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Abstract: The changing climate in recent decades has caused rapid, widespread frozen ground
degradation of the cryosphere, and changes in frozen ground may largely affect the ecosystem
function. This study presents the long-term shrinkage of frozen ground, driven forces and resultant
ecological impacts at three high-latitude sites (namely Nenjiang, Jiagedaqi, and Tahe, from low to
high latitude) in Northeast China, an area that has received less attention in previous permafrost
studies. As the key indicators of frozen ground, the ground surface and subsurface soil temperature
(down to 40 cm) were found to increase in the period from the 1970s to the 2000s. The annual mean
air temperatures at observation sites have increased significantly at rates of 0.24~0.40 ◦C/decade
from 1971 to 2019, and were found to be negatively correlated to the change in soil freeze depth at
the Jiagedaqi and Tahe sites. The annual snow depth at Jiagedaqi was found to decrease at a rate of
1.8 cm/decade, and positively correlate to the soil freezing index. The vegetation status of the three
watersheds improved, as indicated by the increased normalized difference vegetation index (NDVI)
from 2000 to 2017. Our results can make a valuable contribution to knowledge of climate–frozen
ground interactions, and can highlight the importance of examining such interaction for permafrost
protection in similar high-latitude permafrost-dominated basins.

Keywords: frozen ground; climate factors; vegetation status; Northeast China

1. Introduction

Frozen ground is the product of energy and water exchanges between the lithosphere
and atmosphere, and widespread frozen ground degradation has been reported over the
cryosphere, which could affect the functioning of vegetation–hydrology–carbon cycle [1].
It is composed of permafrost and seasonally frozen ground [2]. In Northeast China, the
Xing’an extent of permafrost was reported to have declined by 40.6% from the 1960s to the
2010s [3], and the southern limit of permafrost has moved northward by 0.1◦–1.1◦ between
the 1950s and 2010s [4].

Researchers have broadly agreed that the warming climate is the primary cause of
ground surface warming [5,6]; while in many studies, the roles of snow cover, soil prop-
erties and overlying vegetation in frozen ground degradation were also emphasized [7,8].
Permafrost degradation in the Qinghai-Tibet Plateau has been primarily attributed to the
air temperature warming [9], and changes in precipitation, relative humidity, wind speed
and solar radiation were also found to exert certain impacts [10]. Other than natural
factors, human activities such as overgrazing and engineering projects were also found
to disrupt the original ground surface stability and cause irreversible disturbances in
permafrost regions [11].

Changes of frozen ground will affect local hydrological cycles [12] as the soil pores
filled with ice have low hydraulic conductivity and act as a barrier that affects the move-
ment, storage, and exchange of the surface and subsurface water [13]. Studies have reported
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an increase in baseflow in northern Eurasia [14] and over the Aldan subbasin in Siberia [15].
In addition, the change in permafrost can alter the soil nutrients’ availability and soil
water content [16], thus affecting the vegetative species’ composition, productivity and
biomass [17]. In the source region of Yellow River, the decreased normalized difference
vegetation index (NDVI) was found to be associated with the decreased seasonally frozen
depth due to the enhanced evapotranspiration and reduced soil moisture [18].

The frozen ground in Northeastern China lies in the southernmost edge of the North-
ern Hemisphere permafrost regions, and is projected to see an increase in temperature
on the hottest days of about 1.5 to 2 times the rate of global warming [19]. In addi-
tion, the Northeast China region is of great ecological and social-economical significance
as it holds a dense distribution of wetlands and lakes; meanwhile, it plays an impor-
tant role in the north line of the belt and road initiative and the economic corridor of
China–Mongolia–Russia. The degradation of frozen ground may possibly affect the forma-
tion, growth and succession of wetland and forest [20], as well as the stability of bedrock
and unconsolidated sediments [21].

In comparison with pan-arctic and high-altitude regions, the permafrost in Northeast
China at high latitudes is more vulnerable to degradation, as the permafrost here is thinner
and more susceptible to anthropogenic perturbations. Located in the southernmost edge
of the Eurasian permafrost region, this area may offer a glimpse into the possible devel-
opments of frozen ground and the resultant impacts on high-latitude regions. For this,
three observation sites, namely Nenjiang, Jiagedaqi, and Tahe, were selected to characterize
the changes in frozen ground in the high-latitude areas of Northeast China. These three
sites have a latitude gradient and belong to different geocryological zones (i.e., sporadic
and discontinuous permafrost zones). The main objectives were (1) to characterize the
changes in frozen ground based on various data from the 1970s to the 2000s, and (2) to
identify the major driven forces of the frozen ground changes, and explore the vegetation
(NDVI) responses to its degradation. This study may make a valuable contribution to
understanding worldwide changes in frozen ground, which can then provide a novel
perspective regarding frozen ground preservation in high-latitude regions of the world.

2. Study Area

This study focused on three observation sites in the mid-to-high-latitude permafrost
region in Northeast China (Figure 1); they are the Tahe site (TH) in the Huma River
watershed, the Jiagedaqi site (JGDQ) in the Gan River watershed, and the Nenjiang (NJ)
site upstream of the Nen River watershed. The latitudes of the selected sites varied from
49◦10′ N to 52◦21′ N, spanning from the Northeast Plain to the Inner Mongolia Plateau.

The three sites are all located in cold-temperature continental monsoon climate zones.
Winter (November to March of the next year) is long and dry due to the frequent invasions
of cold air masses from the Siberia and Mongolia plateaus, while summer (July to August)
is short and rainy. According to meteorological records (1971–2019), approximately 85% of
the annual total precipitation occurs from May to September. Snow generally begins to fall
from late September to early October, and the accumulated ice/snow starts to melt from
late April to early May in the following year.

The three study sites are distributed along a latitude gradient and in different geocry-
ological zones, i.e., from the sporadic to the discontinuous (Figure 1). The geographic
distribution allows for a comprehensive examination of the frozen ground changes in
different permafrost zones and their responses to climatic factors along a latitude gradient.
TH and JGDQ are located at a medium-to-high altitude and in large undulating mountains,
with a strata profile of cultivated soil, clay, gravel soil and igneous rock; NJ is located in
low- and medium-altitude alluvial plains with a strata profile of cultivated soil, clay, sandy
soil, gravel sand, and conglomerate [22]. According to the engineering classifications of
ground ice [23], the study area was dominated by ice-poor frozen soil (with an ice content
of 0–10%) and ice soil (ice content 10–25%). The basic information of the three studied sites
is given in Table 1.
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Figure 1. Map of study region and monitoring stations in Northeast China. Note that the mon-
itoring station stands for the meteorological and borehole stations that have close proximities.
CP: Continuous permafrost; DP: Discontinuous permafrost; SP: Sporadic permafrost. The geocry-
ological classification was adapted from Zhou et al. [24].

Table 1. Basic information of the three monitoring stations.

Monitoring
Stations Coordinates Elevation

(m a.s.l.)
MAAT 1

(◦C)
Annual Precipitation

(mm)
Average Snow Depth 2

(cm)

TH 52◦21′ N, 124◦43′ E 361.9 −2.1 472 11.4

JGDQ 50◦24′ N, 124◦07′ E 371.7 −0.3 529 15.0

NJ 49◦10′ N, 125◦14′ E 242.2 0.8 487 9.5
1 MAAT denotes mean annual air temperature. 2 Average snow depth during the winter season from November
to March in the next year.

3. Materials and Methodology
3.1. Data

Three categories of data were used in this study to characterize the frozen ground
change, driven forces and impacts, including the ground temperature and frozen depth data,
meteorological data, and land use data. Data were recorded at sites TH, JGDQ and NJ, as
shown in Figure 1, and the available years for each data category at different sites were not
consistently the same. Details of data availability can be found in Appendix A (Table A1).

Ground temperature is an important indicator of active layer change and frozen
ground status. The ground temperature data include the ground surface (0 cm) temperature
from 1971/1972 to 2019, and subsurface 5.0, 10.0, 15.0, 20.0, and 40.0 cm ground temperature
data (40 cm was only available for JGDQ) from the 1970s to the 2000s. The soil freeze
depth (hereafter SFD), which denotes the lower limit of the frozen zone, was measured
in boreholes using frozen soil apparatus [25]. Data were recorded on a daily basis, and
the maximum SFD value throughout one year was used to represent the frozen ground
status. The beginning date of thawing (BTD) and the beginning date of freezing (BFD)
of the surface soil were used to examine the changes in the active layer that is subject to
seasonally thawing and freezing; data were available from the 1970s to the 2000s. The
ground surface (0 cm) temperature data were derived from the National Meteorological
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Information Center (http://data.cma.cn/, accessed on 1 September 2022), and other data
were measured in the boreholes and were obtained from the Statistical Review of Ground
Temperature and Permafrost of Heilongjiang Province.

Meteorological data that may affect frozen ground status include daily air temperature,
precipitation, and snow depth. The daily air temperature and precipitation were recorded at
the national ground stations of TH, JGDQ and NJ. Data were downloaded from the National
Meteorological Information Center (http://data.cma.cn/ accessed on, 1 September 2022).
The daily snow depth at 25 km × 25 km resolutions in longitude and latitude was obtained
from the National Tibetan Plateau Scientific Data Center. The annual mean snow depths
were computed during the winter season from 1 November to 31 March in the next year
for grids where observational sites were located.

Land use data of the years 1980, 1990, 1995, 2000, 2005 and 2010 with a spatial resolu-
tion of 1 km were obtained from the Center of Resources and Environment Science, Chinese
Academy of Sciences (http://www.resdc.cn, accessed on 1 September 2022). The data
divided the underlying surface into six categories, i.e., arable land, forest, grassland, water
area, construction land and unused land. To understand the potential relationship between
frozen ground shrinkage and vegetation status, the normalized difference vegetation index
(NDVI), which can adequately represent the vegetation growth status and distribution
density [26], was extracted from the MODIS Vegetation Indices 16-Day L3 Global 500M SIN
Grid (MOD13A1). The MOD13A1 source images from 2000 to 2017 were obtained from the
NASA global MODIS-Terra data (https://lpdaac.usgs.gov, accessed on 1 September 2022).
The NDVI of three watersheds wherein the observation sites are located were computed to
represent the vegetation status of each watershed.

3.2. Soil Freezing/Thawing Index (FIS/TIS)

The freezing index (FI) and thawing index (TI) of the air and/or soil surface are widely
used indicators depicting the changes in the active layer [27]. FIS/TIS is the sum of the
absolute values of daily mean ground surface temperature below/above 0 ◦C during the
freezing/thawing period, respectively.

FIS is calculated as

FIS =
∫ t1

t0

|T|
dt

T < 0
◦
C, (1)

where T is the ground temperature, and t0 and t1 refer to the starting day and the ending
day of the freezing period, respectively. In this study, t0 is 1 July and t1 is 30 June in the
next year [28], and T is integrated only when T is below 0 ◦C.

Similarly, TIS is calculated as

TIS =
∫ t3

t2

|T|
dt

T > 0
◦
C, (2)

where TIs is an integral of the ground temperature from the beginning day (t2), i.e., 1 January,
to the end day (t3), i.e., 31 December, and T is counted only when T is above 0 ◦C.

Referring to the frost index number of Nelson and Outcalt [29], this study defined the
soil freezing capacity (SFC), expressed as the ratio of FIS and TIS, to evaluate the ground
surface freezing potential:

SFC =
FIS
TIS

(3)

when SFC > 1.0, the near-surface is more likely to freeze than thaw, and vice versa when
SFC < 1.0.

4. Results and Discussion
4.1. Changes of Meteorological Variables

Figure 2a shows that the mean annual air temperature (hereafter MAAT) at three
meteorological stations all had significant increasing trends (p < 0.01) from 1971 to 2019.

http://data.cma.cn/
http://data.cma.cn/
http://www.resdc.cn
https://lpdaac.usgs.gov
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The increasing rate was the slowest at TH (0.24 ◦C/decade), while JGDQ and NJ exhib-
ited more rapid warming trends with an overall increasing rate at 0.38 ◦C/decade and
0.40 ◦C/decade, respectively; this is probably due to their more southern locations. The
MAAT was found to be lower than 0 ◦C over the entire period for TH, above 0 ◦C for most
of the years for NJ, and less than 0 ◦C before 2000 and great than 0 ◦C after 2000 for JGDQ.
Figure 2b,c further show that the number of days when the air temperature exceeded
0 ◦C and the annual cumulative air temperature was above 0 ◦C at all sites underwent a
significant increase from 1971 to 2019.
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Figure 2. (a) Mean annual air temperature (MAAT), (b) number of days when air temperature
exceeded ◦C, (c) the cumulative air temperature was above 0 ◦C, (d) annual precipitation at TH,
JGDQ and NJ stations; and (e) annual average snow depth based on the 25 km resolution remote
sensing data for grids at which the observation sites are located. The dashed lines show the linear
trends when p < 0.01, and the dotted lines show the linear trends when p < 0.05.

The annual precipitation at three sites (Figure 2c) all showed no significant increasing
or decreasing trends. As shown in Figure 2d, the annual snow depths showed no significant
increasing or decreasing trends at TH and NJ, while there was a significant decreasing trend
at JGDQ (−1.8 cm/decade, p < 0.05).

4.2. Changes in Ground Surface Variables

Figure 3 shows the mean annual ground surface (0 cm) temperature (MAGST) from
1971 to 2019. All sites displayed an increasing MAGST trend, with changing rates of
0.41 ◦C/decade at TH, 0.47 ◦C/decade at JGDQ and 0.53 ◦C/decade at NJ (p < 0.01). TH
has the slowest increasing rate, followed by JGDQ and NJ, which is consistent with the
changing trends of MAAT. Such warming trends of the ground surface may contribute to
the frozen ground degradation, as the ground temperatures were found to vary coincidently
with MAGST [30].
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The SFC was calculated based on the ground surface temperature (Figure 3) to explore
the near-surface freezing potential. All three sites exhibited a significant decreasing trend
(p < 0.01) of SFC from 1971 to 2018, while the change patterns differed among the three
sites in terms of FIS and TIS trends (Figure 4a–c) and the SFC magnitude (Figure 4d–f). The
interannual variation of FIS showed a decreasing trend (p < 0.01) in JGDQ, while the other
two sites had no significant changes. On the contrary, TIS showed significant increasing
trends at all sites. The SFC of TH was generally greater than 1.0, which meant that the
freezing capacity of the surface soil was greater than the thawing capacity throughout
the year; meanwhile, after 2000, the SFC fluctuated around 1.0, which indicated a balance
between the soil’s freezing and thawing capabilities. In JGDQ, the SFC varied around
1.0 before 1990, and after that completely dropped below 1.0, indicating that the ground
surface of JGDQ has changed from easy-to-freeze to the more recent easy-to-thaw. The SFC
of NJ remained lower than 1.0, indicating its strong soil-thawing tendency over the years.

4.3. Changes in Subsurface Soil Temperature and Soil Freeze Depth (SFD)

There is an active layer that is subject to seasonally thawing and freezing, wherein the
frozen soil starts to thaw when the soil temperature is above 0 ◦C, normally in early May,
and will freeze when the soil temperature drops below 0 ◦C, normally in late September.
The subsurface soil temperatures at depths 5 cm, 10 cm, 15 cm, 20 cm, and 40 cm (40 cm for
JGDQ only) during the thawing period are shown in Figure 5; data were averaged from
May to September every 5 years. It is obvious that the subsurface soil temperature profiles
moved right continuously in TH and NJ, while that in JGDQ fluctuated from 1971 to 2005.
Though the 20 cm depth is too shallow to determine the freezing depth, the heat in the
soils may be accumulated and transferred to the deeper ground, which may further cause a
shallowed SFD and a thickened active layer.

The SFD refers to the bottom table of the frozen soil, and is an important indicator of
both permafrost and seasonally frozen ground. Figure 6 displays the annual maximum
SFD during 1971–2008 for the three sites. Over the observation period, the SFD of JGDQ
ranged from 1.7 m to 2.9 m, and that of NJ ranged from 1.5 m to 2.5 m. Both the two
sites showed overall decreasing SFD trends, with −8 cm/decade (p < 0.05) for JGDQ and
−13 cm/decade (p < 0.01) for NJ. In contrast, TH showed no obvious changing trends and
the SFD values were scattered between 1.6 m and 2.6 m during the study period. Overall,
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the maximum SFD values varied from 1.5–2.9 m at the three studied sites, which have a
similar range to that reported by Lu et al. [31] in northeastern China.
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Figure 6. Soil freeze depth (SFD) measured in boreholes at TH, JGDQ and NJ. The orange dashed line
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4.4. Changes in Soil Thawing Days

Figure 7 shows the annual changes of BTD, BFD and soil thawing duration (i.e., days
from BTD to BFD) in three watersheds from 1970s to 2009. For ease of illustration, all dates
were counted as the sequence number of days, e.g., 1 January 1971 is day 1 of year 1971.
In TH, both BTD and BFD showed notable shifts toward an earlier occurrence throughout
the years, with the overall rates of 6 days/decade (p < 0.01) and 9 days/decade (p < 0.01),
respectively, and the soil thawing duration had a significant declining trend (p < 0.05) with
3 days/decade. In JGDQ, the BTD showed no significant shifts, while the BFD tended to
delay with a rate of 4 days/decade (p < 0.01); these together led to a longer duration of soil
thawing at rate of 7 days/decade (p < 0.01). Unlike TH and JGDQ, NJ showed no significant
change trends for BTD, BFD or soil thawing days.
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4.5. Relationships between Frozen Ground and Other Variables

To identify the major driving factors of frozen ground degradation (characterized by
decreased SFD), this study explored the correlations between the SFD with MAAT and
total annual precipitation. In TH, the SFD showed no significant correlations with any of
the driven factors. In JGDQ and NJ, the SFD showed negative correlations to MAAT with
R value at −0.53 (p < 0.01) and −0.27 (p < 0.05), respectively. Among the studied sites,
JGDQ and NJ exhibited noticeable decreasing trends of SFD, and the major driving force
was identified to be MAAT. The correlations between precipitation and frozen soil change
at three sites were found to be weak; meanwhile, in some other permafrost regions such
as Yakutia, East Siberia [32] and the Qinghai-Tibet Plateau [33], precipitation was also a
critical factor regulating the thermal regimes of the ground, apart from climatic warming.
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When permafrost degradation occurs, topsoil water infiltrates into deeper soil layers due to
the thickening of the active layer of the permafrost. This transfer of water occurs because
the thawed soil loses the ability to block the infiltration of water and becomes strongly
hydraulically conductive. The extra water accumulating at the base of the active layer in
summer will serve to warm the permafrost body during the subsequent freezing period, as
freezing taking place at the thawing soils and the permafrost interface will release massive
latent heat [34].

In addition to SFD, SFC and FIS are widely used indicators for evaluating the ground
surface freezing potential, which were found to be positively correlated with the average
snow depth at the three observation sites (Figure 8); the deeper the snow depth, the more
likely the soil is to freeze. The presence of snow cover can affect the surface soil from two
opposite aspects. On one hand, the snow can help insulate soil from being heated by solar
radiation due to its high albedo and absorptivity to solar radiation; on the other hand, the
low thermal conductivity of snow cover could largely block the internal heat emission
from the soil and warm the soil temperature [35]. Zhou et al. [36] demonstrated that the
former impact dominated when the snow cover was less than 20 cm in depth. This could
better explain the change trends shown in Figure 8, as the snow depths were generally less
than 20 cm at the studied sites. As the snow cover thickened (less than 20 cm), the soil
became more insulated from the heating effect of solar radiation, making it more prone
to freeze. It is noted that there are a lot of scatters in the graphs, as there may be other
factors influencing the ground temperatures, such as the thickness of the active layer, the
thermal properties of the underlying materials and any latent heat effects. In addition, there
may be a certain degree of uncertainty in snow depth impacts, as the complex terrain and
the penetration depth of microwave signal will affect the inversion accuracy of the snow
depth [37]. Direct snow depth measurements are needed to further interpret its impacts on
frozen ground status in the study region.
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Human-induced land use change may also affect the frozen ground status as it alters
the hydrothermal conditions of the underlying surface. The land use conditions of three
watersheds at which the observation sites were located are presented in Figure 9. There
was a continuous increase in both construction and non-irrigated land in all watersheds,
suggesting that human activities such as building construction and soil cultivation may
have altered the thermal stability and water movement of the underlying soil, which further
contributes to frozen ground shrinkage [38].
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Figure 9. Percentage change in the area of (a) construction land and (b) non-irrigated farmland for
the three watersheds.

Frozen soil degradation can affect the soil’s hydraulic conductivity, soil water content
and soil nutrients, which may further alter the local vegetation productivity and biomass.
The NDVI changes from 2000 to 2017 for the three watersheds are shown in Figure 10. For
all watersheds, the NDVI showed obvious increasing trends over the years (p < 0.01), which
may be associated with changes in the SFD and subsurface soil temperature. Decreased
SFD and increased soil temperature could mitigate low-temperature stress, promoting
the rates of organic matter decomposition and the nutrient cycle [39,40]. Besides, the
Naturel Forest Conservation Program (NFCP) and the Grain to Green Program (GTGP)
have been carried out since 1998 and 1999 in China, and have contributed to enhancing
the vegetation coverage and density through logging bans, afforestation initiatives, and
converting cropland on steep slopes to forest and grassland [41].
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Existing studies have proved that shallow thaw depths may boost soil moisture and
increase vegetation greenness of aquatic plants or hygrophytes [42]. However, the persistent
permafrost degradation and progressively deepening active layer will dry the surface soil
and further reduce the number of aquatic plants and hygrophytes [43]. In Qinghai-Tibet
Plateau, the continuous soil warming and active layer thickening have increased the
evapotranspiration and soil water loss, which has resulted in a shift in vegetation types
from alpine meadow to alpine desert steppes [44]. In Northeast China, the dominant
species are larch forests, which prefer well-drained and moist soil conditions. To clarify
the influencing mechanisms, further efforts need to strengthen the coupling analysis of the
hydrological and ecological processes through physically based models.

5. Conclusions

This study revealed the changes in frozen ground from the 1970s to the 2000s at three
high-latitude sites in Northeast China. The driving forces of the frozen ground change and
their resultant impacts on vegetation status were analyzed.

Among the three studied sites, TH experienced an inconspicuous SFD change during
the 40-year period, which corresponded to the slowest air warming trend at 0.24 ◦C/decade
and an increased soil frozen duration at 3 days/decade. However, the annual maximum
SFD decreased in JGDQ and NJ at a rate of 8 cm/decade and 13 cm/decade, respectively,
in response to the rapid air warming (0.38 ◦C/decade in JGDQ and 0.40 ◦C/decade in NJ).
During the thawing period, the soil temperature profiles at various depths tended to shift
to a higher temperature range, especially for TH and NJ, which may lead to a shallower
SFD and a thicker active layer.

Correlation analysis suggested that air warming was the main climate driving force of
frozen ground shrinkage in Northeast China. Moreover, the annual snow depth showed
positive correlations with the FIS and SFC, because the snow cover can help insulate the
soil from solar radiation. In addition to the climate factors, the expansion of construction
land and non-irrigated farmland may also contribute to frozen ground shrinkage. A
growing NDVI was detected in all three watersheds, which may possibly be due to the
increased infiltration and subsurface water storage. Overall, this study contributed to
a better understanding of frozen ground change and its driving forces in the region of
Northeast China, which provides a novel perspective regarding permafrost protection and
ecological conservation in high-latitude regions.
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Appendix A

Table A1. The available years for each data category in each monitoring stations.

Date Category TH JGDQ NJ

Meteorological data (daily)

air temperature 1972–2019 1971–2019 1971–2019

precipitation 1972–2019 1971–2019 1971–2019

snow depth 1979–2019 1979–2019 1979–2019

ground surface temperature 1972–2019 1971–2019 1971–2019

Soil data (yearly/daily)

subsurface soil temperature 1972–2007 1971–2007 1971–2007

soil freeze depth 1971–2008 1971–2008 1971–2008

beginning date of freezing
1974–1980
1989–1993
1995–2009

1972–1983
1989

1991–1994
1996–2009

1971–1983
1989–2009

Beginning date of thawing

1973–1980
1982–1985
1987–1990
1992–2009

1971
1973–1978
1980–1982
1985–1994
1996–2009

1971–1974
1976–2009

Land use/cover 1980, 1990, 1995, 2000, 2005, 2010

Normalized difference vegetation index 2000–2017
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