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On the basis of observed soil freeze depth data from 14 meteorological stations on the Three Rivers Source Region (TRSR) in
China during 1960 to 2014, trends in the freeze depth, first date, last date, and duration of frozen soil were analyzed, together with
other meteorological variables, such as air temperature, snow depth, and precipitation, observed at the same locations. The results
showed the following. (1) A continuous, accelerated decreasing trend in freeze depth appeared in the TRSR during the 1985–2014
and 2000–2014 periods, compared with that during the 1960–2014 period. (2) The freeze first date had been delayed and the freeze
last date had been advanced significantly. The advanced trends in freeze last date were more significant than the delayed trends
in freeze first date. The freeze duration also experienced an accelerated decrease. (3) The freeze depth and period were strongly
affected by air temperature, thawing index, and soil moisture (precipitation), but not by snow. The freeze depth, freeze first date,
freeze last date, and duration also influenced each other. (4) These decreasing trends in freeze depth and duration are expected to
continue given the increasing trends in air temperature and precipitation in this region.

1. Introduction

Frozen soil is a sensitive indicator of climate change. It is
highly correlated with air temperature [1–3]. Both observa-
tional and modelling studies indicate that frozen soil con-
ditions are currently rapidly changing in response to global
warming. Soil temperature has continued to rise over the
past several decades [1, 4, 5]; areas of permafrost and seasonal
frozen soil have decreased [6–8]; the active layer has become
much thicker [9–12]; and landscapes have changed [13–15].
This deterioration in frozen soil will have profound effects
on energy and hydrological cycles through accelerating the
decomposition of organic carbon in the soil and increasing
the release of CO

2
from the soil to the atmosphere, altering

terrestrial ecosystems and thereby creating a positive feed-
back loop leading to further climate change [16–21].

The freeze depth and period (including freeze first date,
freeze last date, and duration) of frozen soil, which are

strongly affected by air temperature, snow, soil moisture, and
vegetation [22–26], are important indexes of frozen soil
conditions. The interdecadal changes in these along with
variations in climatic variables at local and regional scales
are still relatively poorly understood. A major obstacle to
understanding the response of frozen soil to climate change,
as well as the interactions between the soil and the atmo-
sphere, is the lack of long-term observations. For this reason,
other climatic indicators, such as soil temperature and min-
imum air temperature, remote sensing data, and numerical
simulation, are exploited to characterize the freeze depth
and period of frozen soil. Frauenfeld et al. [27] employed a
linear interpolationmethod to determine the depth of the 0∘C
isotherm based on soil temperature data measured between
0.2m and 3.2m depth, using mean monthly soil temperature
data collected between 1930 and 1990 from 242 stations
located throughout Russia.They found that the active layer of
permafrost increased by 20 cm and the depth of the seasonal
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Figure 1: Study area and locations of themeteorological stations in theThree Rivers Source Region (TRSR) of the Tibetan Plateau (TP). Black
circles reflect data availability from 1960 to 2014, and black triangles reflect data availability from 1985 to 2014.

frozen soil decreased by 34 cm between 1956 and 1990.
Anandhi et al. [28] and Wang et al. [25] calculated the freeze
first date, freeze last date, and duration of the soil frost period
based on daily minimum air temperatures in Kansas, USA,
and in China. Their results all indicated that the freeze
first date was delayed and the last date was advanced over
their study period. Using Special Sensor Microwave/Imager
(SSMI) data on the Tibetan Plateau (TP), Li et al. [29]
discovered a trend towards a later onset date of soil freeze by
approximately 10 days and an earlier onset date of soil
thaw by approximately 14 days over the period 1988–2007.
Recently, numerical simulations have been used to investigate
the changes in the near-surface soil freeze-thaw cycle in
response to the warming on the TP from 1981 to 2010 [24].
Similar results have been found elsewhere. It should be noted,
however, that although the 0∘C isotherm and minimum air
temperature can be used as an estimate of the freeze depth and
period of soil; they are not the same as the “true” value.While
remote sensing data and numerical simulations can analyze
the spatial variations, the long-term interdecadal variation
fractures cannot be shown due to data shortage.

TheThree Rivers Source Region (TRSR) is located where
China’s two longest rivers, the Yangtze and Yellow Rivers, and
a transnational river, the Mekong River (called Lancang in
China), originate. It located in the northeastern TP which is a
mosaicked transitional zone of seasonal frozen soil and dis-
continuous and continuous permafrost [30, 31].This region is
particularly sensitive to the impacts of climate change [4, 32–
36]. One robust observation is that air temperatures in this
region have been rising by an average rate of 0.32–0.36∘C
decade−1 over the past half century (from 1960 to 2010) [33,
35], while the average rate is determined to be even greater
when measured over the last 35 years (0.46∘C decade−1
between 1980 and 2014) [4].This warming is more rapid than

the average values experienced over the same time period on
the TP and China [37–41]. In this study, we used observed
soil freeze depth data obtained from meteorological stations
to investigate the interdecadal changes in the freeze depth and
period in the TRSR, from 1960 to 2014. Using the data from
14 stations, we analyzed trends in the freeze depth and freeze
period (including first date, last date, and duration) of frozen
soil and examined their relationships to air temperature,
thawing index, snow depth, and precipitation, as well as each
other.

2. Data and Methods

The basic data used in this study include the observed
freeze depth of the soil, air temperature, snow depth, and
precipitation. The data were available for 14 meteorological
stations located throughout TRSR (Figure 1). Including 11
meteorological stations for 55 years (from 1960 to 2014) and
threemeteorological stations for 30 years (from 1980 to 2014).
All of the data were collected daily at these stations, which are
located in the seasonal frozen soil area. A list of the stations
is provided in Table 1, and the locations of the stations are
shown in Figure 1. The freeze depth of the soil was observed
once per day (08:00 h Beijing Time) using a frozen soil
apparatus when the ground surface temperature was below
0∘C [42]. Generally, the frozen soil apparatus was placed in
the natural land cover in the observation field [42]. Land
cover of observation field in these meteorological stations
was typical alpine meadow, with canopy height no more
than 0.20m in summer and no more than 0.05m in winter
(Figure 2). Frozen soil apparatus consisted of twomajor tubes:
outer tube and inside tube. The inside tube was rubber tube
with clean water. The soil freeze depth was defined by the
water freeze depth in inside tube [42]. The maximum freeze
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Table 1: Details of the meteorological stations.

Station Number Latitude (∘N) Longitude (∘E) Height (m) Data period
Xinghai 52943 35∘35 99∘59 3323 1960–2014
Tongde 52957 35∘16  100∘39 3289 1960–2014
Zeku 52968 35∘02 101∘28 3663 1960–2014
Zaduo 56018 32∘54  95∘18 4066 1960–2014
Yushu 56029 33∘01 97∘01 3681 1960–2014
Guoluo 56043 34∘28 100∘15 3719 1960–2014
Dari 56046 33∘45 99∘39 3968 1960–2014
Henan 56065 34∘44 101∘36 3500 1960–2014
Ruoergai 56079 33∘35 102∘58 3440 1960–2014
Nangqian 56125 32∘12 96∘29 3644 1960–2014
Changdu 56137 31∘09 97∘10 3306 1960–2014
Zhiduo 56016 33∘51 95∘36 4179 1985–2014
Qumalai 56021 34∘08 95∘47 4175 1985–2014
Maduo 56033 34∘55 98∘13 4272 1985–2014

(a) (b)

Figure 2: Land cover of observation field in meteorological stations. (a) Summer; (b) Winter.

depth was selected from all daily freeze depth data for each
year to represent annual freeze depth.The data were reported
when the freeze depth exceeded the maximum range of the
frozen soil apparatus in original data. The freeze depth in
that year was not included in this study. The snow depth was
observed once per day (08:00 h Beijing Time) using a snow
scale when snow cover was more than 0.5. The data is based
on the average of three measurements [42]. In order to cover
the entire periodwith potential freezing events, annual values
of the freeze first date, freeze last date, and freeze duration
were calculated for each year beginning on 1 September of the
preceding year, and ending on 31 August of the current year,
when the freeze depth did not equal zero.

For this study, line trends were used in Matlab (Math-
Works) to detect trends in the freeze depth, first date, last
date, and duration of frozen soil. Line trends were also used
to detect trends in other climate variables, including air
temperature, thawing index, maximum snow depth, annual
precipitation, spring (March, April, and May) precipitation,
summer (June, July, and August) precipitation, and autumn
(September, October, and November) precipitation at the
same locations. Previous studies have shown significant
abrupt changes in freeze depth in the mid-1980s and 1999

on the TP [43, 44]. A recent study also showed that an
accelerated warming trend appeared over the TP during the
1998–2013 period in comparison with the 1980–1997 period
[39]. In this study, 1985 and 2000 were chosen as the points in
time when interdecadal variations could reliably be assessed.
Therefore, variations were broken down into three different
time periods: from 1960 to 2014 (the last 55 years), from 1985
to 2014 (the last 30 years), and from 2000 to 2014 (the last
15 years). Correlation analysis, which is a commonly used
method of statistical diagnosis in modern climatic analysis
studies [45], was used to identify relationships between the
freeze depth, first date, last date, and duration of frozen soil
with other climate variables. In order to cover the entire
periodwith potential freezing events, the correlation between
first freeze date, last date, and duration with other forcing
variables was all calculated for each year beginning on 1
September of the preceding year and ending on 31 August
of the current year. The thawing index TI is the sum of the
average air temperatures Ti based on monthly data when air
temperature is above freezing; that is, for 𝑖 = 1, 2, . . . , 𝑁,

𝑇𝐼 =
𝑁

∑
𝑖=1

𝑇𝑖, 𝑇𝑖 > 0∘C. (1)
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Figure 3: Freeze depth anomaly series during 1960–2014. Linear least squares regression lines are included for 1960–2014 (red line), 1985–2014
(blue line), and 2000–2014 (green line). (a) Xinghai station, (b) Tongde station, (c) Zeku station, (d) Zaduo station, (e) Yushu station, (f)
Guoluo station, (g) Dari station, (h) Henan station, (i) Ruoergai station, (j) Nangqian station, (k) Changdu station, (l) Zhiduo station, (m)
Qumalai station, (n) Maduo station, and (o) average.

3. Results

3.1. Changes in the Soil Freeze Depth. Table 2 and Figure 3
indicate the trends in freeze depth on the TRSR during
1960–2014. The freeze depth exhibited a statistically signif-
icant decrease (at 𝛼 = 0.01) during 1960–2014, 1985–2014,
and 2000–2014 on the TRSR.The soil freeze depth decreased
at 10 stations, while it increased only marginally at one
station (Yushu), with an average value of −3.98 cm decade−1

over the past 55 years. Over the past 30 years, a decreasing
trend occurred in 13 stations, while one station (Ruoergai)
increased only marginally with an average value of −8.93 cm
decade−1. This result was similar to but slightly below that of
our previous study where −10.61 cm decade−1 was recorded
by modified Mann-Kendall trend test and Sen’s slope estima-
tor from the observation data of nine meteorology stations
over the last 35 years (1980–2014) [4]. Decreasing trends
also occurred in 13 stations over the last 15 years, with an
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average rate of −13.98 cm decade−1. There were only two
significant increases recorded (at 𝛼 = 0.05). These occurred
at Yushu station during 1960–2014 and during 2000–2014, at
rates of 2.85 and 12.79 cm decade−1, respectively. The overall
decreasing trends indicated that, in areas of seasonal frozen
soil, the soil was freezing to increasingly shallower depths
each year. Furthermore, a continuously accelerated decreas-
ing trend had appeared in the TRSRduring the 1985–2014 and
2000–2014 periods, comparedwith the 1960–2014 period.The
net change was a 21.89 cm decrease in freeze depth in 2014
compared to 1955, and an even greater decrease of 26.79 cm
from 1985 to 2014, while a decrease of 20.97 cm was recorded
over the past 15 years.

3.2. Changes in the Soil Freeze Period. Table 3 and Figure 4
show the trends observed in the freeze first date, freeze last
date, and freeze duration on the TRSR during the study
period. The first freeze date experienced a significant delay
over the past 55 years, where it has been delayed at 10
stations at an average rate of 3.20 days decade−1. Over the
past 30 years, this delayed trend occurred in 13 stations at
an average rate of 5.65 days decade−1. Over the past 15 years,
the delayed trend occurred in 10 stations, with an average
rate of 9.11 days decade−1. There were only 2 significant
advances in first freeze date (at 𝛼 = 0.05), observed at
Maduo station during 1985–2014 and at Changdu station
during 2000–2014, at rates of −5.91 and −5.68 days decade−1,
respectively.These trends in freeze first date indicated that, on
the TRSR, the soil was freezing later and later each year, and
an accelerated increasing trend had appeared in the region
during 2000–2014, compared with that during 1985–2014 and
1960–2014.The net change was a 17.60-day delay in freeze first
date in 2014 compared to 1955; a 16.95-day delay from 1985 to
2014; and a 13.67-day delay from 1985 to 2014.

According to Table 3, the freeze last date advanced at all
stations over the past 55 years, and this trend was found to be
significant in eight stations (at 𝛼 = 0.05) with an average rate
of −3.55 days decade−1. Over the last 30 years, a significantly
advanced trend (at 𝛼 = 0.05) was observed in 13 stations
with an average rate of −9.42 days decade−1. Over the last 15
years, a significantly advanced trend (at 𝛼 = 0.05) occurred
in 8 stations at an average rate of −10.64 days decade−1. The
net change was a 19.53-day advance in last freeze date in 2014
compared to 1955, and an even greater increase of 28.26 days
between 1985 and 2014. Between 1985 and 2014, this value was
15.96 days. The advanced trend in last freeze date was more
significant than the delayed trend in first freeze date across
all three study periods.

Based on the above data, the freeze duration decreased
significantly during the 1960–2014, 1985–2014, and
2000–2014 periods.The trends in freeze duration date ranged
from −16.21 to −2.65 days decade−1, with an average value of
−7.52 day decade−1 over the past 55 years. The significantly
decreasing trend (at 𝛼 = 0.01) occurred in 13 stations at an
average rate of −14.74 days decade−1 over the past 30 years.
Over the past 15 years, a significantly decreasing trend (at
𝛼 = 0.01) occurred in 12 stations at an average rate of −16.90
days decade−1. There was only one significant increase in

freeze duration (at 𝛼 = 0.01), observed at Changdu station
during 2000–2014, at rates of 11.39 days decade−1. These
decreasing trends also indicate that, in areas of seasonally
frozen soil, the soil remains frozen for fewer days each year,
and an accelerated decreasing trend of freeze duration had
appeared in the TRSR during the 1985–2014 and 2000–2014
periods, compared with the 1960–2014 period. The net
change was a 41.36-day decrease in freeze duration in 2014
compared to 1955 and an even greater 44.22-day decrease
from 1985 to 2014, while a decline of 25.35 days was observed
over the past 15 years.

4. Discussion

4.1. Changes in the Forcing Variables. The freeze depth and
period are strongly affected by external forcing variables, such
as air temperature [24, 25], snow [27], and vegetation [23, 26].
They are also associated with soil hydrology and thermal
conditions [20, 21, 26]. Soil moisture, which is significantly
associated with freeze depth and period, has not been inves-
tigated as much as other climate variables, such as air tem-
perature and precipitation, because the data are not widely
available for either spatial or temporal coverage. In general,
changes in precipitation correspond well to changes in
soil moisture. For this reason, changes in precipitation have
been exploited to characterize the changes in soil moisture
[46]. In this study, to explore the potential causes for the
observed trends in freeze depth and period since 1960, the
averaged time series were related to mean annual air tem-
perature, thawing index, maximum snow depth, and annual,
spring, summer, and autumn precipitation.

As indicated in Table 4, air temperature and thawing
indexes increased significantly (at 𝛼 = 0.01) in all three study
periods. Over the past 55 years, the average trend in air tem-
perature corresponded to a 0.30∘C increase decade−1. This
trend was relatively similar to previous studies that recorded
an increasing trend of 0.32–0.34∘C decade−1 from observa-
tion data during 1960–2010 [33, 35]. The trend in air temper-
ature during 1985–2014 (average rate: 0.62∘C decade−1) was
even greater than that during 2000–2014 (0.61∘C decade−1).
These two trends were all larger than the 0.46∘C decade−1
recorded from 1980 to 2014 in this region [4], implying
that a significant accelerated warming trend had appeared
over the TRSR since 1985. An accelerated increasing trend
in thawing index also appeared during 2000–2014 (average
rate: 3.83∘C⋅month decade−1), compared with that during
1985–2014 (3.60∘C⋅month decade−1) and during 1960–2014
(1.56∘C⋅month decade−1). The change in maximum snow
depth was not significantly different between all three study
periods. Positive trends in annual precipitation were detected
in all periods, but only one clear increasing trend was
observed during the past 15 years (62.82mm decade−1). The
precipitation in spring, summer, and autumn also displayed
increasing trends in the three study periods. Significant
increasing trends occurred in spring during 1960–2014 and
during 2000–2014, at rates of 1.64 and 17.43mm decade−1,
respectively.The linear trends in snow and precipitation were
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Figure 4: Freeze duration anomaly series during 1960–2014. Linear least squares regression lines are included for 1960–2014 (red line),
1985–2014 (blue line), and 2000–2014 (green line). (a) Xinghai station, (b) Tongde station, (c) Zeku station, (d) Zaduo station, (e) Yushu
station, (f) Guoluo station, (g) Dari station, (h) Henan station, (i) Ruoergai station, (j) Nangqian station, (k) Changdu station, (l) Zhiduo
station, (m) Qumalai station, (n) Maduo station, and (o) average.

consistent with the results of the modified Mann-Kendall
trend (MMK) test and Sen’s slope trends [4].

4.2. Relationship with the Forcing Variables. The relationships
between the forcing variables with freeze depth, first date, last
date, and duration for the three different time periods on the
TRSR are provided in Table 5. The averaged time series that
were related to forcing variables are shown in Figures 5, 6, 7,
and 8.

As shown in Table 5 and Figure 5, from 1960 to 2014,
the freeze depth was significantly negatively correlated with
air temperature, thawing index, freeze first date, and precip-
itation, but not with snow depth. The strongest relationship
was a negative correlation with air temperature (at 𝛼 =
0.01), which indicated that as mean annual air temperature
increased, the freeze depth decreased. The second strongest
correlation was thawing index, and this inverse relationship
indicated that the longer the air temperatures remained above
0∘C, the lower the ground freeze was. The third strongest
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Table 4: The annual trends in air temperature, thawing index, maximum snow depth, annual precipitation, spring precipitation, summer
precipitation, and autumn precipitation for three different time periods on the TRSR. Significance levels: ∗𝛼 = 0.05; ∗∗𝛼 = 0.01.

1960–2014 1985–2014 2000–2014
Air temperature (∘C /decade) 0.30∗∗ 0.62∗∗ 0.61∗∗

Thawing index (∘C⋅month/decade) 1.56∗∗ 3.60∗∗ 3.83∗

Maximum snow depth (cm/decade) −0.05 0.54 0.57
Annual precipitation (mm/decade) 5.12 19.38 62.82∗

Spring precipitation (mm/decade) 1.64∗∗ 3.90 17.43∗

Summer precipitation (mm/decade) 1.35 10.24 39.50
Autumn precipitation (mm/decade) 0.00 5.65 3.53

Table 5: Correlation coefficients for freeze depth and forcing variables, freeze first date and forcing variables, freeze last date and forcing
variables, and freeze duration and forcing variables for the three different time periods on the TRSR 9 stations (Figure 1). Significance levels:
∗𝛼 = 0.05; ∗∗𝛼 = 0.01.

1960–2014 1985–2014 2000–2014
Freeze depth and forcing variables

Air temperature −0.88∗∗ −0.89∗∗ −0.83∗∗

Thawing index −0.75∗∗ −0.78∗∗ −0.72∗∗

Maximum snow depth 0.04 0.06 −0.34
Annual precipitation −0.15 −0.40∗ −0.53∗

Spring precipitation −0.27∗ −0.27 −0.39
Summer precipitation −0.08 0.30 −0.39
Freeze first date −0.52∗∗ −0.60∗∗ −0.56∗

Freeze first date and forcing variables
Air temperature 0.68∗∗ 0.70∗∗ 0.54∗

Thawing index 0.68∗∗ 0.70∗∗ 0.59∗

Annual precipitation 0.28∗ 0.28 0.16
Autumn precipitation 0.34∗∗ 0.50∗∗ 0.37

Freeze last date and forcing variables
Air temperature −0.85∗∗ −0.83∗∗ −0.64∗∗

Thawing index −0.81∗∗ −0.79∗∗ −0.45
Maximum snow depth 0.10 0.20 −0.41
Annual precipitation −0.28∗ −0.38∗ −0.40
Spring precipitation −0.41∗∗ −0.32 −0.50
Summer precipitation −0.17 −0.29 −0.32
Freeze depth 0.75∗∗ 0.71∗∗ 0.58∗

Freeze duration and forcing variables
Air temperature −0.83∗∗ −0.83∗∗ −0.62∗

Thawing index −0.80∗∗ −0.81∗∗ −0.52∗

Maximum snow depth 0.08 0.26 −0.25
Annual precipitation −0.27∗ −0.33 −0.27
Autumn precipitation 0.01 −0.20 0.277
Spring precipitation −0.41∗∗ −0.28 −0.44
Summer precipitation −0.12 −0.21 −0.15
Freeze depth 0.69∗∗ 0.71∗∗ 0.61∗

correlation was associated with freeze first date, and this
inverse relationship indicated that a later soil freeze was
associated with a thinner soil freeze depth. The freeze depth
also displayed an inverse relationship with annual and spring
precipitation, and the correlation became stronger over time.

From the data, the maximum freeze depth occurred in spring
for most stations, except for individual stations where the
maximum freeze depth occurred in winter and summer. In
terms of the shallow layer soil, the soil moisture feedback
mechanism revealed that an increase in soil moisture resulted
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Figure 5: Time series of annual air temperature (a), thawing index (b), annual precipitation (c), and freeze first date (d) in TRSR (black line)
with the time series of freeze depth (grey line). All variables were standardized with respect to their mean and standard deviation.

in an increase in evaporation rate, which resulted in energy
being absorbed from the surrounding soil creating a decrease
in soil temperature despite increased air temperature [46].
But for deep layer soil, an increase in soil moisture may be
correlated with an increase in thawing rate, where energy is
released to the surrounding soil as these temperatures were
higher than that of the frozen soil, creating an increase in
soil temperature [4]. This resulted in a significant negative
relationship between freeze depth and soil moisture. From
Table 5 it is evident that there was no correlation between
freeze depth and snow depth, except during the last 15 years
where a negative correlation was observed, but not obviously.
This result is very different from the results obtained in Russia
and North America, where temperature regime of frozen
soil and the variation in the freeze depth was found to be
significantly negatively correlated with snow depth [1, 22,
27, 46]. As we know, in Russia and North America, stable
snow covers have significant influence on the active layer due
to its thermal insulation effect which can decrease radiative
cooling. Consequently, the snow covers keep the soil warm
and prevent the soil freeze. From the data, the maximum
snow depth was very shallow on the TRSR compared with
that in Russia and North America. This suggests that the
snow did not remain on the ground for an extended period
of time; thus the thermal insulation effect of snow would not
have been significant. The effects of air temperature, thawing
index, and soil moisture indicate that future changes in air
temperature and precipitation may have a major influence

on freeze depth. The decreasing trends in the freeze depth
are expected to continue due to the increasing trends in air
temperature and precipitation on the TRSR.

According to Table 5 and Figure 6, the freeze first date
was positively correlatedwith air temperature, thawing index,
annual precipitation, and autumn precipitation. The strong
relationship (at 𝛼 = 0.05) was correlations involving thawing
index and air temperature, indicating that as air temperatures
remained above 0∘C for a period and mean annual air
temperature increased, the freeze first date was delayed. The
freeze first date also displayed a positive relationship with
annual and autumn precipitation, indicating that the higher
the ground soil moisture, the later the ground freeze. In
autumn, the soil releases heat to the air resulting in a decrease
in soil temperature. Wet soils have higher heat capacity than
dry soils due to the heat capacity of water being much greater
than the heat capacity of air. Consequently, wet soils slow
the speed of temperature down and keep soil warm, and the
freeze first date is delayed.

The freeze last date was negatively correlated with air
temperature, thawing index, and precipitation and positively
associated with freeze depth (Table 5 and Figure 7). Not
surprisingly, air temperature and thawing index were also
the strong external forcing variables. The third strongest
correlationwas associated with freeze depth, and this positive
relationship indicated that the thinner the soil freeze is, the
earlier the soil thawed.The freeze last date was also negatively
associated with annual, spring, and summer precipitation,
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Figure 6: Time series of annual air temperature (a), thawing index (b), annual precipitation (c), and autumn precipitation (d) in TRSR (black
line) with the time series of freeze first date (grey line). All variables were standardized with respect to their mean and standard deviation.

indicating that the higher the ground soil moisture content
when the soil thawed is, the earlier the ground thawed. One
possible explanation is that an increase in soil moisture may
have resulted in an increase in thawing rate, releasing energy
to the surrounding soil as a result of those temperatures
being higher than that of the frozen soil, thus accelerating
the soil thawing rate [4]. The freeze last date also had
no obvious correlation with snow depth. There were some
positive correlations with regard to the last 55 and 30 years,
while a weak negative correlation was observed during the
last 15 years.

During 1960–2014, the air temperature, thawing index,
freeze depth, and annual precipitation had a clear and signif-
icant effect on freeze duration, with negative correlations in
air temperature, thawing index, and annual precipitation and
positive correlations in freeze depth (Table 5 and Figure 8).
Furthermore, the relationship between snowdepth and freeze
duration exhibited less correlation over the past 55 years.The
decreasing trends in the freeze duration were expected to
continue with the increasing air temperature and precipita-
tion and with the decreasing freeze depth on the TRSR.

Additionally, the interactions of vegetation and soil char-
acteristics are very complex. Studies have shown that vegeta-
tion has an important effect on the thaw depth of permafrost
[23, 26]. As shown in Figure 2, vegetation in this area is typical
alpine meadow [47, 48] and has decreased in the region since
1980 [49, 50]. Less vegetation may have influenced the soil
moisture distribution and indirectly affected the freeze depth

and freeze duration. However, the vegetation changes in the
meteorological observation field were still not clear. Further
research is needed to determine the interactions between
vegetation and frozen soil in this region.

5. Conclusion

A continuous, accelerated decreasing trend in freeze depth
occurred in the TRSR during the 1985–2014 and 2000–2014
periods, compared with that during the 1960–2014 periods.
The rates of decrease were −3.98 cm decade−1 over the past
55 years, −8.93 cm decade−1 over the past 30 years, and
−13.98 cm decade−1 over the past 15 years.The net change was
a 21.89 cm decrease in freeze depth in 2014 compared to 1955
and an even greater 26.79 cm decrease from 1985 to 2014. A
decrease of 20.97 cm was observed over the past 15 years.

The freeze first date has been delayed, while the freeze last
date has been advanced significantly over the past 55 years.
The advanced trends in freeze last date were more significant
than the delayed trends in freeze first date across all three
study periods. The freeze duration also experienced an
accelerated decrease during the 1960–2014, 1985–2014, and
2000–2014 periods. The rate of decrease was −7.52 days
decade−1 over the past 55 years, −14.74 days decade−1 over the
past 30 years, and −16.90 days decade−1 over the past 15 years.
The net change was a 41.36-day decrease in freezing duration
in 2014 compared to 1955 and an even greater 44.22-day
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Figure 7: Time series of annual air temperature (a), thawing index (b), annual precipitation (c), and freeze depth (d) in TRSR (black line)
with the time series of freeze last date (grey line). All variables were standardized with respect to their mean and standard deviation.
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Figure 8: Time series of annual air temperature (a), thawing index (b), annual precipitation (c), and freeze depth (d) in TRSR (black line)
with the time series of freeze duration (grey line). All variables were standardized with respect to their mean and standard deviation.
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decrease from 1985 to 2014, while it was a 25.35-day decrease
over the past 15 years.

The freeze depth and period were strongly affected by air
temperature, thawing index, and soil moisture (precipita-
tion), but not by snow. The freeze depth, freeze first date,
freeze last date, and freeze duration also influenced each
other.The freeze depth was significantly negatively correlated
with air temperature, thawing index, freeze first date, and pre-
cipitation. The freeze first date was positively correlated with
air temperature, thawing index, annual precipitation, and
autumn precipitation. The air temperature, thawing index,
freeze depth, and annual precipitation had a clear and sig-
nificant effect on freeze duration, with negative correlations
observed with regard to air temperature, thawing index, and
annual precipitation and positive correlations associated with
freeze depth. The decreasing trends in freeze depth and
duration are expected to continue as a result of increasing
trends in air temperature and precipitation on the TRSR.
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[2] E. Yeşilirmak, “Soil temperature trends in Büyük Menderes
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