
of regional geological conditions, climate warming and human activities [35], the MAAT in
northeast China has increased at 0.6 °C/10a over the past 30 years and 0.72 °C/10a over
the past 10 years; this rate of increase is higher than the global mean [36-38]. As a result,
the permafrost in the north-east is also gradually degrading [39—43]. From the 1950s to the
2010s, the southern boundary of the permafrost shifted north by 0.1 to 1.1° [44]. However,
most of the current research on permafrost in the northeast is focused on the perennial
permafrost in the Daxing’an mountain region and has mostly been carried out using data
from monitoring points on existing infrastructure, such as the Russian-Chinese oil pipeline
and the Jiamo Highway. For environmental reasons, monitoring points are sparse, and the
monitoring time and extent is limited, such that spatial-temporal analyses with long series
and covering large areas are difficult to conduct. Due to the difficulty of monitoring surface
temperatures, most existing studies on freezing/thawing indices use air temperature data
for relevant analyses; however, such data do not fully represent the changes in the thermal
state of the surface, and there is a certain error in the research on permafrost distribution.
Therefore, this study takes Heilongjiang Province as its study area and uses daily
surface temperature data from 1971 to 2020 for the following purposes: (1) to analyze the
spatial-temporal distribution characteristics of MAAT, MAGST, the mean annual AFI, ATI,
GFI and GTT; and (2) to explore the permafrost trends in Heilongjiang Province based on
a surface freezing index model from 1971 to 2019. The above research results are critical
to the analysis of the trend of permafrost degradation in Heilongjiang Province and the
effect of climate on permafrost under climate warming, as well as to the mapping of the
distribution of large areas of permafrost using the surface freezing index model. Thus, this
study can provide a reference for natural cold resource development, ecological protection,
climate change and engineering construction and maintenance in permafrost areas.
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2. Data and Methods
2.1. Study Area

Northeast China is the main high-latitude permafrost distribution area in China and
one of the most sensitive regions to climate warming [45]. Heilongjiang Province is located
in the northern part of the Northeast (121°11" E-135°05" E, 43°26’ N-53°33' N) and is
bordered by Russia in the north, Inner Mongolia and Jilin Provinces in the west and south
respectively, and the Sea of Japan in the east. The main mountain ranges in the territory are
the Daxing’an and Xiaoxing’an Mountains in the north, the Zhang Guang’cai Mountains,
the Laoyeling and the Wanda Mountains in the southeast, with the Songnen Plain and the
Sanjiang Plain on either side. The main rivers are the Heilongjiang, Songhua, Nenjiang and
Suifen rivers. The climate is largely a cold-temperate and temperate continental monsoon
climate with cold and long winters and short summers [46]. The MAAT ranges between
—4 and 5 °C and the total mean annual precipitation is 400-600 mm [33], with rich forestry
and agricultural resources [47,48].

2.2. Data Sources

The meteorological data used in this study were obtained from the National Me-
teorological Science Data Centre of China (http://data.cma.cn/, accessed on 28 July
2022) for the period 1971-2020 for 34 stations in Heilongjiang Province, including daily
mean air temperature and daily mean ground temperature. The remote sensing data
were reanalyzed using the “ERA5-Land monthly averaged data from 1981 to present”
(https://doi.org/10.24381 /cds.68d2bb30, accessed on 15 August 2022) with a spatial res-
olution of 0.1° x 0.1°. The distribution of meteorological stations is shown in Figure 1.
The digital elevation data (DEM) of Heilongjiang Province were obtained from a digital
surface model with a 30 m spatial resolution, provided by the Japan Aerospace Exploration
Agency (JAXA). The air temperature and ground surface temperature data are generally
complete, but there are still some missing measurements, which are interpolated using the
following methods.
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Figure 1. Study area and distribution of meteorological stations.
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1. A single day of missing measurement: interpolate the missing data with the mean of
the data for the days before and after the day of missing measurement.

2. Two consecutive days of missing measurements: the means of the data for the two
days before the first day of missing measurements and of the data for the two days
after the second day of missing measurements are interpolated.

3.  Missing measurements for more than two consecutive days: The double cumulative
curve method is often used to check the consistency of hydro-meteorological elements
and to interpolate missing values or to correct information.

Due to the impact on the trend of surface temperature change resulting from the change
in the monitoring method of surface temperature data at the site after 2004, the double
cumulative curve method was used to correct the daily ground temperature data based
on the trend of temperature at the respective station, and the corrected data were verified
using the monthly averaged remote sensing data for the same period. The correlation
between the monitored surface temperature and the remotely sensed inversion surface
temperature at sites in the periods of 1981-2004, 2005-2019 and 1981-2019 before correction
are depicted in Figure 2a—c, with R? of 0.995, 0.954 and 0.962, respectively. Figure 2d shows
the correlation between the monitored surface temperature in the period of 1981-2019 after
correction, as well as the correlation between the monitored surface temperature and the
remotely sensed inversion surface temperature in the period of 1981-2019 after correction,
with R? of 0.991, all of which passed the significance test. It can be concluded that the
correlation between the corrected surface temperature data and those obtained from the
remotely sensed inversion is high and can meet the needs of the present analysis.
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Figure 2. Validation of MODIS month-by-month ground surface temperature against weather station
month-by-month ground surface temperature (** indicates reaching the significance level of « = 0.01).

2.3. Research Methods
2.3.1. Computation of the Freezing/Thawing Index

The freezing/thawing index comprises the freezing index and the thawing index;
it refers to the sum of all temperatures less than and greater than 0 °C throughout the
freezing and thawing periods, respectively. To ensure the continuity of the calculation,
the freezing period was defined in this study as the period from 1 July to 30 June of the
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following year, and the thawing period was defined from 1 January to 31 December [49,50].
The freezing/thawing index is expressed as follows [14,15,26,28].

N,
FI=) "|Ti, T; <0 1)

N
TI:Z[:Tl‘TiL Ti>0 (2)

where FI denotes the annual freezing index (°C-d), including the annual AFI and GFI; TI
represents the annual thawing index (°C-d), including the annual ATI and GTI; T; expresses

the mean daily temperature during the freezing period,i=1,2,3 ... ... N, with N as
the number of days during the freezing period when the temperature is less than 0 °C;
and T; represents the daily mean temperature in the thawing period,i=1,2,3... ... Nr,

with N as the number of days during the thawing period when the temperature is higher
than 0 °C.

2.3.2. Surface Freezing Index Model
GFI and GTI were adopted to delineate the boundary between permafrost and seasonal
frozen ground [18].
v GFI

F =
VGFI+ E + vGTI

where F denotes a parameter to evaluate the presence or absence of permafrost and to
distinguish the type of permafrost, and E is an empirical value for estimating the condition
of permafrost. This study combines the empirical value range of 0.5-1.5 and a common
value of E, i.e., 1. F = 0.5 is defined as the threshold value for the presence or absence of
permafrost; F < 0.5 means seasonal frozen ground while F > 0.5 means permafrost [26].

®)

2.3.3. Analysis Methods

A linear trend fit was used to analyze interannual trends in MAAT, MAGST, FI and
TI[48,51], and a local thin-disk smooth spline function interpolation method was chosen
for the spatial analysis to interpolate MAAT, MAGST, FI and TI from the point scale to
the regional scale [52]. Pearson’s correlation coefficient was deployed to examine the
correlation between the freezing /thawing index and MAAT.

3. Results
3.1. Spatial and Temporal Characteristics of MAAT and MAGST

Figure 3 shows the interannual variation and spacing trends of MAAT and MAGST
in Heilongjiang Province from 1971-2019. From Figure 3a,b, it can be seen that both
MAAT and MAGST show an increasing trend, the trends are relatively consistent and
both pass the 99% significance test, but the trend of MAAT is more pronounced than that
of MAGST. The multiyear range of variation in MAAT is 0.87-3.83 °C, with a warming
rate of 0.34 °C/10a, and the multiyear range of variation in MAGST is 2.25-5.75 °C, with
a warming rate of 0.33 °C/10a. The range of variation in MAGST is higher than that
of MAAT, and conversely, the rate of variation in MAAT is higher than that of MAGST.
The main reason for the inconsistency in warming trends is that factors affecting surface
temperature are correlated with vegetation type, snow cover and geological conditions
as well as air temperature [33,53,54]. Additionally, the effect of different types of mulch
on surface temperature also varies [34]. As can be seen in Figure 3b, the variation in
temperature is also inconsistent over time, with MAAT remaining largely below the 49a
multiyear mean until 1987, indicating a cooler period, while from 1988 to 2019, the MAAT
were mostly greater than the multiyear mean, indicating a distinctly warmer period. This
trend also confirms the trend of increasing air temperatures and surface temperatures
year by year. In addition, from 1971-2019, the MAAT was lower than the MAGST, with a
positive temperature difference between air and ground. Besides the facts that the warming
effect of the atmosphere is greater than the cooling effect and that heat transfer from the
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surface to the atmosphere is dominant in Heilongjiang Province, it may also be correlated
with the thermal effect of surface coverage, which affects the seasonal distribution patterns
of air and surface temperatures [49]. Previous studies at high latitudes have shown that the
thermal effect of snow cover in winter is usually greater than that of vegetation cover in
summer, and that in most cases, the MAAT is greater than the MAGST [55]. The results of
the study are consistent with trends in air and surface temperatures in other parts of the
country [56,57].

—=— MAAT —e— MAGST
— Fitting the trend line

»
»

- y=0.0343x—64.72 R?*=033**
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(a) Interannual trends
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(b) Change in distance level

Figure 3. Interannual and distance-level trends in MAAT and MAGST in Heilongjiang Province from
1971 to 2019 (** indicates reaching the significance level of oc = 0.01).

Figure 4 presents the spatial distribution of MAAT and MAGST in Heilongjiang
Province from 1971-2019. As depicted in Figure 4a, the variation of MAAT showed a clear
latitudinal trend: the higher the latitude, the lower the MAAT. Furthermore, the variation
of multiyear MAAT ranged from —8.64 to 5.60 °C throughout Heilongjiang Province. At
the same latitude, the change in MAAT also showed a trend, i.e., the higher the altitude, the
lower the MAAT. For instance, in the Daxing’an mountain region in the north, from right to
left, the MAAT tended to decrease with the increase of altitude, and the province’s MAAT
also occurred in the Daxing’an Mountains. In the southern region, with the Xiaoxing’an
and Zhangguang’cai mountains ranges as the dividing line, toward the Songnen Plain
(left) and the Sanjiang Plain (right) on either side, the MAAT gradually increases as the
altitude decreases. As depicted in Figure 4b, the spatial variation of MAGST also showed
a latitudinal trend from south to north. With the increase of latitude, the MAGST tended
to decrease, and the variation of multiyear MAGST throughout Heilongjiang Province
ranged from —6.52 to 7.58 °C. The minimum and maximum MAGST were both higher
than the MAAT. However, both the 0 °C isotherm and the minimum temperature of the
MAGST occurred further north than the MAAT. The 0 °C isotherm of the multiyear MAAT
in Heilongjiang Province was affected by altitude and was more scattered between 45° and
51° N; the 0 °C isotherm of the multiyear MAGST was between 50° and 51° N. The critical
reason for the difference in the spatial distribution of MAAT and MAGST is the difference



Sustainability 2022, 14, 16899

8 of 18

in heat exchange between the atmosphere and the surface due to the balance of energy
at the surface [58-61]. Additionally, ground cover (e.g., vegetation and snow) is a critical
factor for heat exchange [62,63]. Vegetation affects surface temperature mostly by isolating
the soil from the atmosphere, thus reducing wind speed near the surface. As a result, the
evaporation of water from the surface soil layer was reduced, and heat was released into
the atmosphere [64-66], while vegetation also attenuated most of the solar radiation and
directly reduced the surface temperature [67,68]. Additionally, different vegetation types
have different effects on soil moisture evaporation and solar radiation [64,69]. The effect of
snow on surface temperature is twofold: during the freezing period, snow and vegetation
have the same effect, isolating the soil from the atmosphere, reducing the effect of cold air
and wind speed on ground temperature and insulating the soil at the surface. During the
melting period, melting snow will absorb heat from the surface soil, thus reducing surface
temperature [70,71].
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Figure 4. Spatial variation of MAAT and MAGST in Heilongjiang Province.

3.2. Temporal Variation Characteristics of the Freezing/Thawing Index

Figure 5 presents the temporal variation characteristics of the freezing /thawing index
in Heilongjiang Province. Both the mean annual AFI and GFI for Heilongjiang Province
for the 1971-2019 period show an overall decreasing trend. The former ranged from
1630.84 to 2714.01 °C-d, with a decreasing trend of —5.07 °C-d-a~!, with a minimum in
2018 (1630.84 °C-d) and a maximum in 1976 (2714.01 °C-d). The multiyear range of the
mean annual GFI was 1703.84-2795.65 °C-d, with a downward trend of —5.04 °C-d-a!,
with a minimum in 2018 (1703.84 °C-d) and a maximum in 1976 (2795.65 °C-d), which is
consistent with the trend in the mean annual AFL. There was an overall upward trend in
the mean annual ATI and GTI, with the multiyear variation range of the mean annual ATI
being 2827.32-3375.42 °C-d and its upward trend being 7.63 °C-d-a~!, with the highest
being in 2018 (3375.42 °C-d) and the lowest in 1972 (2827.32 °C-d). The mean annual
GTI varied from 3229.21 to 4043.12 °C.d, with an upward trend of 11.89 °C.d-a~!, witha
maximum in 2014 (4043.12 °C-d) and a minimum in 1972 (3229.21 °C-d). For the range of
variability, the maximum and minimum values of the interannual range of the air/ground
freezing /thawing index were significantly smaller in Heilongjiang Province than in the
Yakutia region of Russia due to latitude and altitude [72] and larger than in the Heilongjiang
basin [16]. The mean annual AFI over the study period was also larger than in Russia,
Alaska and Canada for 1901-2015, and the mean annual ATI was smaller than in Russia
and Canada and larger than in Alaska [26].
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Figure 5. Interannual trends in air/ground freezing/thawing index in Heilongjiang Province from
1971 to 2019 (** indicates reaching the significance level of o = 0.01).

By calculating the distance level of the freezing/thawing index in Heilongjiang
Province (Figure 6), the temporal change characteristics of that index can be more in-
tuitively understood. The overall decreasing trend of the mean annual AFI and GFI from
1971 to 2019 is the same, and the decreasing rates of both are very similar. Conversely, the
increasing trends of the mean annual ATI and GTI are also the same, but the increasing
rate of the mean annual GTI is faster than that of the mean annual ATI. For rate of change,
the rate of decline in the air/ground FI in Heilongjiang Province is significantly smaller
than that in the Qinghai-Tibet Plateau and Mongolia (1961-2011) [73] and in northeastern
China as a whole (1972-2005) [49]. Additionally, the rising trend in the air/ground TI is
smaller than that in the northeast, except for all other regions. The difference in the variable
interannual trends of the freezing/thawing index suggests that the degree of permafrost
degradation is faster in Heilongjiang Province than in the Qinghai-Tibet Plateau and Mon-
golia and is also the fastest in the northeast. However, the same calculation methods and
uniform time series should be adopted to compare the changes in the freezing/thawing
indices in different regions.

3.3. Spatial Variation Characteristics of the Freezing/Thawing Index

The spatial distribution characteristics of the mean annual FI in Heilongjiang Province
from 1971 to 2019a are shown in Figure 7a,c, with the variation range of the mean annual AFI
being 1385.64-4271.13 °C-d and that of the mean annual GFI being 1466.07—4464.10 °C-d.
Additionally, the minimum and maximum values are higher than the mean annual AFI,
primarily because the MAGST is higher than the MAAT in Heilongjiang Province due to
the effect of ground cover. For spatial distribution, both the mean annual AFI and the mean
annual GFI show a latitudinal trend, especially in the southern region. For example, in
Fuyuan, the easternmost city in Heilongjiang Province, located in the Three Rivers Plain,
the mean annual AFl is higher than in other areas of the Three Rivers Plain, despite the low
altitude. However, the latitude is relatively higher than in other areas of the Plain. This
result is consistent with those of studies that have found the existence of permafrost in the
Fuyuan area [5,74]. In addition, in the northern Daxing’an mountain region, the effect of
altitude on the AFI and GFI is more pronounced, showing a trend of increasing air/ground
FI from right to left according to altitude.
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The spatial distribution characteristics of the mean annual TI in Heilongjiang Province
from 1971 to 2019a are shown in Figure 7b,d, with the variation range of the mean annual
ATI being 959.51-3573.21 °C-d and the variation range of the mean annual GTI being
1395.34-4545.33 °C-d. The minimum values of both the mean annual ATI and GTI occur in
the Daxing’an mountain region in the north, and the maximum values of the mean annual
ATT and GTI occur in the Songnen and Sanjiang plains. In spatial distribution, both show
the same latitudinal trend, especially in the south, where altitude plays a major role in
the distribution of the mean annual air/ground TI. The difference is that the mean annual
ATI > 2000 °C-d is distributed over a larger area than the mean annual GTI, and the mean
annual GTI distribution is more discrete in the southern mountainous regions, where the
effect of altitude is more pronounced.

The rates of change of the mean annual air/ground freezing/thawing index at
the various stations in Heilongjiang Province from 1971 to 2019 are shown in Figure 8.
From Figure 8a, it can be seen that the rate of decline of the mean annual AFI ranged
from —13.92 to —136.36 °C-d/10a, with the largest rate of decline at Sunwu station
(—136.36 °C-d/10a), which passed the 0.01 significance test. Meanwhile, the rate of decline
at Tailai station was the smallest (—13.92 °C-d/10a), did not pass the significance test and
the declining trend was not obvious. Notably, 13 out of 34 stations, mostly in the Sanjiang
Plain and the Songnen Plain, did not pass the 0.05 significance test. The rate of decrease
of the mean annual GFI is shown in Figure 8c; it varies from —8.30 to —180.95 °C-d/10a,
and like the mean annual AFI, the maximum and minimum rates of decrease are at
Sunwu station (—8.30 °C-d/10a, which passed the significance test of 0.01), and Tai Lai
station (—180.95 °C-d/10a, which did not pass the significance test of 0.05). The spatial
rate of change of the mean annual GFI for the whole Heilongjiang Province did not pass
the significance test at 17 out of 34 stations, with similar distribution characteristics as the
mean annual AFL

The distribution of the rising rates of air/ground TI for the various stations in Hei-
longjiang Province from 1971 to 2019 are presented in Figure 8b,d, both of which passed
the significance test of 0.05. The range of variation in the rate of increase of the mean
annual ATI reached 20.37-126.57 °C-d /10a, with Sunwu (126.57 °C-d /10a) being the fastest
rising station and Mohe (20.37 °C-d/10a) the slowest. The rate of increase of the mean
annual GTI ranged from 49.23 to 171.43 °C-d/10a, with Sunwu (171.43 °C-d/10a) being the
fastest rising station and Mohe (49.23 °C-d/10a) the slowest. However, both showed faster
rates of increase than the mean annual ATL This finding also demonstrates that the most
pronounced warming in NE China over the last few decades has been at Sunwu [37].
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4. Discussions
4.1. Correlation between Freezing/Thawing Index and MAAT

In general, the MAAT in Heilongjiang Province showed a significant negative linear
correlation with the air/ground FI, with both passing the 0.01 significance tests, as shown in
Figure 9a,b. A comparison of the linear correlation between the mean annual AFI and GFI
and the MAAT indicated that the linear correlation between the mean annual AFI and GFI
and the MAAT is almost identical. With the increase of the temperature, the mean annual
GFI decrease at 185.14 °C-d/°C and the mean annual AFI decrease at 184.36 °C-d/°C,
the difference was not significant. The main reason for this result is the warming and
wetting of the freezing period in Heilongjiang Province due to rising temperatures and
the winter burning wind effect, thus reducing the depth of the snowpack. As a result,
the snowpack became less effective at insulating ground temperatures, which are more
sensitive to temperature changes [75,76]. The air/ground TI showed a significant positive
linear correlation with the MA AT, with both passing the 0.01 significance test, as shown
in Figure 9¢,d. Comparing the correlation between the mean annual ATI and GTI with
the MAAT revealed that the linear correlation between the mean annual ATI and the
MAAT is better than that of the mean annual GTT as the temperature increases. This is
because both the MAAT and the mean annual AFI are calculated from the mean daily
air temperature, and the mean annual GFI was determined from the mean daily ground
temperature. Furthermore, there was a lag in the response of surface temperature to air
temperature under the effect of cover (e.g., snow and vegetation) [13,77]. The rate of change
of the mean annual GTI with the increase of the air temperature was 176.71 °C-d/°C, higher
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than the rate of change of the mean annual ATI of 135.17 °C-d/°C. The above result was
consistent with previous findings, i.e., that the increasing trend of the mean annual GTI
was greater than that of the mean annual ATI.
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Figure 9. Correlation between MAAT and air/ground freezing/thawing index (** indicates reaching
the significance level of o« = 0.01).

4.2. Changes in the Distribution of Frozen Soil Based on the Surface Freezing Index Model

Figure 10 presents the spatial-temporal distribution of permafrost and seasonal frozen
ground in Heilongjiang Province obtained based on the surface freezing index model for
the 1971-2019 period. Permafrost is largely distributed in the Daxing’an and Xiaoxing’an
Mountains in the north and sporadically in several mountainous areas in the central part
of the province. The southern permafrost boundary has shifted nearly 2° to the north
since the 1970s, and the total area of permafrost shrank from 1.11 x 10° km? in the 1970s
to 6.53 x 10* km? in the 2010s (Table 1), a decrease of nearly 40.9%, with a significant
trend of permafrost degradation. The overall trend of change is also consistent with the
change in the southern boundary of the permafrost across northeast China [78]. From the
1970s to the 1980s (Figure 10a,b), the trend of northward shift of the southern boundary of
permafrost was not obvious, and permafrost degradation was mostly manifested by the
gradual degradation of a large area of discontinuous permafrost between 46 and 48° N
to island permafrost or seasonal frozen ground. In contrast, from the 1980s to the 1990s
(Figure 10b,c), the northern shift of the southern permafrost boundary was obvious, with a
shift of nearly 1.5° N, except for discontinuous and island permafrost which almost entirely
degraded to seasonal frozen ground, and permafrost in the eastern part of Huma, which
also gradually degraded to seasonal frozen ground. From the 1990s to the 2000s and 2010s
(Figure 10c—e), the trend of permafrost degradation in the north-south direction slowed,
with the southern boundary of permafrost remaining basically at around 51° N. Permafrost
degradation was manifested as a gradual degradation of permafrost to seasonal frozen
ground at lower elevations in the east between 51° and 53° N. The trend of degradation
showed a progressive degradation of permafrost from right to left with the increase of the
elevation and over time, confirming the suspected severe permafrost degradation in the
Huma region [31]. Besides the differences in permafrost degradation in different decades,
which are correlated with the changes in MAAT and MAGST over the previously analyzed
periods, the insulating effect of snowpack can lead to an increase in ground temperature,
resulting in a thinning of the active layer and permafrost degradation [6,71]. Furthermore,
external factors (e.g., vegetation, forest fires and urbanization [78-80]), as well as internal
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factors (e.g., geological conditions and the water content of the shallow ground surface)
can affect the degradation of permafrost [6,81].
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Figure 10. Interdecadal distribution of permafrost and seasonal frozen ground in Heilongjiang

Province from 1971 to 2019 (0.5 < F < 1: indicates permafrost, 0 < F < 0.5: indicates seasonal

frozen ground).

Table 1. Area of permafrost and seasonal frozen ground in different interdecadal periods in Hei-

longjiang Province from 1971 to 2019.

. Permafrost Seasonal Frozen Ground
Period
Area/km? Proportion Area/km? Proportion

1971-1979s 110,541 24.26% 345,073 75.74%
1980-1989s 101,046 22.18% 354,568 77.82%
1990-1999s 66,186 14.53% 389,428 85.47%
2000-2009s 65,779 14.44% 389,835 85.56%
2010-2019s 65,333 14.34% 390,281 85.66%

5. Conclusions

In this study, based on the mean daily air temperature and mean daily ground tem-
perature data from 34 meteorological stations in Heilongjiang Province from 1971 to 2019,
the air/ground freezing/thawing indices were determined. Additionally, the spatial-
temporal variation characteristics of the MAAT, MAGST and mean annual air/ground
freezing/thawing index in Heilongjiang Province were studied, and the correlation be-
tween the MAAT and the mean annual air/ground freezing/thawing index was analyzed.
Furthermore, the trends in the distribution of permafrost in Heilongjiang Province were
explored based on the surface freezing index model. The main conclusions are as follows.

1.  The spatial distribution of MAAT and MAGST in Heilongjiang Province shows a
decreasing trend with the increase of the latitude and altitude; the MAAT in Hei-
longjiang Province is higher than the MAGST, and they all tend to be on an upward
trend, with a range of —8.64-5.60 °C for the multiyear MAAT and of —6.52-7.58 °C
for the multiyear MAGST.

2. During the study period, the mean annual AFI and GFI showed a decreasing trend,
and the decreasing trend of both was almost the same. The mean annual ATI and
GTI both showed an overall increasing trend, and the increasing trend of the mean
annual GTI was greater than that of the mean annual ATI, with an increasing rate of
7.63°C-d-a~! and 11.89 °C-d-a~ !, respectively.
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3. For spatial distribution, the mean annual air/ground freezing/thawing index also
showed a latitudinal trend, but in the northern Daxing’an mountain region, altitude
plays a major role in the distribution of freezing/thawing index, while latitude has
a greater influence on the distribution of freezing/thawing index than altitude in
the southern region. Across Heilongjiang Province, the range of variation of the
mean annual AFI was 1385.64-4271.13 °C.d, the range of variation of mean annual
GFI was 1466.07-4464.10 °C-d, the range of variation of the mean annual ATI was
959.51-3573.21 °C-d and the range of variation of the mean annual GTI was
1395.34-4545.33 °C-d.

4. Permafrost in Heilongjiang Province is primarily distributed in the northern Dax-
ing’an Mountains and Xiaoxing’an Mountains and sporadically in some mountainous
areas in the central part of the province. For the 1970-2010 period, the trend of per-
mafrost degradation is obvious; the southern permafrost boundary moved nearly 2°
to the north and the total permafrost area shrank from 1.11 x 10° km? in the 1970s
to 6.53 x 10* km? in the 2010s, a reduction of approximately 40.9%. The southern
boundary of permafrost in the 2010s was nearly stable at around 51° N.
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