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Abstract

Soil temperature, an important indicator of climate change, has rarely explored due to scarce observations, especially in the
Tibetan Plateau (TP) area. In this study, changes observed in five meteorological variables obtained from the TP between 1960
and 2014 were investigated using two non-parametric methods, the modified Mann—Kendall test and Sen’s slope estimator
method. Analysis of annual series from 1960 to 2014 has shown that surface (0 cm), shallow (5-20 cm), deep (40—320 cm) soil
temperatures (ST), mean air temperature (AT), and precipitation (P) increased with rates of 0.47 °C/decade, 0.36 °C/decade,
0.36 °C/decade, 0.35 °C/decade, and 7.36 mm/decade, respectively, while maximum frozen soil depth (MFD) as well as snow
cover depth (MSD) decreased with rates of 5.58 and 0.07 cm/decade. Trends were significant at 99 or 95% confidence level for
the variables, with the exception of P and MSD. More impressive rate of the ST at each level than the AT indicates the clear
response of soil to climate warming on a regional scale. Monthly changes observed in surface ST in the past decades were
consistent with those of AT, indicating a central place of AT in the soil warming. In addition, with the exception of MFD, regional
scale increasing trend of P as well as the decreasing MSD also shed light on the mechanisms driving soil trends. Significant
negative-dominated correlation coefficients (cv =0.05) between ST and MSD indicate the decreasing MSD trends in TP were
attributable to increasing ST, especially in surface layer. Owing to the frozen ground, the relationship between ST and P is
complicated in the area. Higher P also induced higher ST, while the inhibition of freeze and thaw process on the ST in summer.
With the increasing AT, P accompanied with the decreasing MFD, MSD should be the major factors induced the conspicuous soil
warming of the TP in the past decades.

1 Introduction the impacts of climate warming on ecosystem and natural re-
sources. Some examples are the degradation of frozen grounds,
It is widely accepted that the Earth has warmed (IPCC 2007). glacial recession, a trend in decreasing snow coverage, and the
expansionist number of glacial lakes. With rapid retreat and
thinning of permafrost, large carbon pools sequestered in per-
mafrost could be released to increase net sources of atmospheric
carbon, creating a positive feedback and accelerated warming
(Yang et al. 2010a). Snow cover strongly interacts with climate
through snow albedo feedbacks (Niu and Yang 2007). Changes
in snow coverage on the earth are bound to create a new energy
equilibrium in the earth atmosphere system. In addition, the
glacial retreat also has an important impact on the water re-
source of the arid regions in the world (Yao 2004).
Unfortunately, the ecosystem degradation and loss in biodiver-
) ) sity caused by climate change are irreversible (VdePRda 2004).
Key Laboratory of Land Surface Process and Climate Change in However, such changes in climate system are expected to con-
Cold and Arid Regions, Northwest Institute of Eco-Environment and ’
Resources, Chinese Academy of Sciences, Lanzhou 730000, China tinue into the future and beyond (IPCC 2007).
Collaborative Innovation Center on Forecast and Evaluation of Soil temperature (ST), representing the thermal regime of
Meteorological Disasters, Nanjing University of Information Science ~ the ground at a given location, is an indicator of climate
& Technology, Nanjing 210044, China change as its rapid response. Knowledge of ST trends in long

Climate warming is widespread over the world and is greater at
higher latitudes. Furthermore, land regions have warmed faster
than the oceans (Qian et al. 2011). Observations have unearthed
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time series through the soil profile is deemed as an effective
approach to reflect the degree of climate change accurately
(Yang et al. 2010a; Yang et al. 2010b). Recently, there have
been numerous reports of ST variation associated with the
climate change in various parts of the world, such as Alaska
and Siberia (Oelke and Zhang 2004), Turkey (Yesilirmak
2014), Canada(Qian et al. 2011), Russia(Zhang et al. 2001),
and China(Wang et al. 2009; Wang et al. 2014b; Wu and
Zhang 2008).

As “the roof of the world,” the Tibetan Plateau (TP) is
characterized by its high elevations and complex topography.
Studies have shown that the TP is particularly sensitive to
climate warming impacts (Liu and Chen 2000; Wang et al.
2014a). Being higher than the surroundings, climate change
on the TP could induce significant feedbacks through affect-
ing the atmosphere circulation, and thus the Asia climate sys-
tem even to global, owing to its unique mechanical and ther-
modynamic effects (Duan et al. 2011; Wu and Duan 2013).
Characterized by the alpine climate, the annual air temperature
(AT) is low which varies from 20 °C to no more than — 6 °C
through the southeast the northwest section. Owing to the cold
and semi-arid climate features, one classical terrain features of
the TP is the widespread permafrost or the seasonal frozen
ground. The permafrost, covering an area of 1.73 x
10° km?(Yang et al. 2010a), occupies greater than two thirds
area of the TP, while areal extent of seasonally frozen ground
(including the active layer over permafrost) covers, on aver-
age, approximately all of the TP (Wu and Zhang 2008).

Studies have shown that the frozen ground of TP is rela-
tively warm and thin compared with high latitude frozen
ground in both North America and Russia sections, and thus
is more sensitive to climate change (Cheng 1999; Luo et al.
2016). The freezing and thawing processes that occurred at the
soil profile play an important role in determining the nature of
land and atmosphere interactions (Guo et al. 2011). Based on
observations, conclusions have been drawn that the heat ex-
change during soil thawing (freezing) is 3 (3.5) times more
than that without phase change (Li et al. 2002). Observations
on the TP also indicate the significant diurnal variation of ST
resulted in a diurnal cycle of unfrozen water content at the
surface (Guo et al. 2011). Numerical simulation results indi-
cate that the freeze-thaw process is a buffer to the seasonal
changes in soil and near-surface temperature and strengthens
the energy exchange between the soil and the atmosphere
(Chen et al. 2014). However, the time that the ground surface
on the TP experienced diurnal freeze/thaw cycles was about
6 months (Yang et al. 2007). An increase of mean annual AT
on the TP has resulted in extensive permafrost degradation.
Discontinuous permafrost bodies and thawed nuclei have
been widely detected (Wang et al. 2000). A large scale of
permafrost tends to devolve into seasonal frozen ground,
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sometimes even unfrozen soil, amplifying the climatic effect
of freeze/thaw process of the TP, including the ecosystem
functions and engineering projects. As a direct reflection of
climate change as well as the situation of freeze-thaw on the
TP, it is important to understand the spectrum of ST changes
taken place, such as trends, variability, and spatial distribution,
also the inducing factors of abrupt changes within the region
from a climatic perspective.

The objective of this paper was to reveal the detailed fac-
tors related to the TP soil warming by examining the full
spectrum of climate variables changes occurring. Five ob-
served meteorological variables relevant to TP climate change
were examined. The variables include the monthly soil tem-
perature (ST) at depth of 0, 5, 10, 15, 20, 40, 80, 160, and
320 cm, respectively, mean air temperature (AT), precipitation
(P), the annual maximum frozen depth (MFD) and snow cover
depth (MSD), also the monthly observed frozen depth (FD)
and snow cover depth (SD). Records from 1960 to 2014 were
selected for this paper, which is the most comprehensive in-
vestigation and longest timeframe that has been applied thus
far to the region.

2 Data and methods
2.1 Data

Monthly observations including ST at 0 to 320 cm,
mean AT at 2 m above the surface, P, FD, and SD were
obtained from 66 meteorological stations operated by
the China Meteorological Data Sharing Service System.
The annual MFD and MSD were obtained from the
maximum monthly values while the annual P was ob-
tained from the accumulation of monthly values.
Professional meteorological technicians were applied in
variables monitoring. The observation of ST from 0 to
40 cm underground were conducted four times per day
(02:00, 08:00, 14:00, and 20:00, Beijing Time) and av-
eraged as the daily mean, while once per day (14:00,
Beijing Time) from 80 to 320 cm(CMA 2003). The
values of FD were observed once per day (08:00,
Beijing Time) using frozen soil apparatus when the sur-
face ST was below 0 °C (CMA 2003; Luo et al. 2016).
All values were obtained from the monthly means of
daily values from 1960 to 2014, with the exception of
P. The monthly P, however, was obtained from the
monthly accumulation of daily values. The monthly data
were then used to create seasonal and annual time
series.

Although the qualities of the variables have been carefully
controlled before releasing, some false and missing data are
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obtained inevitable. In this study, the annual values of ST were
retained if the readings were available for the whole 12 months
of'the year, while a missing value was assigned. The ST values
of individual stations were only accepted while there were
fully records of more than 30 years during the 55 years
(1960-2014). Based on this criterion, 62 stations were select-
ed for surface ST (0 cm) analysis, 49 and 17 for shallow (5—
20 cm), and deep (40-320 cm) ST analyses, respectively
(Table 1). Number of stations selected for AT, P, (M)FD,
and (M)SD analyses are also listed in Table 1. Regional
shallow and deep ST data were derived by simply averag-
ing the data from 5 to 20 cm and 40 to 320 cm. Seasonal
data, calculated from the monthly time series, were classi-
fied as spring (March—April-May, MAM), summer (June—
July—August, JJA), autumn (September—October—
November, SON), and winter (December—January—
February, DJF) in this study.

Individual stations selected in this study are presented in
Fig. 1. In terms of spatial distribution, these stations, main-
ly located on the northeast, interior, and southwest sections
of the TP, are typically established close to densely
inhabited areas. Depending on the ST at 3.2 m,
Frauenfeld (Frauenfeld 2004) has previously classified
the location as either permafrost or seasonally frozen
ground. The individual location was deemed as seasonally
frozen ground while the ST at 3.2 m is above zero, other-
wise the permafrost. Based on this standard, the stations
obtained in this study were classified as seasonally frozen
ground.

2.2 Methods

The null hypothesis slopes of meteorological variables
were investigated with a confidence level of 95 or 99% in
this study by means of two non-parametric methods: the
modified Mann—-Kendall trend (MMK) (Hamed and Rao
1998; Zhang 2010) and Sen’s slope estimator (Gocic and
Trajkovic 2013; Sen 1968). They are common methods
that have been widely accepted for statistical diagnosis in
modern climatic analysis studies (Luo et al. 2016; Silva
et al. 2015; Yue et al. 2002).

Table 1 Number of meteorological stations selected for individual
variables this study
ST AT P (M)FD M)SD
Surface Shallow Deep

62 49 17 62 62 53 61

2.2.1 The modified Mann-Kendall trend

The statistic S was calculated as the following:

n—1 n

s=3 X Sgn(xj*xi), (1)

i=1 j=i+1

where # is the number of data points, x; and x; are (j>i) the data
values in time series.

The sign function sgn (x;—x,) was expressed as the follow-
ing:

+1, lej_X,‘>0
sgn (xj—xi) = 0 s .iij—x,- =0. (2)
-1, lij*x,' <0

In the Mann—Kendall trend method, the variance
Var(S)was calculated as the fo]lowing:
I’l(l’l*l)(zi’l + 5)* Z ti(trl)(2t,» + 5)
= : (3)
18

Var(S) =

where 7 is the number of data points, mis the number of tied
groups, and 7, denotes the number of ties of extent i.

However, owing to the evidence for the existence of posi-
tive autocorrelation in the data (n> 10), this approach would
increase the probability of detecting trends when actually none
exist, and also non-detection of real trends in the data (Hamed
and Rao 1998).

For the time series X = {x, x,, ..., x,}, we need to acquire
the stable series {y;};_, after removing the value off3:

Vi =x—0 X I. 4)

where the trend estimator (3 based on the rank of series is the
following:

B3 = median™ " (1<i < j<n). (5)

The autocorrelation function 7(i)was calculated as the fol-
lowing:

n—i

S (Re=R)(RisR)
(i) == — (6)
Y (R—R)
k=1

n

whereRis the rank of {y;}_, andR is the mean of R,.
Furthermore, a correction for the autocorrelation in the data
was the following:

2 g (=) (—i—1) (n=i-2)r(i). ()

n=1 Jrn(nfl)(n*Z) =
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Based on 77, we can calculate the modified variance Var™(S)
in the MMK trend method as the following:

Var'(S) = n x Var(S). (8)

Also, the standard normal test statisticZy(n > 10)was calcu-
lated in MMK as the following:

-1
S7*7 ifS>0
Var'(S)
Z, = 0, ifS=0 . 9)
1
S+t if §$<0

VVar'(s)’

Positive values of Zindicate increasing trends while the
negative values of Z;show decreasing trends. The specific
asignificance level was chosen to test the trends of MMK.
The null hypothesis was rejected while |Z| > Z; _ ,»and a sig-
nificant trend was present in the data series. The value of Z;
_ o2Was obtained from the standard normal distribution table.
Significance levels of « =0.01 and = 0.05 were used in this
study. The null hypothesis of “no trend” is rejected if |Z] >
1.96at the 5% significance level and |Z,| >2.576at the 1%
significance level (Gocic and Trajkovic 2013).

2.2.2 Sen'’s slope estimator

For the sample of N pairs of data, the non-parametric proce-
dure for estimating the slope was the following:

Qi:xj:zkfori: 1,...N, (10)

where x;and x;are the data values at times of , k(j > k).
If there was only one datum in each time period:

where # is the number of time periods.
Otherwise,

(12)

where 7 is the total number of observations.

The Nvalues of Q; were ranked from smallest to largest.
The Sen’s slope estimator (essentially the median of the slope)
was calculated as the following:

Oiv+1)/2) N is odd

Onea = § Qo+ (13)

[(N+2)/2]
2 )

N is even

The sign of Q,,.reflects the data trend; its value indicates
the slope of the trend (Sen 1968).

In addition, the confidence interval (C,) of Q,,..at specific
probability should be obtained to determine the significance
level of the trend:

Co= Zl*a/Z Var*(S), (14)

where Var*(S)is calculated from Eq. (8) and Z; _ ,»is obtained
from the standard normal distribution table. The confidence
interval was computed at two significance levels(a =
0.01, & =0.05)in this study.

Based on Gilbert (Gilbert 1987), M; = Y%= and M, =

2
]”TC“ were calculated. As the lower and upper limits of the

confidence interval, O,i,and Onaxare the Mth largest and the
(M, + 1)th largest of the Nordered slope estimates, respective-
ly (Gocic and Trajkovic 2013). If the two limits(Qmin,
Omax)have a similar sign, the slopeQ,,.; can be considered
statistically significant.

3 Results

3.1 Statistical information of meteorological variables
in annual and seasonal time series

Statistical information including means, standard deviations,
and trends in annual and seasonal ST, AT, P, FD, and SD, also
the MFD and MSD, are listed in Table 2. Figure 2 illustrates
trends in ST at surface, shallow, and deep layer from individ-
ual meteorological stations. On the annual scale shown in
Table 2, the mean TP ST were 6.12, 7.09, and 6.81 °C at
surface, shallow, and deep layers, respectively. However, the
annual mean TP AT was just 2.51 °C, which far less than the
ST. More than half of meteorological stations measured AT
below zero. Moreover, regional surface ST standard deviation
(0.91) was higher than that of AT (0.76), indicating larger
inter-annual surface ST variation within the area. In terms of
seasonal scale, major variation was found for winter (1.33),
with the average increasing trend of 0.57 °C/decade at the
99% significant level. The ST variations at shallow were also
significant in spring and summer, with significant (99%)
trends of 0.43 and 0.41 °C/decade. However, the maximum
magnitude of soil warming occurred in summer at deep, with
trend of 0.58 °C/decade. Correspondingly, annual and season-
al trends in AT near the surface were lower than those for
surface ST on average, implying that, in general, the soil on
the TP is highly sensitive and respond quickly to the climate
change applied upon it. Trend in AT in winter is higher than
those in other seasons indicate the increase in winter AT con-
tributed more to increases in AT in the TP. In terms of spatial
distribution, the significant ST warming (Fig. 2) was common
for all meteorological stations in the TP, with the exception of
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Table 2 Statistical information of seasonal and annual meteorological time series in the entire TP from 1960 to 2014
ST(surface) ST(shallow) ST(deep)
n o Trend n o Trend n o Trend
(°C) ©°C) (°C/decade) (°C) (°C) (°C/decade) °C) (°C) (°C/decade)
Spring 8.15 1.15 0.47%* 7.56 1.00 0.43%* 4.68 0.72 0.37%%*
Summer 17.80 1.15 0.37%* 17.13 1.02 0.41%%* 11.69 0.87 0.58%%*
Autumn 5.52 1.05 0.46%* 7.68 0.78 0.33%%* 9.66 0.64 0.38%%*
Winter -6.99 1.33 0.57%* -4.07 0.83 0.29%* 1.93 0.54 0.16%*
Annual 6.12 0.91 0.47%* 7.09 0.70 0.36%* 6.81 0.60 0.37%%*
AT P FD
n o Trend u o Trend i o Trend
(°C) (°C) (°C/decade) (mm) (mm) (mm/decade) (cm) (cm) (cm/decade)
Spring 3.44 0.86 0.26%* 63.89 23.44 2.79 73.06 20.69 — 6.47%*
Summer 12.46 0.81 0.29%% 233.69 55.09 323 - - -
Autumn 2.58 0.92 0.35%%* 78.77 27.61 0.66 - - -
Winter —8.43 1.31 0.50%* 6.64 4.15 0.48 95.61 13.10 -3.61*
Annual 2.51 0.76 0.35%* 382.75 70.63 7.36 48.03 9.26 —3.78%%*
MFD SD MSD
u o Trend n o Trend n o Trend
(cm) (cm) (cm/decade) (cm) (cm) (cm/decade) (cm) (cm) (cm/decade)
Spring - - 2.72 1.49 -0.06 - - -
Summer - - - - - - - - -
Autumn - - - - - - - - -
Winter - - - 1.79 1.06 0.03 - - -
Annual 117.51 17.98 —5.58%* 1.61 0.64 -0.05 6.24 322 -0.07

1 mean, o standard deviation
*Denotes trends statistically significant at v =0.05
**Denotes trends statistically significant at a=0.01

significant common downward trends of Lenghu, Menyuan,
Geermu, Xining, and Maduo in winter at deep.

P decreased from the southeast to the northwest in the TP
area owing to the soaring mountains that blocked moisture
entering (Liang et al. 2013). The proportion of summer P in
annual P exceeded 60% for all meteorological stations in the
TP. The spring P was the same order of magnitude as the
autumn one, with the average values of 63.89 and
78.77 mm, respectively. Regional P was scarce in winter in
the area compared to other seasons, with the average value of
6.64 mm. In general, the mean annual P during the past de-
cades was increasing with trend of 7.36 mm/decade, however,
varied at individual season within the TP. The increasing P
occurred in the area mainly focused on spring and summer,
with trends of 2.79 and 3.23 mm/decade, respectively. Major
inter-annual variation of P in the TP occurred in summer based
on the statistical information in Table 2. However, the increas-
ing variation of spring P was also considerable owing to the
obviously lower mean value (68.39 mm) compared to summer
(233.69 mm). The individual stations with significant increas-
ing P were mainly located in the northeastern and interior
sections of the TP (Fig. 3a), so as the winter P (Fig. 3d). The
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stations with significant increasing P were mainly focused on
the northeastern TP (Fig. 3b). Increasing or decreasing trend
of P in autumn was not as significant as others, excepting the
Jiuzhi and Dulan decreasing with rates of 7.21 and 4 mm/
decade at 95% significant level and Yiwu increasing with rate
of 1.96 mm/decade at 99% significant level.

Mean annual FD was 48.03 cm for the TP, ranging from 2
to 183.05 cm between individual meteorological stations (not
shown in this paper). Statistic results of FD in spring and
winter which need to focus on were listed in Table 2. Based
on the statistical results, FD for the area has shown greater
inter-annual variation (20.69) and significant decreasing trend
(6.47 cm/decade) in spring at 99% significant level during the
past decades. Relative milder variation of FD was detected in
winter with less significant degree (95%). Average decreasing
trends of FD among meteorological stations are 3.61 cm/de-
cade in winter and almost half of the trend detected in spring.
This might closely relate to the extent of ST warming at deep
layer. It has been widely accepted that permafrost or seasonal
frozen ground (soil or rock) are classified with criterion of the
duration of ST remains at or below 0 °C (Cheng 1999;
Frauenfeld 2004; Muller and SiemonWilliam 1947; Zhao
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Fig. 2 Spatial distributions of Annual ,
annual (al—a3) and seasonal (b1— e
e3) temporal trends for ST at
surface (the first column), shallow ¥
(the second column), and deep T
layer (the last column) from 1960 (al)
t0 2014, respectively. Upward and

downward triangles show MAM
positive and negative trends,
respectively. Solid triangles
indicate trends significant at the 2
5% level

(2})

(d)

Fig. 3 Same as Fig. 2, but for seasonal and annual temporal trends in (DJF), and e annual, MFD (f) and MSD (g). The size of triangles
mean P a spring (MAM), b summer (JJA), ¢ autumn (SON), d winter indicated values of variable trends
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etal. 2004). The 0 °C isotherm throughout the soil profile was
confirmed to find the monthly depth of the freezing layer. The
maximum depth was obtained from the monthly values for
each year in our study. Regionally, the mean annual FD men-
tioned above (48.03 cm) for the TP exceeds 40 cm, implying
that, in general, FDs discussed at individual stations in our
study mainly reflected the ST conditions at deep layer from
1960 to 2104. As a result, more drastic ST warming in spring
has more salient influences on FD decreasing compared to
winter. Mean annual MFD reached 117.51 cm at these mete-
orological stations mainly situated in the northern and eastern
sections of the TP where annual decreasing trend is significant
at 5.58 cm/decade (99%). Figure 3e illustrates trends in MFD
from individual meteorological stations. The stations that
showed significant negative trends (99%) at most meteorolog-
ical stations, with only a few stations showing significant in-
creasing trends (aw=0.05 or «=0.01). Trends in MFDs at
Lenghu, Linzhi, were the reverse for the other significant
ones. MFD at these two stations were increasing with signif-
icant trends (¢ =0.01) of 12.17, 1.04 cm/decade, respectively.
As shown in Table 1, mean annual TP SD was 1.61 cm,
ranging from 0.12 to 4.01 cm depending on individual stations
(not shown). Variations in annual and season SD among the
meteorological stations were lower compared to FD (Table 2).
Only a few meteorological stations are showing significant trends
(a=0.05 or «=0.01). An insignificant decreasing trend of
0.05 cm/decade for annual SD was determined for the TP
between 1960 and 2014, corresponding to the increase in annual
P that took place in the past decades. Dramatic warming condi-
tion of the near surface atmosphere over the TP might be respon-
sible for the warmer, wetter period of the most TP. Regional
mean SD standard deviation was high in spring (1.49), corre-
sponding to the large inter-annual AT, P variations (spring) within
the area. Although trends for the annual or season series on a
regional scale were low, individual stations did exhibit variable
characteristics. Spatial pattern of trends for MSD at individual
stations varied greatly. The stations showed significant negative
trends were located in the northeast section, also the interior TP.
However, Yushu and Geermu exhibited low but significant
increasing trends («=0.01) (Fig. 3f). Taking the entire TP into
account, MSD decreased at 0.07 cm/decade (annual series).
Regionally, no uniform pattern was found for trends in all
five variables in terms of spatial distribution. The majority of
stations showed significant positive ST (surface, shallow and
deep), AT trends, and significant negative (M)FD trends;
whereas, fewer stations showed significant trends for P and
(M)SD. In general consideration, annual P increased from
southwest to northeast section throughout the TP, with the
exception of Huzhu with significant decreasing trend in the
northeastern part (Fig. 3e). Annual MSD appeared to have a
high spatial variability. Significant trends were detected at
eight stations, where decreasing trends were measured at six
stations out of the eight. Larger trends, decreasing or
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increasing, mainly appeared in the central and northeastern
sections of the TP (Fig. 3g).

3.2 Trends of ST in the monthly time series

Inter-monthly variation of trends in ST at each layer is provid-
ed in Fig. 4. Means of surface, shallow, and deep ST increased
from 1960 to 2014, with sharp increases occurring in January,
January, and April, implying that the warming occurred in
surface might take some time to the deep. Value of surface
soil warming was extremely high (0.67 °C/decade) in
February and decreased thereafter. After the late July, the
magnitude of soil warming started to rise sharply once
again. Being susceptible to random weather processes,
the rapid surface soil warming occurred from January to
February could also be associated with the freezing pro-
cess of seasonal frozen ground as well as snow accumu-
lation. Numerical simulation results have indicated that as
a buffer to the seasonal changes in soil and near-surface
temperatures, the freeze (thaw) process tends to release
(absorb) phase energy, thus retards the cooling (heating)
effect of AT on soil (Chen et al. 2014). The freezing pro-
cess occurred in surface soil during this period tended to
release amount of latent heat of phase change to around,
thus accelerating the warming process logically. In addi-
tion, the snow accumulation accompanied with the grow-
ing SD in winter (Table 2) affects the near surface ST
because of high albedo, insulation effects.

Magnitudes of warming trends fluctuated up and down
at shallow soil from 1960 to 2014. Taking the entire var-
iation trends into account, the warming trends increased
from January to June and decreased thereafter. Regionally,
there exist twice warming jumps in shallow soil that oc-
curred in January and March, respectively. Similar to the
surface, the ST in shallow also gently increased from
February to March on average. This might also be in-
duced by the thawing (energy absorbing) process of fro-
zen ground as well as the snowmelting that occurred in
these two layers during this period. Maximum warming
trend occurred at shallow reached 0.50 °C/decade in April
and appeared to have undergone decreasing trend of soil
warming in duration. In contrast, the surface ST began to
warm sharply in October and this might be related to the
significant near surface air warming in winter.

Warming trends in deep increased from January to June
and decreased in the last year. These were the reverse for
the variation of surface warming trends. A sharp warming
in deep soil occurred in April, and reached up to 0.61 °C/
decade in June. Whereafter, the warming trends decreased
slightly in July and August. Also, in this layer, the soil
showed apparent lower increasing trends during October,
corresponding to the steady increasing warming trends in
surface that occurred in this period. The soil profile
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appeared to have undergone energy transmission from
deep to surface. The freezing process occurred in advance
in surface tended to absorb energy from deep as well as
the atmosphere near the surface.

3.3 Relationship between ST and surface AT

AT most meteorological individual stations, annual and sea-
sonal AT showed increasing trends, being significant at 99%
(or 95%) confidence level. A significant warming trend of
0.35 °C/decade (aw=0.01) was determined for the TP, corre-
sponding to the increase in surface ST (0.47 °C/decade, o=
0.01). In terms of seasonal variation, the sharp warming in AT
occurred in winter with the maximum value of 0.50 °C/decade
(Table 1), corresponding to the sharp soil warming in surface
(0.57 °C/decade). Sizable increases in AT associated with the
surface ST implying the dominate effect of climate warming
on surface ST. Considerable air warming in winter also indi-
cated the significant increase in minimum AT over the TP
throughout 1960-2014. The air warming is mainly dominated
by the winter warming in the past decades.

All ST variables averages for the past decades were com-
pared with AT (Fig. 4) throughout the study period to identify
the relationship between ST and AT under the warming back-
ground taking place in the TP. Monthly trends in STs and AT
were also listed in Table 3. Majority of the meteorological
individual stations did exhibit air warming characteristics.
The air over the stations showed sharp increasing warming
trend in November and reached up to the maximum value of
0.59 °C/decade in February. In the months which followed,
the warming trends fluctuated up and down, ranging from
0.19 to 0.33 °C/decade between individual months. Figure 4
illustrates the close relationship between warming trends of
surface ST and AT. Moreover, the warming trends occurred in
surface ST exceed the AT throughout the period, which con-
firms that the ST in the TP is highly sensitive and responded
quickly to the climate warming as described in previous
section.

Mar Apr Nov

Other than the strikingly good relationship in warming
trends between AT and surface ST, trends in shallow and deep
STs showed no apparent relationships with AT over the 55-
year study period. Trends of soil warming in shallow (0.36 °C/
decade) started to outpace those in AT in March (0.33 °C/
decade), and continue until the late October. Whereafter, the
warming trend of AT increased sizably (0.46 °C/decade) was
nearly twice that of November in shallow soil (0.24 °C/de-
cade). On the other hand, the periodical variations detected for
the trends in deep ST appeared to be the reverse for the AT.
The deep ST warmed greatly from mid-March to the early
October, with maximum value of 0.59 °C/decade during this
period. The trends in AT, analogously, fluctuated up and down
but with obviously limited magnitudes (0.33 °C/decade) dur-
ing this period. However, the warming trends in deep ST and
AT tended to move in the opposite direction in the rest of the
year. These variation patterns are similar to those of surface
and deep STs.

Spatial patterns of correlations between annual and season-
al soil and air temperatures varied slightly (Fig. 5). Majority of

Table 3 Warming trends (°C/decade) of meteorological variables in

monthly time series in the entire TP from 1960 to 2014

Month ST(surface) ST(shallow) ST(deep) AT
1 0.54 0.24 0.15 0.47
2 0.67 0.40 0.20 0.59
3 0.51 0.36 0.26 0.33
4 0.50 0.49 0.32 0.22
5 0.39 0.42 0.51 0.19
6 0.44 0.47 0.59 0.33
7 0.32 0.38 0.56 0.27
8 0.34 0.37 0.53 0.25
9 0.45 0.41 0.46 0.31
10 0.40 0.32 0.38 0.28
11 0.51 0.24 0.25 0.46
12 0.51 0.22 0.14 0.46
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the meteorological stations did exhibit significant (v =0.01 or
a =0.05) positive correlations between ST and AT; whereas,
few stations showed insignificant positive correlations for the
variables. In the marginal area of the TP in Fig. 5 (the first
column), the correlation values between surface ST and AT
were greater than those in the interior section. Generally, the
correlation values were greater in winter, also confirming the
prefect close relationships between surface ST and AT.
Meanwhile, the strong AT warming areas, which coincide
with the significant shallow ST warming, mostly lie in the
northeastern part of the TP area. Warming trends in deep soil
appeared to have undergone closer correlation relationship
with climate warming in the mid-eastern section of TP in
spring and summer. However, in winter, the strong correlation
relationships tended to concentrate on the southwest regions.

3.4 Relationship between ST and other climate
variables

It is useful to examine the relationships between ST and P, FD
and SD because of their various features of which may be used
as indicators to account for the ground thermal regime as well
as parameters for future climate prediction in the TP. The
proportions of meteorological stations with significant correla-
tion relationships between ST and P were provided in Fig. 6. In
general, over land, relationship between ST and P was charac-
terized by a negative correlation, as dry conditions favor more
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sunshine and less evaporative cooling, while wet summers are
cool (Trenberth and Shea 2005). For example, a significant neg-
ative correlation relationship has been detected widely in the
meteorological stations in this study on annual or seasonal time
series (Fig. 6). However, being located as a unique geographical
unit, the TP exhibited unique characteristics. Not all stations
exhibited the same direction in correlation between ST and P.
Significant positive correlations relationships between the two
variables have also been detected in individual stations (Fig. 6).
Moreover, the positive direction dominated the correlation rela-
tionship between annual ST and P in deep layer from 80 to
320 cm (Fig. 6a). In terms of seasonal temporal series, more
frequent positive relationships between surface or shallow ST
and P were detected in autumn and winter. Significant positive
correlation relationship between the two meteorological vari-
ables was observed more often in deep soil in winter. Stations
with significant positive relationship occupy more than one-five
(23.5%) of the total (Fig. 6e). The warming trend in deep soil
began to accelerate widely in winter and yielded a perfect pos-
itive correlation relationship with increased P. The correlation
relationship between the surface or shallow ST and P was the
reserve for that in deep in summer (Fig. 6¢). Significant correla-
tions between surface (shallow) ST and P were detected at 43
(28) stations out of the 62 (49), where the negative ones occu-
pied all of the significant ones.

The P feedback mechanisms occurred in spring and thermal
insulation effect of snow cover that occurred in winter made
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Fig.6 The proportions of stations 30
with significant correlation
relationship (at 95% significant
level) between ST and P in a
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and e DJF temporal series. Red
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these correlation relationships complicated. Furthermore, the re-
markable permafrost shrinkage, which tends to devolve into the
seasonal frozen ground or even to unfrozen soil, are determined
to be responsible for the results. As previously stated, the
“buffer” effect of freeze (thaw) process in frozen ground accom-
panies energy releasing (absorbing) throughout the soil should be
react on the ST. Previous studies have indicated the energy
throughout the soil tends to transmit from the deep to the surface
in autumn (winter) and was the reverse in spring (summer).
Relative warmer P loaded on the frozen ground tend to change
the thermal regime regionally. The frozen soil in upper layer
appeared to have undergone shorten complete frozen duration
in winter and a certain amount of extra energy was needed for
the ice melting. The surface ground, however, tends to absorb
greater amount of energy from the deep soil, also the surround-
ings by this time. The increased P load, making greater energy
transmission and ST increasing regionally. Correspondingly, the
increased P load tended to have an inhibitory effect on the surface
or shallow ST increase in summer. Also, the thawing process,
induced by the increased P during the summer in the frozen soil,
was supposed to absorb energy from surroundings. The deep ST
(from 40 to 320 cm), however, yielded positive correlation

cm

relationship with P during this period. The sharp ST warming
occurred in deep during summer agreed well with the increased
P.

As expected, FDs have a consistent influence on STs, show-
ing a significant negative correlation (not presented). The snow
cover, which influences the ground thermal regime as well as the
near surface air, occupies an irreplaceable position in land-
atmosphere interaction studies (Goodrich 1982; Ming et al.
2013; Qian et al. 2011). For example, the insulation effect of
snow cover on the ground normally results in higher ST in winter
and lower ST in spring and autumn (Qian et al. 2011).
Consequently, the decreasing or increasing trend of SD in the
TP might be crucial to the ST variation, also the near surface AT,
even to the regional or global atmosphere circulation. The pro-
portions of stations with significant correlations between SD and
ST in spring and winter were illustrated in Fig. 7. Correlation
patterns of the two variables varied greatly in seasons. It is ap-
parent that the decreased SD (0.06 cm/decade, Table 2) in spring
was closely related to the increased ST, especially in surface and
shallow layers (Fig. 7a). Decreasing SD in spring means decreas-
ing surface albedos, resulting in the decreased energy loss in
land-surface energy budget. Correlations between deep ST and
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Fig. 7 Same as Fig. 6, but for the ST and SD in a MAM and b DJF

SD were also dominated by negative relationship, with the ex-
ception of Geermu. Correlations, however, showed positive
values between the deep ST (80 to 320 cm) and SD in
Geermu, being statistically significant at a 95 or 99% confidence
level. An insignificant trend of 0.06 °C/decade determined for the
deep ST in this station was well corresponding to the slightly
increasing SD. Stations showed weaker correlations in winter
between ST and SD (Fig. 7b). The stations selected in this study
exhibited a small increasing SD trend in winter on average
(0.03 cm/decade, Table 2), accompanied with significant ST
warming. However, the insulation effect of snow cover on ST
may not always occur at a particular location in the TP. A low
proportion of stations showed significant positive correlation,
including Geermu, Delinha, and Dari. These positive correlations
were mainly determined in surface and shallow layers.
Nevertheless, correlations between ST and SD with significant
levels (a=0.01 or a = 0.05) were determined as negative widely.
Being different from other regions(Goodrich 1982; Ming et al.
2013; Qian et al. 2011; Qin et al. 2006), the averaged slightly
increasing SD trends in winter had an inhibitory effect on the ST
increase in the TP although the soil underwent significant
warming in the area during 1960-2014. The low average SD
(1.61 cm, Table 2) in the TP might be responsible to the extreme-
ly weak insulation effect on ST. On the other hand, the significant
warming trends of AT accompanied with the ST tended to induce
the snowmelting regionally, following the energy absorption and
cooling process in upper soil layer.

4 Conclusions

Temporal variations in ST (0 to 320 cm), AT, P, (M)FD, and
(M)SD in the TP were analyzed by modified MK and Sen’s slop
estimator methods from 1960 to 2104. Conclusions drawn from
the analysis are listed as follows:

Significant warming trends of soil have been detected in
the TP across the 55 years. Rates of increase were 0.47 °C/
decade for surface (0 cm), 0.36 °C/decade for shallow (0—
20 cm), and 0.37 °C/decade for deep (40-320 cm). The ma-
jority of individual meteorological stations did exhibited a
sharp increasing trend in surface soil in winter; whereas, STs
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increases in the spring and summer were more evident in
shallow and deep layers than in the surface.

AT also increased significantly with an annual trend of
0.35 °C/decade during 1960 to 2014. There exists a clear effect
of AT warming on ST increases, especially on the surface soils.
At most of the meteorological stations, the significant positive
correlation relationships between ST and AT were determined as
widely as the area.

P amounts increased over the past years at most of the
individual stations. The trend of P was determined as
7.36 mm/decade on annual temporal series, but not obviously
so. The correlation relationships between ST and P varied
greatly based on individual locations owing to the P feedback
mechanisms that occurred in spring and thermal insulation
effect of snow that occurred in winter. Moreover, the increased
P load might enhance the energy transfer throughout the soil
as well as the surroundings.

SD decreased and increased slightly in spring and winter,
respectively. The decreasing trend of SD was determined as
0.05 cm/decade on annual scale. The insulating effect of snow
cover on the ST is weak. Correlations between ST and SD in
the area was determined as negative at most of the individual
stations owing to the decreased loss in the energy budget.

The combined effects of AT warming, P increasing, and SD
and FD decreasing in the TP have induced the significant ST
warming regionally, and this warming trend was expected to
be continue in the foreseeable future.
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