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The Qinghai-Tibet Plateau (QTP) has the largest extent of high altitude permafrost at

the middle and low latitudes in northern hemisphere and is surrounded by dozens

of seasonally frozen ground. Rising air temperatures have resulted in frozen ground

degradation over QTP since the last century. Based on the daily frozen soil depth, annual

mean daily minimum air temperatures and annual mean air temperatures obtained from

19 in-situ observations over QTP, the changes in the thickness, temporal and spatial

distributions of frozen ground, as well as the associated attributions, are analyzed for the

period of 1960–2019. The results show that the maximum depth of frost penetration,

the beginning time of soil freezing and the ending time of soil thawing have changed

considerably. On average, the maximum depth of frost penetration (MDFP) has reduced

by 0.14∼1.71 m at most stations. The annual frozen period has decreased by about 40

days. The changes in seasonal freezing of soils appear to be attributed to the rising of

minimum air temperatures in winter, especially at the higher elevations range from 4500

to 5000 m.

Keywords: qinghai-tibet plateau, seasonally frozen ground, maximum depth of frost penetration, climate change,

freezing-thawing process

INTRODUCTION

Frozen ground is one of the consequences of the alternation between cold and warm climate
status, it is very sensitive to climate change. During the past several decades, studies of frozen
ground indicated that significant changes were occurring in the distribution and temperature of
both permafrost and seasonally frozen ground (SFG) in the northern hemisphere including the
Qinghai-Tibet Plateau (QTP) (e.g., Wang, 1993; Serreze et al., 2000; Wang et al., 2000, 2015,
2017a, 2019; Zhao et al., 2004; Cheng and Wu, 2007; Shi and Wang, 2015; Kong and Wang, 2017;

Frontiers in Earth Science | www.frontiersin.org 1 July 2020 | Volume 8 | Article 270

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.00270
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/feart.2020.00270
http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.00270&domain=pdf&date_stamp=2020-07-07
https://www.frontiersin.org/articles/10.3389/feart.2020.00270/full
http://loop.frontiersin.org/people/125241/overview
http://loop.frontiersin.org/people/1013640/overview
http://loop.frontiersin.org/people/950183/overview
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles


Wang et al. Changes in QTP Frozen Ground

Wang and Yang, 2018; Yang et al., 2018). Such changes are the
products of substantial changes in the energy and moisture fluxes
between the land and the atmosphere (Yang et al., 2018; Wang
et al., 2019). They, in turn, are the results of changes in the climate
systems at both regional and global scales (Smith and Burgess,
1999; Nelson et al., 2001; Yang et al., 2018).

Since 1967, seasonally frozen depth (SFD) has thinned by
5 cm, with an average rate of 0.7 cm/year over the eastern QTP
(Zhao et al., 2004), and the maximum depth of frost penetration
(MDFP) also shows a decreasing trend over the QTP since 1980s
(Wang et al., 2001), and decreases by up to 33 cm since the
middle of 1980s (Li et al., 2009). The observation also suggested
that the beginning date of soil freezing becomes later, and the
beginning date of soil thawing becomes earlier (Gao et al.,
2008), which all confirmed that frozen ground over the QTP
degraded gradually.

Previous studies on frozen ground mainly focused on
permafrost changes and their climate impacts (Wang et al.,
2003, 2017b; Yi et al., 2014; Yang et al., 2016; Yang and Wang,
2019a,b). In this study, the in-situ observed maximum depth
of frost penetration (MDFP) over QTP from 1960 to present
are used to analyze the temporal and spatial characteristics of
seasonally thawing depth over QTP. Besides, the mechanisms
associated with the changing seasonally thawing depth will also
be investigated.

The next section provides informations on the research
domain and data. Section “Results” shows the diagnose results
regarding the temporal and spatial characteristics and variations
of seasonally frozen ground during 1960–2019. Discussion and
conclusions are the last two sections.

RESEARCH DOMAIN, DATA AND
METHODOLOGY

In this study, 19 in-situ observations are selected, which are
located over the eastern and southern QTP (Figure 1). The
data includes the daily frozen soil depth recorded once a day,
and annual mean of daily minimum air temperatures and
annual mean air temperatures (air temperatures are observed
at 1.5 m above ground level). The observation of frozen soil
begins once the surface temperature reaches to or is below
0◦C. The above observations, which cover the period 1960–
2019, are obtained from China Meteorology Administration
(CMA), have been carefully examined after quality control,
before the analysis of this study. The completion of observation
data is more than 99%, the missing data are not used in
the analysis. Therefore, the observations used in this study
should be reliable.

Pearson correlation coefficients were used to explore the
relationship between de-trended MDFP and temperature data.
The linear trend of frost data and temperature data used
in the study are based on linear least-squares regression.
The significance test of the correlation and trend analysis
are based on Student’s t-test. The de-trended data series is
obtained by removing the best straight-line fit from original
data series.

RESULTS

Characteristics of Seasonally Frozen
Ground (SFG) During 1960–2019
Figure 2 shows the onset date of soil freezing, the date when
ground thawed completely, the length of the period of soil
frozen, and the maximum depth of soil frozen from 1960 to
2019. These quantities are usually regarded as the indicator for
the changes of SFG. Results indicate that, the freezing date of
the ground surface starts earlier in the northern and western
QTP than in the southern slopes of the QTP. In general, the
thawing of ground starts earlier in the southern and eastern
QTP. As a result, the period during which the ground is frozen
in the basin is similar to that recorded on the southern and
eastern flanks of the QTP. MDFP decreases southwards except
in the northern basins at lower elevations, basically parallel to
the distribution of mean annual air temperature (MAAT) (Li
et al., 2009). Overall results in Figure 2 suggest that, the related
SFG indicators all have changed, but have spatial discrepancies
due to the impacts of terrain elevations and climate conditions,
the average onset date of soil freezing, date when soil thawed
completely, length of soil frozen period, and maximum depth
of soil frozen from 1960 to 2019 for all 19 stations are October
16, April 24, 190 days and 105 cm, respectively. Detailed
descriptions about changes of each indicator will be given in the
following sections.

Variations of the SFG Indicators From
1960 to 2019
All the observation sites are located on flat areas, either in a basin
or on a plateau surface, without substantial discrepancies in the
elevations. Figure 3 shows the variations of the maximum depth
of frost penetration during 1960–2019. Results indicate that the
MDFP presents a decreasing trend at most stations, with a much
greater decline at higher elevations. MDFP declined much more
rapidly at most stations especially after 1995, compared to only
a slight decrease between 1960 and 1995 (Table 3). The smallest
MDFP of all stations was about 0.17 m for Changdu station in
2007. The averaged MDFP is 1.05 m for stations below 3000
m, with the decrease of 0.21 m during 1960 to 2019. At the
stations above 4500 m, the changing of the MDFP is distinctly
higher than other stations. During 1960–2019, the averaged
MDFP decreased by 1.37 m above 4500 m, while decreased by
0.35 m below 4500 m. These results suggest that the variations
of maximum depth of frost penetration are correlated to the
higher elevations.

Figure 4 shows the variations of the onset date of ground
freezing during 1960–2019. Results indicate that the onset date
of ground freezing delayed during the last 60 years. The earliest
freezing date of all stations occurred on August 19 (Xinghai
station in 1965) and the average onset date of ground freezing was
around October 15 at 2500–3000 m, the averaged onset date of
ground freezing of all stations delayed 31 days from 1960 to 2019
at 2500–3000 m, compared with 16 days above 4500 m over the
same period. However, the ending date of soil thawing advanced
earlier at most study sites (Figure 5). On average, the ending
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FIGURE 1 | Distribution of the 19 in-situ observations used in this study.

FIGURE 2 | Annual mean (A) onset date of soil freezing (unit: day), (B) the date when ground thawed completely (unit: day), (C) the length of the period of soil frozen

(unit: day), (D) the maximum depth of soil frozen (unit: cm) from 1960 to 2019. The numbers in Figures. (A–C) represent the order of the day start from 01 January.

date of ground thawing was on April 14 at 2500–3000 m, and
the averaged thawing date gradually delayed with the increase of
altitude, the ending date of soil thawing occurred on June 1 above

4500 m. For instance, the averaged thawing date of all stations
became earlier about 26 days from 1960–2019 at 2500–3000 m,
with an range of 42 days above 4500 m. Overall results imply that
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FIGURE 3 | Time series of the maximum depth of frost penetration (normalized relative to 1981–2010) during 1960 to 2019 for (A) stations with the altitude between

4500 and 5000 m, (B) stations with the altitude between 4000 and 4500 m, (C) stations with the altitude between 3500 and 4000 m, (D) stations with the altitude

between 3000 and 3500 m, and (E) stations with the altitude between 2500 and 3000 m.

the duration of ground freezing shortened, with a decline of 44
days from 1960 to 2019.

Variations in Mean Annual Air
Temperature (MAAT)
The correlation between SFD and annual minimum air
temperature is calculated in Table 1. Results indicate that,

almost all correlation coefficients pass the significant level at
99%. In general, mean daily minimum temperature has the best
correlation with MDFP. Since the daily minimum temperature
and annual minimum temperature commonly appears in the
nighttime and in the winter, respectively, thus, these illustrate
the decline of SFD over QTP in the past 60 years can be
primarily attributed to the increasing temperature during the
nighttime and the winter.
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FIGURE 4 | Similar to Figure 3, but for the onset date of ground freezing.

Changes in SFD over the QTP primarily attribute to the
increasing air temperature. Figure 6 shows the changes in the
MAAT and mean annual minimum air temperatures of 19
stations from 1960 to 2019. It indicates that the increasing
trend of mean annual minimum temperature is larger than that
of MAAT. The MAAT of the 19 stations increased by 1.8◦C
from 1960 to 2019, with an increasing trend of 0.3◦C/decade.
However, during the period of 1995–2019, the MAAT increased
by 0.6◦C. Similarly, mean annual minimum air temperature
increased by 2.6 and 0.7◦C during the period of 1960–2019
and 1995–2019, respectively. Overall results indicate that the
mean annual minimum air temperature increases more rapidly

than MAAT, implying that the MAAT will increase continuous.
Simulation results of Coupled Model Inter-comparison Project
Phase 5 (CMIP5) also suggest that the degradation of frozen
ground will continue in the 21st century. Results of Table 2

indicate that, the mean annual minimum air temperatures
present significant increasing trend (passes 95% confidence level).
In particular, the increasing trend of mean annual minimum air
temperatures at stations (Nagqü and Anduo) at higher altitude
(4500–5000 m) is almost two times larger than other regions.
Except for the stations at elevation of 4000–5000 m, the annual
precipitation at most stations present significant increasing trend
and passes 95% confidence level. These results suggest that
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FIGURE 5 | Similar to Figure 3, but for the date of disappearance of frost in the ground.

the changes in mean annual minimum air temperature are
more significant than MAAT, especially when the altitude is
higher than 4500 m.

DISCUSSION

The change of frozen ground is an indicator for changing
climate. On one hand, surface characteristics of QTP is affected
easily by climate change. Results of Peng et al. (2020) showed
that, the Qinghai-Tibet Plateau and Siberia underwent distinct
decrease in frozen soil depth during 1850–2005 and would

decrease quickly in 2006–2100 based on the simulation of
CMIP5; on the other hand, the change of QTP surface can
in turn influences the surrounding atmospheric circulations.
The changing of frozen ground would influence the land-air
interactions over QTP, because of the high elevation of QTP,
which acts as a huge stove atmiddle level troposphere to heat/cool
atmosphere, it is commonly considered as a climate change
starter in middle latitude in northern hemisphere. Investigation
and understanding on the temporal and spatial characteristics of
frozen soil are imperative.

Study of Guo and Wang (2013) investigated SFG over the
QTP using simulation results of Community LandModel (CLM),
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TABLE 1 | Correlation coefficient between air temperature and maximum depth of frozen soil.

Altitude (m) Stations Tw Tw_max Tw_min Ty Ty_max Ty_min

2500–3000 Nomhon −0.12 −0.05 −0.16 0.13 0.15 0.08

Golmud −0.46*** −0.43*** −0.43*** −0.26** −0.21* −0.30**

Delingha −0.83*** −0.64*** −0.81*** −0.8*** −0.51*** −0.81***

3000–3500 DaQaidam −0.57*** −0.57*** −0.59*** −0.59*** −0.62*** −0.59***

Dulan −0.79*** −0.72*** −0.79*** −0.76*** −0.7*** −0.8***

Changdu −0.64*** −0.61*** −0.7*** −0.61*** −0.56*** −0.7***

Xinghai −0.64*** −0.67*** −0.56*** −0.63*** −0.53*** −0.54***

3500–4000 Banma −0.69*** −0.62*** −0.73*** −0.62*** −0.56*** −0.61***

Nangqen −0.75*** −0.7*** −0.72*** −0.58*** −0.5*** −0.55***

Nyalam −0.59*** −0.61*** −0.47*** −0.42*** −0.44*** −0.27**

Longzi −0.65*** −0.63*** −0.55*** −0.61*** −0.6*** −0.48***

Dingqing −0.53*** −0.41*** −0.6*** −0.31** −0.19* −0.34**

4000–4500 Suoxian −0.83*** −0.8*** −0.83*** −0.77*** −0.73*** −0.78***

Gyangz −0.77*** −0.6*** −0.82*** −0.72*** −0.59*** −0.79***

Zadoi −0.68*** −0.54*** −0.74*** −0.81*** −0.61*** −0.84***

Dangxiong −0.79*** −0.63*** −0.78*** −0.64*** −0.5*** −0.61***

Cuona −0.49*** −0.52*** −0.45*** −0.69*** −0.7*** −0.69***

4500–5000 Nagqu −0.82*** −0.64*** −0.84*** −0.66*** −0.52*** −0.66***

Anduo −0.65*** −0.58*** −0.64*** −0.7*** −0.57*** −0.73***

*Significant at the 0.10 level (2-tailed). **Significant at the 0.05 level (2-tailed). ***Significant at the 0.01 level (2-tailed). Tw, Tw_max, Tw_min represent the average daily

temperature, average daily maximum temperature, and average daily minimum temperature from December to February, respectively. Ty, Ty_max, Ty_min represent

average daily temperature, average daily maximum temperature, and average daily minimum temperature of all year, respectively.

FIGURE 6 | Increase in annual mean air temperature and mean annual minimum air temperature for all 19 stations from 1960 to 2019.
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TABLE 2 | Trends of MAAT, mean annual minimum air temperature, annual mean

precipitation, and absolute difference (DT) of temperature over the QTP

from 1960 to 2019.

Altitude (km) 2.5–3.0 3.0–3.5 3.5–4.0 4.0–4.5 4.5–5.0

Tmean (◦C/10a) 0.469** 0.307** 0.224** 0.271** 0.398**

DTmean2019−1960 (◦C) 2.589 1.587 0.954 0.963 1.963

Tmin (◦C/10a) 0.754** 0.396** 0.296** 0.360** 0.632**

DTmin2019−1960 (◦C) 4.314 2.247 1.498 1.478 3.085

Tprecip (mm/10a) 10.389** 11.422** 8.771** 4.650* 12.131**

Tmean, Tmin, and Tprecip indicate the trend of MAAT, mean annual minimum air

temperature, and annual precipitation, respectively. DTmean and DTmin are the

absolute difference between MAAT and mean annual minimum air temperature

from 1960 to 2019. **Indicates that the trend passes 95% confidence level.

*Indicates that the trend passes 80% confidence level.

their results showed that the mean MDFP over QTP decreased
by 0.34 m/decade; at a depth of 1 m, the onset date of SFG
freezing delayed linearly by 4.0 days/decade, while the ending

date of SFG thawing advanced linearly by 4.6 days/decade, and
freeze duration is about 124 days. Results based on the 19 in-
situ observations in our study are similar to Guo and Wang
(2013), both suggesting that the MDFP of SFG and the frozen
period present decreasing trend in past decades, with the onset
date of freezing and the ending date of thawing delayed and
advanced, respectively. The findings of the current study are
also consistent with the satellite-derived results (Li et al., 2012),
namely, the annual frozen days decreased by 16.8 days per decade
over the QTP, with the ending date of soil thawing advanced
earlier by ∼14 days, and onset date of ground freezing has been
postponed by ∼10 days during 1988–2007. Our study indicates
that the degradation of permafrost at most sites accelerate more
significantly, especially since 1995 (Table 3). In addition, results
of this study suggest that the changes in SFG are more distinct in
the regions where annual mean maximum depth of soil frozen is
relatively thicker (e.g., Figure 2 and Table 4), these results are

TABLE 3 | Trends of thawing date, freezing date and maximum depth of frozen soil during 1960–2019 and 1995–2019.

Altitude (m) Stations Period Thawing_trend Freezing_trend Max_dep_trend

2500–3000 Nomhon 1960–2019 −0.518** 0.387** 0.047**

1995–2019 0.052** 0.143** 0.049**

Golmud 1967–2019 −0.496** 0.848** 0.036**

1995–2019 −0.996** 2.082** 0.035**

Delingha 1960–2019 −0.304** 0.353** −1.141**

1995–2019 0.053** 0.143** 0.064**

3000–3500 DaQaidam 1960–2019 −0.269** 0.324** −0.892**

1995–2019 0.063** 0.135** −3.772**

Dulan 1960–2019 0.060** 0.141** −0.788**

1995–2019 −0.772* 0.142** 0.068**

Changdu 1961–2019 −0.317** 0.151** −0.456**

1995–2019 0.043** 0.153** −1.192**

Xinghai 1960–2019 −0.463** 0.562** −0.979**

1995–2019 −0.770** 0.714* −2.520**

3500–4000 Banma 1960–2019 0.061** 0.141** −0.545**

1995–2019 0.061** 0.140** 0.035**

Nangqen 1962–2019 −0.749** 0.637** −0.333**

1995–2019 −2.161** 1.631** −1.027**

Nyalam 1966–2019 −1.174** 0.649** 0.026**

1995–2019 −2.247** 0.154** −1.715**

Longzi 1961–2019 −0.295** 0.148** −0.245**

1995–2019 0.052** 0.799** 0.014**

Dingqing 1961–2019 −0.816** 0.476** −0.548**

1995–2019 −1.547** 0.150** 0.029**

4000–4500 Suoxian 1960–2019 −0.443** −0.261* −0.849**

1995–2019 0.054** 0.145** −2.188**

Gyangz 1961–2019 −0.494** 0.152** −0.961**

1995–2019 −1.730** 1.459** −0.836**

Zadoi 1960–2019 −0.680** 0.611** −1.549**

1995–2019 0.054** 0.142** −1.698**

Dangxiong 1962–2019 0.056** −0.449** −0.492**

1995–2019 −1.729** 0.876* 0.039**

Cuona 1967–2019 0.057** 0.145** −0.747**

1995–2019 1.161* 0.144** −1.262**

4500–5000 Nagqu 1960–2019 −0.362** 0.146** −1.748**

1995–2019 0.066** 0.147** −2.215**

Anduo 1966–2019 −1.047** 0.390** −2.894**

1995–2019 −1.289** 0.145** −5.262**

*Significant at the 0.05 level (2-tailed). **Significant at the 0.01 level (2-tailed).
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similar to the findings of Zhao et al. (2004), namely, the most
significant changes of SFG occurred in regions where SFG is
thickest. Specifically, the averaged MDFP above and below 4500
m decrease by 1.37 and 0.35 m during 1960 to 2019, respectively,
suggesting that the decrease of the MDFP is much stronger at

the stations above 4500 m (e.g., Anduo and Nagqu stations),
compared to other stations.

Figure 7 shows the changes of the monthly mean air
temperature and precipitation from 1960 to 2019. Results
indicate that, the changes of the monthly mean air temperatures

TABLE 4 | Same as Table 3, but for the results during the period 1960–2019.

Altitude Stations Period Thawing_trend Freezing_trend Max_dep_trend

2500–3000 Nomhon 1960–2019 −0.518** 0.387** 0.047**

Golmud 1967–2019 −0.496** 0.848** 0.036**

Delingha 1960–2019 −0.304** 0.353** −1.141**

3000–3500 DaQaidam 1960–2019 −0.269** 0.324** −0.892**

Dulan 1960–2019 0.060** 0.141** −0.788**

Changdu 1961–2019 −0.317** 0.151** −0.456**

Xinghai 1960–2019 −0.463** 0.562** −0.979**

3500–4000 Banma 1960–2019 0.061** 0.141** −0.545**

Nangqen 1962–2019 −0.749** 0.637** −0.333**

Nyalam 1966–2019 −1.174** 0.649** 0.026**

Longzi 1961–2019 −0.295** 0.148** −0.245**

Dingqing 1961–2019 −0.816** 0.476** −0.548**

4000–4500 Suoxian 1960–2019 −0.443** −0.261* −0.849**

Gyangz 1961–2019 −0.494** 0.152** −0.961**

Zadoi 1960–2019 −0.680** 0.611** −1.549**

Dangxiong 1962–2019 0.056** −0.449** −0.492**

Cuona 1967–2019 0.057** 0.145** −0.747**

4500–5000 Nagqu 1960–2019 −0.362** 0.146** −1.748**

Anduo 1966–2019 −1.047** 0.390** −2.894**

*Significant at the 0.05 level (2-tailed). **Significant at the 0.01 level (2-tailed).

FIGURE 7 | Changes in the mean monthly air temperature and precipitation for all 19 stations from 1960 to 2019.
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have evident inter-annual features, the increase occurs mainly
from October to January, while the decrease occurs mainly from
March to July, these implies that the increase and decrease of air
temperature occur in cold season and warm season, respectively.
These results agree well with the seasonal changes of temperature
in the high altitude regions (Stocker et al., 2013). Figure 7 also
indicates that the increase in precipitation (snow) occurs in cold
season, which might be an important reason in restraining the
decrease of soil temperature in cold seasons, consistent with the
results of Frauenfeld et al. (2004) and Zhao et al. (2004).

Thawing of frozen ground can significantly changes soil
moisture content, surface energy balance, water, and carbon
exchange between land and atmosphere (Hinzman et al., 1991;
Lewkowicz, 1992; Jorgenson et al., 2001; Cui and Wang, 2009). It
will cause changes in the interaction between the land surface and
atmosphere over the QTP (Wang et al., 2003).

CONCLUSION

Based on the long-term in-situ observations, results in this study
indicates that, the duration of ground freezing becomes shorter,
the freezing date delayed, the thawing date moved up, and the
seasonal discrepancies of temperature becomes small. Overall
results indicate that QTP is becoming warming and imply that
the existing atmosphere circulation regime formed in the past will
probably change as well.

The correlation between winter air temperatures and MDFP
implies that the annual minimum air temperature is a primary
factor that affects frozen ground, especially at the high altitude.

The period of ground freezing has also shortened in the past
60 years, which also can be attributed to warmer temperatures
during Autumn. Storage of water in the form of ice during winter
delays the warming of the soil in March to June, due to the
increase of latent heat required to thaw the ice. The low thermal
conductivity of the dry soil in summer and higher thermal
conductivity of ice-rich soil in winter also play a role in causing
the differences in the annual soil and air temperature regimes.
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